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ABSTRACT: An issue commonly expressed by hearing aid users is a difficulty to understand speech in complex hearing scenarios, that is, when
speech is presented together with background noise or in situations with multiple speakers. Conventional hearing aids are already designed with
these issues in mind, using beamforming to only enhance sound from a specific direction, but these are limited in solving these issues as they
can only modulate incoming sound at the cochlear level. However, evidence exists that age-related hearing loss might partially be caused later
in the hearing processes due to brain processes slowing down and becoming less efficient. In this study, we tested whether it would be possible
to improve the hearing process at the cortical level by improving neural tracking of speech. The speech envelopes of target sentences were
transformed into an electrical signal and stimulated onto elderly participants’ cortices using transcranial alternating current stimulation (tACS).
We compared 2 different signal to noise ratios (SNRs) with 5 different delays between sound presentation and stimulation ranging from 50 ms to
150ms, and the differences in effects between elderly normal hearing and elderly hearing impaired participants. When the task was performed
at a high SNR, hearing impaired participants appeared to gain more from envelope-tACS compared to when the task was performed at a lower
SNR. This was not the case for normal hearing participants. Furthermore, a post-hoc analysis of the different time-lags suggest that elderly were
significantly better at a stimulation time-lag of 150 ms when the task was presented at a high SNR. In this paper, we outline why these effects are

worth exploring further, and what they tell us about the optimal tACS time-lag.
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Introduction

The average life span of the world population is continuously
increasing, and with this increase comes a higher prevalence
of hearing loss. In 2030, the prevalence of clinically relevant
hearing loss is expected to be doubled; consequently, hearing
loss will be 1 of the 7 most prevalent chronic diseases.’3 This
sensorineural hearing loss can, to some extent, be compen-
sated for with hearing aids amplifying relevant speech sig-
nals and reducing irrelevant sounds (for reviews see
Pichora-Fuller and Singh* and Lunner et al.”). However,
hearing aid users still often mention hearing issues, specifi-
cally when trying to comprehend speech in situations with
more background noise. In this study, we performed an
experiment to test transcranial alternating current stimula-
tion (tACS) as a method to improve speech comprehension
in hearing impaired as an addition to conventional hearing
aids to potentially alleviate these issues. We investigated the
optimal delay between auditory target and stimulation, as
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well as how hearing impairment and task difficulty affect the
effectivity of tACS.

Speech comprehension involves cortical entrainment to the
rhythmic elements of the speech signal in the auditory cortex;*-
a rhythmically presented stimulus leads to a phase and ampli-
tude alignment of neural oscillations within the frequency of
the presented rhythm.!%! When speech is perceived, neural
oscillations in the auditory cortex entrain most strongly to the
slower fluctuations of the speech signal, that is, the speech enve-
lope in the 4 to 8-Hz range. This entrainment to the envelope
has been argued to track acoustic properties of the speech
stream!213 (but see also Zoefel and VanRullen!*) or to be a
mechanism of syllabic parsing” (for reviews on the functional
role of cortical entrainment to speech see Ding and Simon"
and Kosem and van Wassenhove'®). Acoustic degradation of a
speech signal, for example due to a noise masker, impedes
entrainment to the speech envelope and consequently decreases
intelligibility 719

In people suffering from sensorineural hearing loss, an
inner degradation of auditory information takes place.>? As
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hearing loss is widely common among older people, cognitive
decline with age is an additional factor impeding comprehen-
sion. This comes into play especially when speech is acousti-
cally degraded. Older people with and without hearing loss
show a severe decline in speech comprehension when the sig-
nal is masked with other speech signals or with noise.?!-?3 This
is explained by a decrease in cognitive abilities that compen-
sate for acoustic degradation and comprehension compared to
younger adults. Borch Petersen et al.?* showed that, next to
hearing loss, separating speech from noise was also related to a
decline in working memory. Hearing aids and cochlear
implants can aid patients by amplifying sound at the cochlear
level, but can’t influence mechanisms later in the hearing pro-
cess. Any loss of auditory information beyond the cochlea, will
not be compensated for by conventional hearing aids. This
hearing loss is a natural result of well-established changes that
occur in the aging brain. As people get older, cognitive pro-
cesses slow down.?” Because of this, the processing of speech is
decreased in the elderly due to the distortion of temporal
cues.?>?” Entrainment appears to be altered through aging;
over the course of a lifetime, people’s preferred frequency
decreases for motor tasks, and perception of rhythmic events
changes.?® When comparing EEG data of participants listen-
ing to speech-paced rhythms, neural oscillations entrain less
strongly in elderly participants compared to young ones.?’
Petersen et al.3% conducted an EEG study in which older par-
ticipants with variable hearing loss performed a speech com-
prehension task. Participants had to listen to 2 competing
speech streams, attending to 1 and ignoring the other. Cross-
correlating the speech envelopes with the EEG response dem-
onstrated speech envelope tracking of the attended stream,
and that tracking improved with a better signal-to-noise ratio
of the speech stimulus. In participants with hearing loss how-
ever, this improved entrainment was reduced. These findings
are in line with previous findings that cortical entrainment
plays a large role in speech comprehension, and that reduced
entrainment in elderly is a factor in hearing loss. A hearing aid
capable of restoring cortical entrainment to the speech enve-
lope could therefore improve hearing significantly in ways that
conventional hearing aids cannot. One possible method to
achieve this would be transcranial alternating current stimula-
tion (tACS). Using tACS, oscillating electrical current are
used to modulate the resting membrane potential of neu-
rons.31-33 In this manner, tACS can either facilitate or inhibit
neural firing depending on the phase of the stimulation. tACS
has already been successfully used to improve auditory percep-
tion of speech,’?*3 of syllables¢ of pure tones’” and of click
tracks.383% Using an electric current shaped like the speech
envelope of the target sentence (ie, envelope-tACS) and tim-
ing the stimulation to coincide with the processing of the
auditory stimulus, we can manipulate the local field potential
of the cortex to better manifest cortical entrainment to the
speech envelope. Envelope-tACS has been used on normal

hearing participants®*3>40-42 but whether hearing impaired
users could benefit from it is so far unknown; as of now, there
have been results of improving phoneme detection in younger
and hearing impaired adults.*3

In this study, we performed an experiment to see whether
envelope-tACS could be used to improve hearing in hearing
impaired participants. As the effectiveness of envelope-tACS
depends on the stimulation being in phase with the processing
of the auditory signal in the brain,3*3>40# we presented enve-
lope-tACS at 5 different time delays between the onset of the
auditory signal and the onset of the electrical stimulation. We
recruited both normal hearing elderly participants and hearing
impaired elderly participants as defined by the World Health
Organization (WHO), and presented a hearing task with 2
different difficulty levels by varying the signal to noise ratio
(SNR) of the target speech. In this way, we explored how enve-
lope-tACS affected hearing impaired and normal hearing par-
ticipants differently, as well as how different levels of
background noise affected the effectivity of envelope-tACS. If
hearing impaired participants would benefit from envelope-
tACS, it could possibly be used as an addition to conventional
hearing aids.

Power analysis

To estimate the number of participants required, a power analy-
sis was performed. As our experimental design was based on the
studies of Rufener et al.¥ and Riecke et al.,3* we used these stud-
ies for our estimation. Rufener et al. had a comparable experi-
mental design to ours, stimulating 25 young adults (mean age
24.1) and 20 older adults (mean age 69.8) with tACS. In this
study, a repeated measures ANOVA revealed a significant inter-
action of stimulation Xage group (F(1,43)=9.4; P=.004;
1%=0.18). Riecke et al.3* measured 22 young adults in an experi-
ment that used different audio to stimulation time-lags of enve-
lope-tACS. Using a one-way ANOVA, Riecke et al.34 found that
speechbenefitvaried significantly across time-lags (F(5,105) =2.7,
P=.025, n?=0.05). As our experimental design was similar to
that of Rufener et al.*® and using envelope-tACS similar to the
stimulation used by Riecke et al.,** we expected a small to
medium effect size (n2=0.1), similar to the effects found in these
studies. This meant we would require a minimum of 30 partici-
pants to detect such effects with a power (1-B) of 0.95. We
therefore chose a sample size of 40 participants; 20 normal hear-
ing and 20 hearing impaired participants.

Participants

Twenty normal hearing older adults (10 female) and twenty hear-
ing impaired older adults (10 female) participated in the study.
Participants were recruited through the database of the
Horzentrum Oldenburg and pre-screened on their hearing abili-
ties (Figure 1); Hearing thresholds were obtained for different
frequencies ranging from 125Hz to 8000Hz for both ears
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Figure 1. Hearing levels of participants at different frequencies. Prior to
partaking in the experiment, participants had their hearing capabilities
assessed using pure tone audiometry using air conduction. Hearing
thresholds were obtained for different frequencies ranging from 125 to
8000Hz for both ears separately. Participants were rated as normal
hearing or hearing impaired as defined by the WHO. Out of the 20
hearing impaired participants, 18 had been using a hearing aid for at
least 1year.

separately. Both groups were age matched and had a mean age of
66.5years (age range 49 to 79). All participants reported to have
neither neurological nor psychiatric disorders, nor having suffered
from either of them in the past. All participants gave written
informed consent before the beginning of the experiment. Due to
technical issues, 5 participants (2 normal hearing and 3 hearing
impaired) had to be excluded from the final analysis. The remain-
ing normal hearing participant group had a mean age of 68.8 years
(age range 56 to 79) and the hearing impaired participant group
had a mean age of 67.6years (age range 49 to 78).

Materials and methods

Experimental procedure. Participants were seated upright in a
recliner. They were familiarized with the OLSA (see section
2.3.2: Oldenburg sentence test) followed by the experimental
task. During the experiment, participants completed 7 test lists
of the OLSA that were randomly assigned to 5 tACS condi-
tions and 2 control conditions (see section 2.3.4: Envelope-
tACS signal). Sentences were presented via a single speaker
(8020C Studio Monitor, Genelic Oy, Iisalmi, Finland) with
1.50m distance to the center of the head. Completion of the 7
OLSA lists took approximately 70 minutes in total. Following
the speech test, participants were asked to complete a question-
naire on possible adverse effects of tACS.#4 The entire ses-
sion including electrode montage and briefing of the
participants took approximately 2.5 hours. Participants did not
use hearing aids during the task.

Oldenburg sentence fest. The Oldenburg sentence test*’ is an

adaptive test that can be used to obtain a speech reception
threshold (SRT) in noise—the minimal SNR at which a

participant can comprehend a certain percentage of speech.
Grammatically correct German sentences consisting of 5
words were presented together with a noise masker with the
same spectral characteristics as the sentences. Participants were
asked to verbally repeat as many words as possible. The test
material consisted of 45 test lists of 20 sentences each. Each
participant first completed 2 training lists to be familiarized
with the test. Subsequently, 14 test lists were presented for the
experimental conditions, separated by self-paced breaks; in
total, 2 test lists were presented per condition. Condition order
was randomized for each participant.

Both the noise masker and sentences were presented at 65dB
SPL for the first trial of each test list. Sound stimuli were sam-
pled at 44100 Hz. Task difficulty was adapted using a staircase
procedure, adjusting difficulty of the task depending on the par-
ticipant’s performance. This was achieved by changing the sound
level of the sentences, whilst the level of the noise masker was
kept constant. The noise masker was presented from 0.5 seconds
prior to sentence onset until 0.5seconds after sentence offset.
Two OLSA test lists were presented interleaved, and 2 SRTs
were computed. Over the course of 2 times twenty trials, the
threshold at which participants could understand 80% of the
presented sentence in 1 condition and understand 20% in the
other were calculated. The SRT scores they received were the
difference of the sound pressure of the speech signal and the
sound pressure of the background noise. For example, a 20%
SRT of -7dB indicates that the participant was able to compre-
hend 20% of the words that were presented 7dB lower than the
masking noise. As the staircase procedure aimed to make the
participant only comprehend 20% of the words (or 20% correct
rate), this was considered the difficult condition. A 80% SRT of
-7dB indicates that the participant was able to comprehend
80% of the words that were presented 7dB lower than the mask-
ing noise (80% correct rate). As the staircase procedure aimed to
make the participant comprehend 80% of the words, this was
considered the easy condition. The step size of the staircase task
depended on the amount of correctly repeated words, the results
of previous trials in the block, and the targeted SRT level.#:48

Transcranial  alternating current  stimulation. tACS was
applied using a neuroConn multichannel stimulator (DC-
STIMULATOR MC, neuroConn GmbH, Ilmenau, Ger-
many) with 2 channels, 1 for each hemisphere. Round
stimulation electrodes with a diameter of 2.5 cm were placed
on the EEG positions FC5, P7, FC6, and P8 according to
the international 10 to 20 system. These electrode locations
were chosen to optimally stimulate the desired regions
(Figure 2a;).#9-52. Impedances were kept below 10kQ by
applying ABRALYT gel (Abrasive electrolyte-Gel, EASY-
CAP, Herrsching, Germany) and Ten20 Conductive paste
(Weaver and company, Aurora, USA). In total, participants
received tACS stimulation for approximately 20 minutes,
divided over the stimulation conditions.
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Figure 2. (a) Envelope-tACS setup. Stimulation shape and locations of the stimulation electrodes; positions are mirrored on the other side of the head.
The shape of the tACS waveform is derived from the speech envelope of a presented sentence. (b) Different tACS time-lags. Whilst the electrical
stimulation of the cortex is virtually instantaneous, there is a delay between the presentation of the speech stimulus and the cortical processing of said
stimulus; the exact length of this delay varies per participant. To compensate for this, different delays between the presentation of the auditory stimulus
and the onset of electrical stimulation are used. Although most participants cannot differentiate whether they received electrical stimulation or not, 2 sham
conditions were used; 1 with short peaks of stimulation before and after presentation of the sentence to invoke the feeling of being stimulated (sham), and

1 devoid of any electrical stimulation (control).

Envelope-tACS signal. Stimulation was presented at 1mA
peak to peak for all participants. The stimulation signal corre-
sponded to the envelope of the concurrent speech signal (ie,
envelope-tACS). The envelope-tACS was generated by
extracting the envelope of each OLSA sentence. Here, the
absolute values of the Hilbert transform of the audio signal
were computed and then filtered with a second order Butter-
worth filter (10 Hz, low-pass). Next, the signal was demeaned
to allow for fluctuations around zero. In order to avoid acoustic
onset and offset artefacts, sounds started and ended with a
20-ms halved Hanning window starting and ending at O
amplitude. This was done as large changes in current from 1
sampling point to the next at the start and end of the signal
caused technical issues, as well as being more noticeable to par-
ticipants when piloting the task.

In total, each OLSA sentence in the stimulation conditions
was presented with envelope-tACS with a duration of the
length of the paired sentence, plus 2 times 20ms of the
Hanning window signal start and end, for a total stimulation
length of approximately 3seconds per sentence. Two sham
conditions were used; in 1 sham condition, no electric stimula-
tion was induced (control condition). In the other sham con-
dition, 2 20ms sinusoidal onset and offsets (1 mA peak to
peak) were presented to generate a sensation of tACS stimula-
tion (sham condition). There was no stimulation during pres-
entation of the sentences during either of these condition. The
purpose of these 2 sham conditions was to control for any pla-
cebo effects for participants who reported to have felt the
stimulation (Figure 2b). Due to individual differences in

anatomy, the optimal delay for tACS stimulation to have the
maximum effect on performance differs between participants.
In a previous study, we found that envelope-tACS had the
most benefit after a delay of 100 ms;3* however, the optimal
tACS delay varied across participants. Therefore, envelope-
tACS was assigned to 5 different delay conditions centered
around 100ms (Figure 2b). Envelope-tACS was initiated
between 50 and 150 ms (25 ms step-size) after the onset of the
speech signal. The timing of the tACS signal and the acoustic
signal was mutually controlled via MATLAB (8.2.0.701;
64bit, The Mathworks, Natick, USA) and SoundMexPro
(HorTech GmbH, Germany), which delivered the stimulation
waveform to the multichannel stimulator through a D/A con-

verter (NIDAQ, National Instruments, TX, USA).

Results

Data analysis was performed using Matlab (R2016a,
MathWorks, Natick, MA). Statistical analysis was done using
SPSS 24.0 IBMCorp, Armonk, NY, USA). Prior to our main
results, a control analysis was performed to assure the intended
manipulation of our stimulation conditions were successful.
Namely, to assure the SRT20 task was more difficult than the
SRT80 task, and to see whether both tasks were more difficult
for hearing impaired participants compared to normal hearing
participants. We also wanted to test whether there was a signifi-
cant difference between the control condition and the sham
condition. A 3-way mixed repeated measures ANOVA using
hearing impairment (normal hearing X hearing impaired) as a
between-subjects factor and task difficulty (SRT20 X SRT80)
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Figure 3. Differences in SNR between sham condition and no stimulation control condition. To control for any placebo effects caused by potentially
perceived stimulation, we compared performance between the sham and control condition. There was no significant difference between performance in
the sham stimulation conditions (light grey) and the no stimulation control conditions (dark grey). To avoid multiple comparisons, the no stimulation control
condition was therefore removed from further analysis. When comparing the sham stimulation conditions, normal hearing (NH) participants were
significantly better at the task than hearing impaired (HI) participants, and participants arrived at a significantly lower SNR in the SRT20 condition

compared to the SRT80 condition.

and the 2 sham type conditions as within-subjects factors (sham
stimulation X no stimulation) revealed a significant effect of
hearing impairment (F(1, 33)=33.6, P<<.001,1>=0.52) in the
expected direction, that is, hearing impaired participants per-
formed worse at the task than normal hearing participants,
requiring a better (higher) SNR to perform at a 20% correct rate
in the SRT20 condition and an 80% correct rate in the SRT'80
conditions respectively, regardless of sham type. A significant
effect of task difficulty (F(1, 33)=841.9, P<.001, n?=0.96)
confirmed that participants scored a lower SNR in the SRT20
condition than they scored in the SNR80 condition, meaning
participants needed a better (higher) SNR to score at 80% cor-
rect rate than at 20% correct rate. Furthermore, there was a sig-
nificant interaction between hearing impairment and task
difficulty (A1, 33)=14.0, P=.001, n?>=0.31), indicating there
was a larger difference between the performance of hearing
impaired participants compared to normal hearing participants
in the SRT80 condition than there was in the SRT20 condi-
tion. This implies that hearing impaired participants did indeed
suffer more from the effects of background noise in the SRT80
condition than normal hearing participants, causing a larger dif-
ference in performance between the 2 groups.

No significant effect of sham type was found (#(1,33) =0.15,
P=.90,12<0.001), nor was there an interaction between sham
type and task difficulty (#(1, 33)=0.26, P=.61,71?=0.008), nor
between sham type and hearing impairment (F(1, 33)=0.23,
P=.64,1?<0.007). As 2 participants did not have the no stim-

ulation control condition recorded due to technical issues, and

to avoid unnecessary multiple comparisons, best time-lag tACS
trials were only compared to the sham condition for the
remainder of the analysis. A paired samples #-test between the
SRT20 conditions (normal hearing: M=-7.5,SD=0.59, hear-
ing impaired: M=-5.6, SD =1.3) and SRT80 conditions (nor-
mal hearing: M=-4.2, SD=0.81, hearing impaired: M=-1.2,
SD=1.6) showed significant effects of task difficulty in the
expected direction (normal hearing: #16)=-20,6, P<<.001,
hearing impaired: #17)=-17.9, P<.001). Independent sam-
ples t-tests between normal hearing and hearing impaired par-
ticipants showed significant effects for hearing impairment
(SRT20: #33)=5.4, P<.001, SRTS80: #33)=7.2, P<.001,
Figure 3). This confirmed that hearing impaired participants
had more difficulty with the task than normal hearing partici-
pants, and that the SRT20 task resulted in a lower SNR than
the SRT80 task for both normal hearing and hearing impaired
participants.

After establishing that the effects of different SRT levels
and hearing abilities of the participants were significant in the
expected direction, we could investigate the effects of envelope-
tACS. To do this, we baseline corrected participants’ tACS-
SRTs by subtracting the SRTs of the sham stimulation
conditions. By baseline correcting in this manner, we removed
the change in performance caused by task difficulty and hear-
ing impairment. The resulting ASNR then provided informa-
tion about the relative change in SRT in the tACS conditions
compared to sham. Inspection of the data revealed 1 hearing
impaired participant varied greatly in performance compared
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Figure 4. Distribution of baseline-corrected score (ASNR) for the 5 different time-lags, separate for the 2 different task difficulties (SRT20 and SRT80)
and separate for normal hearing (NH) and hearing impaired (HI) participants. Black crosses represent the performances of the excluded participant. After
resolving a 3-way interaction between task difficulty, hearing impairment and the 5 different time-lags, a significant difference in between the 100 and
150 ms time-lags was revealed for the hearing impaired participants in the SRT80 condition.

to the other hearing impaired participants in the same condi-
tions. Out of the ten stimulation conditions, they scored more
than 2.5 standard deviations from the mean in 2 conditions
and more than 3 standard deviations from the mean in 1 condi-
tion. Furthermore, their best performing stimulation SRT20
condition was also more than 3 standard deviations from the
mean. We therefore removed this participant due to being an
outlier (Figure 4).

To look at the general effect of envelope-tACS at different
stimulation time-lags, a mixed model ANOVA with the within
subjects factor task difficulty (SRT80 and SRT20) and tACS
time-lags (50, 75, 100, 125, 150 ms) and the between-subjects
factor hearing impairment (normal hearing vs. hearing
impaired) was performed. The effects of hearing impairment
(A1, 32)=0.001, P=.98 n2<0.001), task difficulty (F(1,
32)=0.098, P=.76 n>=0.003) and time-lag (F(4, 128)=1.0,
P=.39 1n?=0.03) were not significant, nor were the 2-way
interaction effects (task difficulty X hearing impairment: F(1,
32)=3.9, P=.06, n>=0.11; time-lag X hearing impairment:
F(4, 128)=1.0, P=.40, n?=0.031, task difficulty X time-lag:
F(4,128)=1.5, P=.21,1m?=0.044), however there was a signifi-
cant 3-way interaction (F(4, 128)=2.6, P=.04,1?=0.076).

To resolve the 3-way interaction, we performed a repeated
measures 2-way ANOVA for the hearing impaired and normal

hearing groups separately. Using the factors task difficulty
(SRT80 and SRT20) and tACS time-lags (50, 75, 100, 125,
150ms) revealed no significant effects for the normal hearing
group (task difficulty: F(1,16)=2.0, P=.17,1?=0.11, time-lag:
F(4, 64)=0.25, P=.91, n2=0.016, interaction: F(4,64)=0.86,
P=.50,1?=0.051), but a significant interaction effect for the
hearing impaired group (task difficulty: F(1, 16)=2.0, P=.18,
n%=0.11, time-lag: F(4, 64)=1.6, P=.18, n?=0.093, interac-
tion: F(4,64)=3.1, P=.022, n?=0.16). A repeated measures
ANOVA over the 5 time-lags separately for the 2 task diffi-
culty conditions revealed no significant effects in the SRT20
conditions (F(4,64)=0.40, P=.81, n2=0.024), but did show a
result in the SRTS80 conditions (F(4,64)=2.9, P=.027,
1%=0.16). Finally, paired samples #-tests comparing the differ-
ent time-lags of the SRT80 conditions of hearing impaired
participants revealed a significant difference only between the
100ms time-lag and 150ms time-lag conditions (#16)=4.1,
P=.009 Bonferroni corrected, 4=0.84, Figure 4).

Previous studies have established that participants differ in
optimal time-lag.3%3* Because of this, the best performing
time-lag condition (ie, the stimulation time-lag at which the par-
ticipant had the lowest ASNR) was selected, separately for the
SRT80 and SRT20 conditions. Using a Kolmogorov-Smirnov
test for uniformity, we investigated whether participants were
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Figure 5. Distribution of optimal time-lags, separate for hearing impairment (NH, normal hearing and HI, hearing impaired) and task difficulty (SRT20 and

SRT80). Optimal time-lags were uniformly distributed except for SRT80,,.

more likely to have a specific time-lag as their optimum, sepa-
rately for both conditions and for normal hearing and hearing
impaired participants (Figure 5). The optimal time-lags were
uniformly distributed in both conditions for normal hearing par-
ticipants (SRT20: D=1.2, P=.11, SRT80: D=0.97, P=.30), as
well as for hearing impaired participants in the SRT20 condition
(D=0.91, P=.38). However, the optimal time-lags of hearing
impaired participants were not uniformly distributed in the
SRT80 condition, with the 150ms time-lag occurring most fre-
quently (D=1.7, P=.006).

A mixed model ANOVA with task difficulty (SRT80 and
SRT20) as a within subjects factor and hearing impairment
(impaired hearing and normal hearing) as a between subjects
factor revealed a significant effect of task difficulty (F(1,
32)=6.2, P=.018,1>=0.16) and a significant interaction effect
(F(1, 32)=6.6, P=.015, n>=0.17) but no significant effect of
hearing impairment (#(1,32)=0.39, P=.53,1?=0.012). Paired
samples t-tests comparing SRT20yy (M=-0.64, SD=0.77)
with SRT80y; (M=-0.63,8D=0.63) and SRT20; (M=-0.35,
§D=0.48) with SRT80; (M=-1.1, SD=0.78) revealed a sig-
nificant effect of task difficulty for hearing impaired partici-
pants (#(16)=3.2, P=.012, /=1.2 Bonferroni corrected) but not
for normal hearing participants (416)=-0.062, P=.95,
d=0.016, Figure 6a).

Seeing as there were multiple hearing impaired participants

that had their best time-lag at 150 ms for the SRT'80 condition,

our findings comparing the best time-lag conditions to each
other was not statistically independent from the effect found
for the 150 ms time-lag condition. Therefore, the effect of the
best conditions could have been entirely dependent on the
results in this 1 condition. We therefore repeated the analysis
removing the 150 ms time-lag to control whether these effects
were independent from each other. A mixed model ANOVA
with the within subjects factor task difficulty (SRT80 and
SRT20) and 4 tACS time-lags (50, 75, 100, 125ms) and the
between-subjects factor hearing impairment (normal hearing
vs. hearing impaired) revealed no significant main effects, (task
difficulty: F(1, 33)=0.027, P=.87 n?=0.001; time-lag: F(3,
96)=0.76, P=.52, n?=0.023; hearing impairment: F(1,
33)=0.096, P=.76,12=0.003), nor interaction effects (task dif-
ficulty X hearing impairment: F(1,32)=1.7, P=.20,1?=0.050;
time-lag X hearing impairment: F(3, 96)=0.69, P=.56,
1n%=0.021, task difficulty X time-lag: F(3, 96)=0.58, P=.63,
1n%2=0.018; task difficulty X time-lag X hearing impairment:
F(3,96)=0.97, P=.41,12=0.030).

Next, we repeated the analysis of the best time-lags, exclud-
ing the performances on the 150ms time-lag condition. A
mixed model ANOVA with task difficulty (SRT80 and
SRT20) as the within subjects factor and hearing impairment
(impaired hearing and normal hearing) as a between subjects
factor revealed a significant effect of task difficulty (F(1,
32)=4.2, P=.0497, n?=0.11) and a significant interaction
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Figure 6. (a) For each participant, their best performing time-lag out of the 5 time-lags was selected separately for the SRT20 and SRT80 conditions.
Hearing impaired participants performed significantly better (ie, at a lower ASNR) in the SRT80 condition compared to their performance in the SRT20
condition. (b) As hearing impaired participants performed exceptionally well in the 150 ms time-lag of the SRT80 condition, several of them had their best
time-lag at 150ms in this condition. Therefore, it could be argued that the effect found of task difficulty was only caused by the effect in this 150ms
time-lag condition. However, after re-selecting participants’ best time-lags whilst excluding the 150 ms condition, the effect persisted.

effect (F(1, 32)=5.3, P=.028, n?=0.14) but no significant
effect of hearing impairment (F(1, 32)=0.27, P=.61,
N?=0.008). Paired samples #-tests comparing SRT20yy
(M=-0.56, SD=0.80) with SRT80y; (M=-0.52, SD=0.76)
and SRT20,; (M=-0.29, SD =0.56) with SRT80y; (M=-0.99,
SD=0.81) revealed a significant effect of task difficulty for
hearing impaired participants (#16)=2.8, P=.024, 4=1.0
Bonferroni corrected) but not for normal hearing participants
(416)=-0.20, P=.84, d=0.051, Figure 6b).

Discussion

The main goal of our study was to explore the potential for
envelope-tACS to aid hearing impaired participants. For
this purpose, we investigated the effects that task difficulty
and hearing impairment had on the effects of envelope-
tACS. As participants’score differed depending on task dif-
ficulty and hearing impairment, we baseline corrected the
best performance time-lag to the sham condition for each
condition. This way, we compared the effects of envelope-
tACS under different hearing conditions and hearing capa-
bilities. Analysis revealed that hearing impaired participants
gained more from envelope-tACS when the task used a high
SNR (ie, SRT80) compared to the same participants in the
low SNR condition (SRT20). When comparing the differ-
ent stimulation time-lags, hearing impaired participants in
the SRT80 condition performed better in the 150 ms time-
lag condition, but this difference was only significant com-
pared to the 100 ms time-lag after correction for multiple
comparisons. To better separate the effect found for the best
time-lag conditions from the effect found for the 150 ms
time-lag condition, we then repeated the analysis whilst
omitting the 150 ms time-lag conditions. This revealed that,
without any individual time-lag having better performance
compared to the other ones, the effect of the best time-lag
conditions persisted. Both with and without the 150 ms

time-lag conditions, hearing impaired participants scored a
lower (ie, better) ASNR in the SRT80 condition compared
to the SRT20 condition.

Effects of hearing impairment and task difficulty

The finding that hearing impaired participants benefited
more from envelope-tACS in the SRT80 condition com-
pared to the SRT20 condition could imply that hearing
impaired participants could use envelope-tACS to compen-
sate for speech envelope information lost in the auditory sig-
nal due to background noise. In the SRT20 condition
however, too much information is lost in the auditory signal
condition to “reconstruct” with the expected subthreshold
effects of envelope-tACS. It is a common complaint amongst
hearing impaired patients to have problems with speech
comprehension in everyday noisy situations.”*>7 Studies on
compensatory mechanics in the cognitive processes of elderly
consistently find a reduction in the ability to inhibit irrele-
vant information**® and an increase in working memory
usage compared to younger participants;2430-9-61 specifically,
experiments with tasks similar to ours (ie, a co-located
sounds speech in noise task) have demonstrated an effect of
working memory capacity on performance for hearing
impaired participants.®*%* Envelope-tACS might compen-
sate for a loss of auditory signal in a similar matter as work-
ing memory recruiting does; sub-threshold effects of tACS
enhancing the envelope of the stimulus, but only if there is
still enough signal left to enhance. If this is true, envelope-
tACS has potential for solving hearing issues that conven-
tional hearing aids cannot fix; more specifically,
envelope-tACS could be used to alleviate hearing fatigue.
Recruiting working memory for compensation demands for
more active hearing, making it mentally taxing. If envelope-

tACS enhances the speech signal in the manner we
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hypothesized, it could enhance speech envelope tracking,
reducing the amount of working memory required to com-
pensate for signal loss and relieving hearing strain. However,
it should be noted that these benefits on relieving hearing
strain are so far only hypothetical; although our results are in
line with established models of hearing strain and listening
fatigue, we had no objective measurement of the hearing
strain experienced by participants depending on stimulation
condition.

Optimal time-lag

Investigation of the different time-lags found an effect of
different stimulation phase conditions; although individual
differences in optimal time-lag of envelope-tACS is a well-
established effect3+3°.38:39,53,65 post-hoc analysis discovered
that performance in the 150 ms time-lag condition was sig-
nificantly better for hearing impaired participants, but only
in the SRT80 conditions, and only when comparing to
100 ms time-lag condition. Although the repeated meas-
ures ANOVA over the 5 time-lags of the SRT80 condition
for hearing impaired participants reported a large effect
size (F(4,64)=2.9, P=.027, n?=0.16) with no apparent
outlier data, this effect is surprising, and difficult to
interpret.

Although generally envelope-tACS has been based on
investigating the individual best time-lag, specific time-lags
being better on average is not unheard of.34*0 The 150 ms
delay has also been brought in relationship with speech
tracking before,30:66-¢9 although phase resets related to
incoming stimuli in general are often measured at 100 ms.”%-
72'This also does not explain why 150 ms was the best delay
only for hearing impaired. One explanation is that only
hearing impaired participants benefited enough from enve-
lope-tACS to make this preference of the 150 ms delay con-
dition significant compared to other effects like between
and within subject variance in performance. Another possi-
bility for why 150ms was the best time-lag for hearing
impaired participants was that the actual preferred time-lag
of participants was later than 150ms, and thus out of our
range of measured delays. The slowing down of cognitive
processing in elderly is a well-reported phenomenon.3%.7374
If participants’ actual optimal time-lag was later, and thus
outside the range of time-lags we tested, then 150 ms time-
lag would be the best approximation of their actual optimal
time-lag by default. If this was the case, it could also mean
that the gain these participants received due to envelope-
tACS could potentially be higher, as we were unable to
approximate their optimal time-lag. This is important, as it
should be noted that with current results, the changes in
performance caused by envelope-tACS are minor; in the
easy task condition for hearing impaired participants, SRT
improved by 0.99 dB on average for their best time-lag com-
pared to sham.

Comparison to prior results

The design and goal of this study were based on our previous
study from Wilsch et al.> Between these studies, several design
changes were made that should be considered. Firstly, although
the stimulation waveform shape was calculated in the same way
between the current study and Wilsch et al.,’ the intensity of
the stimulation differed between the 2 studies. In our previous
study, we used a stepwise method to decide the stimulation
intensity per participant. Starting off at 400puA, stimulation
intensity was increased by 100 pA until the participant indicated
they perceived skin sensations or phosphenes, up to a maximum
of 1500 pA. For this study we opted to not use this method and
instead used 1000pA (peak to peak) for all participants.
Although the purpose of individual stimulation levels was to
reduce skin sensation, by deciding the stimulation intensity on
the subjective experience of the participants prior to the task, it
was nevertheless difficult to assess whether participants experi-
enced sensation from the stimulation during the task. It also pre-
sented the question how much effect each participant experienced
from stimulation as some participants received stronger stimula-
tion than others. Therefore, for this study we kept stimulation
intensity the same across participants as to remove the difference
in intensity as a potential confounding factor.

Another difference between this study and Wilsch et al.3> is
the location of the stimulation electrodes. The electrode loca-
tions used in this study were based on the locations found in
Baltus et al.,>! in which finite element modeling was used to
calculate which electrode locations could be used to optimally
use the regions of interest. An argument could be made that
the stimulation used in Baltus et al.5 was sinusoidal tACS, not
envelope-tACS, and that perhaps the electrode setup used in
Wilsch et al.®> might potentially be better for envelope-tACS.
However, the Baltus et al.>! electrode setup was designed to
target the same cortical regions we are interested in stimulating
with envelope-tACS.

Finally, we used a smaller range of time-lags for envelope-
tACS than in the previous study. Because of the limitations on
how many minutes of tACS participants are allowed to receive
per day, there is a trade-off to consider when deciding what
time-lags to choose. Whilst smaller steps between time-lags
results in more precise approximation of the optimal time-lag
and thus should cause the largest effect of tACS, it comes with
the risk of participants’ average optimal time-lag to be outside
of that window. As we found an average optimal time-lag of
100ms in Wilsch et al.,% we designed our experiment under
the assumption that participants’ optimal time-lag would aver-
age around 100 ms for this study as well. However, considering
our finding that hearing impaired were on average best at the
150 ms time-lag, that is, our latest tested time-lag, there is a
possibility that participants’ actual optimal time-lag was later
than 150 ms. That this optimal average time-lag was later than
expected could be because our previous study was recorded
with young adults as compared to this study’s older population.
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Nevertheless, the ASNRs found in this study are in line with
the ASNRs found in Wilsch et al.3*

Limitations

When interpreting the results of our study, it is important to
keep in mind the effect of task difficulty on the performance of
hearing impaired participants was on ASNR. Meaning that
what is being compared is the improvement in performance a
given condition had compared to sham. Given that we meas-
ured 5 different stimulation time-lags, but recorded only 1 sham
condition for each SRT level, we cannot compare the perfor-
mance on the best stimulation time-lag condition to sham.”
Therefore, our study can only show how certain conditions are
potentially more favourable for the use of envelope-tACS com-
pared to other conditions, that is, that hearing impaired partici-
pants might gain more from it, and that envelope-tACS has a
more beneficial effect if there is still enough of the sound enve-
lope to reconstruct. However, as we cannot make a comparison
to sham, we can’t conclude anything about the actual effects of
envelope-tACS. Investigating phasic effects of envelope-tACS
using the methods proposed by Zoefel et al.7 and as done in
previous envelope-tACS studies’*3 is not possible. Although
our number of time-lags, interval between the time-lags, and
the window between 50 ms and 150 ms was deliberately chosen
to what we believed was optimal to investigate the effects of
envelope-tACS, the 50 ms to 150 ms time window can't investi-
gate half cycles of frequencies lower than 10Hz.

Another limitation to our results is that the absolute effects
in dB of envelope-tACS compared to sham are small. As men-
tioned above, in the SRT80 task, hearing impaired partici-
pants improved by -0.99dB on average compared to sham.
One participant in this condition even had a ASNR of 0.8dB,
meaning that even in their best time-lag condition, they still
performed .8 dB worse than in the sham condition. Although
our results show a potential application of envelope-tACS, the
current gain in performance of around 1dB is not strong
enough for any practical application. Furthermore, with the
difficulty of more precise timing of envelope-tACS, results
should be better than those of “conventional” sinusoidal tACS,
which as of now, does not appear to be the case.36437677 On
top of this, the small absolute changes in dB raise some ques-
tions regarding repeatability of these results, as the OLSA has
a test-retest reliability of about 1dB.#” With the current inac-
curacies of finding participants’ optimal time-lag and the sizes
of the found effects, this might mean the OLSA is not accu-
rate enough in approximating participants’ optimal time-lag.
However, it should also be noted that this does not dismiss our
findings, as a consistent and systematic shift in performance
between conditions of 0.99 dB is not the same as an individual

shift of 1dB.

Future research

Given that the time window we chose for our experiment
might have diminished the beneficial effects of envelope-tACS,
we believe further research on tACS as a potential hearing aid

is necessary. Our findings imply that hearing impaired partici-
pants might benefit more from envelope-tACS, given that the
task has a high enough SNR that envelope-tACS is still capa-
ble of aiding in reconstructing the lost speech envelope. If true,
this would potentially make envelope-tACS useful as a hearing
aid. In particular, we believe it is worth exploring the effects of
envelope-tACS on hearing impaired participants. Exploring
and improving the approximation of the optimal stimulation
time-lag for this group has potential for medical application,
given that the absolute improvement in dB can be increased.

Conclusion

In this study, we explored the use of tACS as a potential addi-
tion to conventional hearing aids; although conventional hear-
ing aids and cochlear implants can improve hearing on the
cochlear level, other hearing issues related to aging like the
slowing of cognition can't be solved without improving signal
processing at the cortical level. Our results suggest hearing
impaired participants gain more from envelope-tACS in the
higher signal to noise task (SNR80) compared to the low signal
to noise task (SNR20). Relatedly, we found that hearing
impaired participants performed on average better at a 150 ms
time-lag compared to earlier time-lags in the condition, which
suggests that hearing impaired participants’ optimal time-lag
might have been later than 150 ms on average, meaning that a
better approximation of the optimal time-lag could improve
performance further. Considering speech in noise tracking is as
of now still a weakness of conventional hearing aids, and the
rising prevalence of hearing impairment, we believe the devel-
opment of envelope-tACS to be a worthwhile endeavour for its
potential to directly influence auditory processing in the cortex.
However, in its current stage, the beneficial effects of envelope-
tACS are not strong enough to have practical application. A
primary goal of current tACS research should be to better esti-
mate and approach participants’ optimal time-lag and develop a
deeper understanding of the underlying neural processes of
understanding speech.
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