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ABSTRACT: In recent years, several studies have reported beneficial effects of transcranial alternating current stimulation (tACS) in experiments
regarding sound and speech perception. A new development in this field is envelope-tACS: The goal of this method is to improve cortical entrain-
ment to the speech signal by stimulating with a waveform based on the speech envelope. One challenge of this stimulation method is timing; the
electrical stimulation needs to be phase-aligned with the naturally occurring cortical entrainment to the auditory stimuli. Due to individual differ-
ences in anatomy and processing speed, the optimal time-lag between presentation of sound and applying envelope-tACS varies between par-
ticipants. To better investigate the effects of envelope-tACS, we performed a speech comprehension task with a larger amount of time-lags than
previous experiments, as well as an equal amount of sham conditions. No significant difference between optimal stimulation time-lag condition
and best sham condition was found. Further investigation of the data revealed a significant difference between the positive and negative half-
cycles of the stimulation conditions but not for sham. However, we also found a significant learning effect over the course of the experiment which
was of comparable size to the effects of envelope-tACS found in previous auditory tACS studies. In this article, we discuss possible explanations
for why our findings did not match up with those of previous studies and the issues that come with researching and developing envelope-tACS.
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Introduction

Speech perception is the process of discerning an auditory stim-
ulus as speech, and linking the combinations of sounds to their
linguistic meaning.! Neural oscillations have been shown to play
a crucial role in this process; natural speech consists of a band of
multiple frequencies. Very important for the comprehension of
speech is the frequency range of 1-10Hz,? where we can find
the speech envelope or temporal envelope. When presented with
a pseudo-rhythmic stimulus like speech, neural oscillations
match up in phase and frequency of the stimulus with a process
called cortical entrainment.3-¢ It is believed this cortical entrain-
ment to the envelope tracks acoustic properties of attended
speech.”® Several studies have shown the relation between
entrainment and speech processing, using electroencephalogra-
phy (EEG),>!° magnetoencephalography (MEG),!"'3 and elec-
trocorticography (ECoG).1* Single-cell studies in animals have
shown phase-locking to temporal envelopes of nonspeech
sounds.’ In patients with auditory neuropathy, an affliction that
weakens the transmission of temporal information in sounds
that weakens entrainment, speech comprehension is reduced
while recognition of other sounds is left mostly intact.6

Transcranial alternating current stimulation (tACS)1718 has
been useful in research regarding cortical entrainment. Using a
sinusoidal current, tACS can enhance the naturally occurring
oscillations of the cortex, decreasing or increasing neural firing
depending on the polarity of the stimulation.'”1 In particular,
the immediate effects and sustained after effects of tACS on
alpha activity have been well established.?* In auditory
research, tACS has been useful in making causal connections
between brain activity and the hearing process; where brain
recording methods can only infer correlation between neural
entrainment and cognitive processes,?> tACS makes it possible
to infer causal links between the 2 by enhancing or disrupting
entrainment to a certain frequency.?®?” Using these methods,
evidence has been found that neural entrainment plays an
active role in speech perception, instead of merely being a result
of it.28-34 Using tACS, perception of auditory stimuli can be
altered® (Neuling et al, 2012)% or improved?®?° depending on
the phase of the stimulation. The effects tACS has on neural
processing has potential to be used in the medical field;
although the use of tACS for medical application is still very
new, there have been results for tACS as treatment for auditory
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hallucinations in schizophrenic patients’®37 and attention defi-
cit hyperactivity disorder (ADHD).38

A new method dubbed envelope-tACS?$?° has shown
results in improving speech perception by electrically stimulat-
ing the envelope of a targeted speech stimulus. By subthreshold
enhancing neural excitability in phase with the speech enve-
lope, entrainment to the stimulus could potentially be strength-
ened. Significant results with these methods are of importance,
as they reveal new possibilities for the usage of transcranial
electrical stimulation (TES) methods; where previous methods
used continuous stimulation patterns like alternating current
(tACS)3? or transcranial direct current stimulation (tDCS),*
inducing entrainment with envelope-tACS involves more
complex waveforms consisting of multiple frequencies with a
concise beginning and end, as opposed to a continuous cyclical
signal. Envelope-tACS could potentially be used as a hearing
aid,"* as by directly influencing the neural processing of
sound, it could alleviate hearing fatigue, a common complaint
of conventional hearing aid users.3034## Furthermore, hear-
ing aid users commonly report that their hearing aid helps little
or is even detrimental in difficult hearing situations, like social
activities with multiple simultaneous speakers.* As conven-
tional hearing aids can only support the processing of speech
up to the cochlear level, degradation of processing beyond that
point is not alleviated. This ‘cortical hearing loss’ is a well-
established effect of natural aging, where cognitive decline
reduces patients’ ability to compensate for acoustic degrada-
tion.#* These effects are most apparent when separating
speech from background noise.’*-2 Finally, EEG studies show
a change in cortical entrainment to auditory stimuli in the
elderly.>>>% Using a brain-computer interface to measure the
attended stream of sound using EEG, envelope-tACS could
enhance entrainment to an attended speech stimulus by stimu-
lating with the corresponding speech envelope.

For tACS to have a positive effect on perception, the phase
of the electrical stimulation has to be temporally aligned with
the targeted stimuli. Because of individual differences in anat-
omy and processing speed between participants,3%°%°7 multiple
experimental conditions using different latencies between
stimulus presentation and electrical stimulation phase have to
be used, to probe for which stimulus-stimulation latency (or
time-lag) is optimal. In the case of sinusoidal stimulation, the
goal is to stimulate in phase with the entrainment to a sound
stimulus, enhancing entrainment. In the case of envelope-
tACS,% entrainment is targeted to a specific critical frequency,
the syllable rate (Figure 1).

Having to measure multiple time-lags between sound pres-
entation and stimulation set down technical and ethical limita-
tions to experimental design; to find the optimal effects of
envelope-tACS, the time-lag should be as close as possible to
the time it takes for the signal to be processed in the brain.
However, the amount of different time-lags that can be meas-
ured is limited by the maximum duration of stimulation a

Auditory

TES

Amplitude (mA) ' Amplitude (mA) |

Amplitude (mA) |

| |
| 1

0 time (s) 3
Figure 1. Synchronization of auditory signal and electrical stimulation on
the cortex. (A) When electrical stimulation arrives out of phase with the
cortical activity caused by the auditory stimulus, entrainment to the
speech envelope is disrupted and performance should decrease. (B)
When synchronization is off by a multiple of a full phase of the carrier
frequency, excitation still coincides with the auditory signal, and
performance should improve. However, entrainment to higher frequencies
might not be optimal. (C) When envelope-tACS is temporally aligned with
the cortical signal in its entirety, speech entrainment is fully enhanced
and the performance enhancing effects of envelope-tACS should be at its
strongest. tACS indicates transcranial alternating current stimulation;
TES, transcranial electrical stimulation.

participant is allowed to receive per day. Furthermore, selecting
the optimal time-lag based on a participants’ performance and
then evaluating the effect of envelope-tACS based on that per-
formance quickly turns into circular analysis or ‘double dip-
ping’.5® Previous envelope-tACS studies have circumvented
these issues by investigating the phasic effects of envelope-
tACS, showing the sinusoidal performance changes caused by
envelope-tACS3? or comparing performance of the conditions
that are close to the optimal time-lag to those that should be
close to antiphase.?®? Although these studies provide evidence
that there is a beneficial effect of envelope-tACS, it is difficult
to assess how large the effect of envelope-tACS actually can be,
given an as-close-as-possible phase alignment between the
stimulation waveform and the neural signal. In this study, we
set out to discover more about the potentially positive effects of
envelope-tACS, using a larger amount of time-lags with
smaller intermediate steps to find a more close to optimal
time-lag. Furthermore, an expansive control condition was
used to be able to say more about the effects of envelope-tACS,
without the issues of circular analysis.
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Materials and Methods
Participants

Thirty-two participants (16 female, mean age 24, age range:
20-31) took part in the study. All participants were native
German speakers, had normal hearing, and were right-handed
according to the Edinburg Handedness Scale.>® Participants
were given written explanation of the methods used during the
tests, an informed consent form, and a questionnaire assessing
exclusion criteria for electrical stimulation. At the end of the
experiment, participants filled in a form regarding side-effects
of the stimulation.®®¢! and received monetary compensation.
Out of 30 participants, 24 felt they had received electrical stim-
ulation, whereas the remaining 6 claimed to have received no
stimulation.

Procedure

The experiment was approved by the ethics committee of the
University of Oldenburg. Participants were given a written
explanation regarding the methods used in the experiment.
They then filled out an informed consent form, as well as a
questionnaire regarding exclusion criteria for TES. Electrodes
were attached to the head as described by Baltus et al.%2 Marks
on the head were made at electrode locations FC5, FC6, P7,
and P8 according to the international 10-20 system. These
electrode locations were chosen to optimally stimulate the
desired regions.®?%* On each of the 4 locations, 2.5-cm diam-
eter round rubber TES electrodes were placed using Ten20
Conductive paste (Weaver and company Aurora, USA). Once
the electrodes had been prepared, the participant was seated in
a dimly lit, electrically shielded, and sound attenuated booth.

Oldenburg sentence task

After preparation of the electrodes, participants were instructed
about the Oldenburg sentence task (OLSa).®> They were pre-
sented with grammatically correct German sentences of 5
words, together with noise at different signal-to-noise ratios
(SNRs). Participants had to orally repeat as many words as pos-
sible; the order in which they repeated the words did not have
to match the presentation order, and they were encouraged to
guess. Eighteen blocks of 20 sentences each were presented,
starting with 2 practice blocks. Each block had a duration of
approximately 5 minutes, for a total of 80 minutes. After every
6 blocks, there was a short break.

Sound stimuli were generated using a Fireface 802 sound-
card (RME, Germany) at a sampling rate of 44100Hz. All
sound was played over a single speaker (JBL Control 1 Pro)
standing upright in front of the participant, at a 95 cm distance
from the centre of the head. An adaptive procedure was per-
formed to adjust SNRs as described by Brand and Kollmeier.%
The target sentences and background noise were both initially
presented at 65dB SPL (each block started at 65dB SPL

regardless of performance in the previous block). Participants
were scored during the task on a scale from 0 to 5 depending
on how many words they repeated correctly; the volume of
sequential sentences was altered depending on their score on
the previous trial, while the volume of the background noise
stayed constant. Using a staircase procedure, the task difficulty
was modified in this manner to approach a 50% performance
rate over the course of the block; the final SNR between the
sentence and the background noise at the end of the block was
then saved as the speech comprehension threshold (SCT). A
lower SCT score meant participants could repeat approxi-
mately 50% of the target words at a worse SNR. Thus, the
lower the SCT score, the better a participants’ performance on
that block. In total, one SCT was calculated for each of the 16
blocks (8 stimulation conditions and 8 sham conditions) using
the performance of the last of the 20 trials of the staircase pro-
cedure. Sentence scoring for all participants was done double-
blind by a native German speaker, that is, neither the participant
nor the scorer knew whether a subject was in the stimulation or
the sham condition. For more in-depth information on how
the staircase procedure was performed and how the step sizes
were calculated.®¢

Transcranial electrical stimulation

While the participant performed the OLSa, envelope-tACS
was applied using a multichannel stimulator with 2 channels,
one for each hemisphere (DCSTIMULATOR MC, neur-
Conn GmbH, Ilmenau, Germany). During the 2 training
tasks, no stimulation was presented. Out of the 16 experimen-
tal blocks, 8 were accompanied with sham stimulation; each
sentence was preceded by a short (250 ms) sinusoidal stimula-
tion with an intensity of 1mA peak to peak to imitate potential
skin sensations as in the stimulation condition. Eight experi-
mental blocks were accompanied by envelope-tACS: electrical
stimulation shaped as the speech envelope of the accompany-
ing sentence.’%3 To achieve this, the absolute values of the
Hilbert transformation of the sentence were computed and
low-pass filtered at 10Hz (second-order Butterworth). The
tACS signal was sampled at 44100Hz, and peak-to-peak
amplitude of the stimulation was set to not exceed 1mA.
Stimulation per trial was the same length as the duration of the
spoken sentences (approximately 3seconds), no tACS was
applied other than during this brief window. Each of the 8
stimulation conditions had a different delay between the start
of the auditory stimulus and envelope-tACS; this time-lag var-
ied from 25 to 200 ms, in steps of 25 ms, resulting in 8 different
tACS time-lag conditions. For example, a time-lag of 100 ms
indicated that the onset of the audio preceded the start of the
envelope-tACS stimulation by 100 ms. This range of latencies
was chosen to encompass a 5 Hz cycle, as it was close to the
5.12Hz sinusoidal fit for envelope-tACS found by Wilsch

et al.3? Furthermore, measuring points were chosen to be
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around 100 ms, as this has been found to be around the latency
of the envelope in the brain signal 11106768 Steps of 25 ms were
chosen to have an even distribution of time-lags over the time
period of interest. Each tACS time-lag condition was paired
with a sham condition. The order in which each participant
performed each different time-lag block was counterbalanced,
and sham and stimulation blocks were alternated (sham first
for 16 participants, stimulation first for 16 participants). This
was done as a control for effects caused by the length of the
task (ie, fatigue and learning effects). With 8 envelope-tACS
conditions consisting of 20 sentences with 3 seconds of enve-
lope-tACS each, every participant received approximately
8 minutes of envelope-tACS.

Results
Effects of tACS

Statistical analysis was performed using SPSS software, version
26.0 (IBM, Armonk, NY) and Matlab r2016a (Mathworks,
Natick, MA). Four participants were excluded from the analy-
sis: 1 participant reported seeing phosphenes and was therefore
excluded, 1 participant reported being very fatigued and was
excluded as they performed exceedingly poorly (more than 2
standard deviations from the norm), and 2 participants had to
be excluded due to technical issues during the task.

A 2-way repeated measures analysis of variance (ANOVA)
using the 8 different stimulation time-lags as the factor ‘offset’
and stimulation and sham as a 2-level factor did not reveal a
significant effect for offset: F(7, 189)=.72, p=.66, n?=.026,
stimulation: F(1, 27)=.080, p=.78, n?=.003, or interaction:
F(7,189)=.29, p=.96,n?=.011.This was to be expected as pre-
vious studies using tACS have shown different optimal time-
lags for participants. Therefore, to assess the effect of
envelope-tACS, the best-scoring tACS time-lag condition of
each participant was compared to that participant’s best sham
condition. A #-test comparing best stimulation (M=-7.7,
SD =.68) versus best sham (IM=-7.7, SD =.67) condition did
not show any significant effect, £27)=-.56, p=.58, 4=.060.

Another method to investigate stimulation effect that has
been used in previous papers using tACS, compares the perfor-
mance of the 2 time-lags nearest to the best time-lag.3%? First,
for each participant, the best stimulation time-lag is chosen.
Under the hypothesis that envelope-tACS enhances or dis-
rupts entrainment depending on time lag, task performance
should increase or decrease depending on the half-cycle of the
critical frequency of the sound envelope. As Wilsch et al3?
found that a frequency of 5.12Hz best matched the modula-
tion effect tACS had on intelligibility when using the OLSa, a
critical frequency of 5 Hz was used. Since the performance of
the best stimulation time-lag has to be used to define a partici-
pant’s best time-lag, this condition can no longer be used to
evaluate performance (as this would be circular). Therefore, the
SCTs of the 2 conditions closest in phase to the optimal phase
condition, that is, the excitatory half-cycle, were compared to

the SCTs of the 2 conditions adjacent to the opposite to best
condition, that is, the inhibitory half-cycle. The creation of the
phase conditions was done for stimulation and sham separately,
independent of each other (Figure 2A and B). A paired sam-
ples #-test of the positive half-cycle (M =-7.93,SD =.78) com-
pared to the negative half-cycle (M =-7.73, SD =.69) revealed
a significant effect, /27) =—-1.95, p=.031, d= .27, one-tailed, for
the stimulation condition (Figure 2C). When comparing the
positive half-cycle (M =-7.86, SD=.77) to the negative half-
cycle (M =-7.89, SD=0.66), no significant effect was found,
#27)=.16, p=.43, d=.040, one-tailed, for the sham condition.

Learning effect
Although the OLSa is supposedly robust against learning

effects® and the use of 2 training trials, a one-way repeated
measures ANOVA using the 16 experimental OLSa lists as the
factor ‘order’ revealed a significant effect of presentation order,
F(7.24, 195)=6.6 Greenhouse-Geisser corrected, p<.001,
n?=.20, Figure 3A. This 1-way repeated measures ANOVA was
then repeated for the stimulation and sham conditions sepa-
rately, using the 8 OLSa lists as the factor ‘order’. The learning
effect was significant for both stimulation, /(4.86, 131)=6.9
Greenhouse-Geisser corrected, p <.001, n?=.20, Figure 3B, and
sham, /(4.65,125) = 6.8 Greenhouse-Geisser corrected, p <.001,
1?=.20, Figure 3B, separately. Tests of within-subjects contrasts
using the 16 experimental OLSa lists as the factor ‘order’revealed
a significant linear effect of presentation order, F(1, 27)=23.0,
£<<.001, n%=.46, as well as a quadratic effect of presentation
order, F(1,27)=22.0, p<<.001,1?=.45. When using the 8 exper-
imental OLSa lists as the factor ‘order’ for stimulation and sham
separately, the linear and quadratic effects of presentation order
were also significant, stimulation linear effect: F(1, 27)=14.5,
p=.001, n?=.35, stimulation quadratic effect: F(1, 27)=12.4,
p=.002, n?=.32, sham linear effect: F(1, 27)=24.7, p<<.001,
N?=.48, sham quadratic effect: (1, 27)=5.18, p=.03, n?=.16.
Conditions were randomized to correct for a potential learning
effect; however, as we are interested in the best-performing con-
dition, this learning effect had to be accounted for.

Counterbalancing issue

To prevent learning effect issues over the different time-lag con-
ditions, a Williams’ design”® was used. Over all participants, con-
ditions were ordered using an 8-by-8 Latin square design that is
balanced to prevent carry-over effects (Figure 4A). Eight pairs of
conditions were made, that is, each time-lag condition with its
matching sham measurement. For half of the participants, sham
was always measured first for these condition-pairs, and for the
other half the stimulation condition of the block-pair was always
measured first. As we measured 32 participants in total, this
meant the 8-by-8 Latin square condition order was repeated 4
times, twice with sham first and twice with stimulation first. In
this way, each condition-pair occurred exactly 4 times at each
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Figure 2. (A) Distribution of performance after aligning the best-
performance conditions for stimulation. Note that a lower SCT indicates a
better performance on the task. Participants’ best-performing time-lag
condition is set to 0°, and all other time-lag conditions are shifted
accordingly. Performance on the —45° and 45° conditions are then
averaged to calculate the excitatory (positive) half-cycle, and
performance on the 135° and 225° conditions are averaged to calculate
the inhibitory (negative) half-cycle. (B) Distribution of performance after
aligning the best-performance conditions for sham. All sham conditions
were identical and were instead assigned the time-lag of their paired
stimulation condition. Sham conditions were then assigned their phase
condition dependent on the best-performing sham condition (which was
set as phase 0°), independent of the performance in the stimulation
conditions. (C) Participants performed significantly better in the positive
half-cycle stimulation conditions compared to the negative half-cycle
stimulation conditions. This was not the case when comparing the
positive and negative half-cycle conditions of sham. SCT indicates
speech comprehension threshold.

point in the order of measurements. Furthermore, the Latin
square was counterbalanced so that no condition-pair preceded
or followed the same condition-pair more than once. Ergo, as the
Latin square was repeated 4 times, each condition-pair preceded
or followed the same condition-pair exactly 4 times over all par-
ticipants. This way, counterbalancing was optimized so no single

time-lag was affected by any learning effect. However, due to the
way the Latin squares of the Williams’ design are generated, this
caused an issue with the counterbalancing necessary for the half-
cycle analysis (Figure 4B). For stimulation conditions, 35 of the
positive half-cycle measurements were measured in the late half
of the experiment (2 per participant) and 21 were measured in
the early half. For sham conditions, 37 of the positive half-cycle
measurements were measured in the late half of the experiment,
and 19 were measured in the early half.

As this learning effect might have affected our results, we
investigated to how much of the difference in performance
between the positive and negative half cycle could be accounted
for by the difference in presentation order between the 2 con-
ditions. To quantify this difference, for each participant and
for stimulation and sham separately, we added the presenta-
tion order of the 2 positive half-cycle conditions and then sub-
tracted the presentation order of the 2 negative half-cycle
conditions from this. This value expressed for a given partici-
pant how large the difference between the 2 conditions were;
a positive value indicated their positive half-cycle conditions
were presented after their negative half-cycle conditions,
whereas a negative value indicated the reverse. We then used
these values as a covatiate for a 2-way repeated measures
ANOVA comparing the positive and negative half-cycles. For
both stimulation and sham, there was no significant effect of
half-cycle after correcting for presentation order, stimulation:
F(1,26)=1.2, p=.28, n?=.044, sham: F(1, 26)=3.3, p=.082,
n?=.11, as well as a significant interaction effect between half-
cycle and presentation order, stimulation: F(1, 26)=5.2,
$=0.031,12=.17, sham: F(1,26)=18.7, p<.001,n?=.42.

To correct for the learning effect, OLSa lists were sorted by
presentation order and then averaged over all participants per
presentation number, regardless of condition. Then, the average
of each presentation order was subtracted from each measure-
ment of that presentation order (Figure SA and B). Using this
demeaned data, a repeated measures ANOVA using the 8 dif-
ferent time-lags as factors did not reveal any significant results,
F(7,189)=.74, p=.64, n?=.027. Notably, demeaning the data
changed the best stimulation time-lag of 8 participants and the
best sham condition of 9 participants (Figure 5C and D). A
t-test comparing best stimulation (M =-.66, SD=.67) versus
best sham (M =-.64, SD =.63) condition did not show any sig-
nificant effect of stimulation, #27)=-23, p=.82, 4=.03. A
paired samples #-test between standard deviation of stimulation
time-lags (M =.47, SD =.15) versus standard deviation of sham
time-lags (M =.45, SD =.18) revealed no significant difference,
#27)=.49,p=.62,d=121. A paired samples #-test of the average
of the adjacent to best time-lags (M =.059, SD =.67) compared
to the average of the 2 opposite time-lags (M =.16, SD=.77)
revealed no significant effect of phase, #27)=-1.2, p=.25,
d=.14, for the stimulation condition. When comparing the
average of the adjacent to best sham time-lags (M=.18,
SD=.71) to the opposite sham time-lags (M =.074, SD =.65),
no significant effect was found, A27)=1.2, p=.11, 4= .17.
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Figure 3. (A) Mean speech comprehension threshold of all participants per OLSa list in presentation order. Bars depict the standard error of the mean.
(B) Speech comprehension treshold of the stimulation (dark) and sham (light) over the 8 pairs of stimulation and sham blocks. OLSa indicates Oldenburg
sentence task.
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Figure 4. (A) Latin square counterbalancing using Williams’ design. Each row represents 1 possible presentation order a participant could have been
given. In total, each row was used for 4 different participants, of which 2 received the order stimulation — sham conditions and the other 2 participants
received the order sham — stimulation conditions. In this manner, each time-lag condition is counterbalanced over all participants to prevent learning and
fatigue from affecting one time-lag condition more than another. Each time-lag condition also precedes and follows each other time-lag condition only
once, in this way, counterbalancing for carry-over effect. (B) Possible presentation orders of the time-lag conditions after phase shifting. After measuring
the time-lag conditions, participants’ best performing time-lag is assigned to the 0 phase shift condition. Due to the learning effect in our data, best-
performing time-lags were more common to be late in the presentation order. As the best-performing time-lag is not used in the phase-shift, analysis this
would not be an issue; however, due to how the Latin square used in Williams’ design is generated, the presentation order of the positive half-cycle
conditions (highlighted in grey) is not statistically independent of the presentation order of the best time-lag. Because of this, the positive half-cycle
conditions were more likely to be measured in the latter half of the data recording session than in the first half, regardless of what presentation order of (A)
was used.

Discussion

The purpose of this study was to expand upon previous studies
on the effects of envelope-tACS. Using 8 different time-lags
for stimulation as well as an expansive within-subject sham
measurement, we tried to achieve a better approximation of a
given participant’s optimal time-lag to achieve the highest

possible potential gain from envelope-tACS. Next to this, we
assigned a separate sham condition to each stimulation time-
lag condition instead of using only a single sham condition, to
be able to better evaluate the optimal time-lag condition. No
significant effect of stimulation was found; there was no differ-
ence in performance between the best-performing stimulation
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Figure 5. Distribution of high-performance measurement per presentation order for stimulation (A) and sham (B). Dark grey shows the distribution of best
performances before correcting for the learning effect, light grey shows the distribution after subtracting the mean of all participants per presentation order
condition. Distribution of high-performance time-lag condition for stimulation (C) and sham (D). Dark grey shows the distribution of best performances
before correcting for the learning effect, light grey shows the distribution after subtracting the mean of all participants per presentation order condition.

condition compared to the best-performing sham condition.
Furthermore, there was no single stimulation offset at which
participants on average performed better at. Comparing the
difference in performance between the supposed half-cycles of
the stimulation conditions was the one test that pointed to a
possible effect of envelope-tACS. Participants performed bet-
ter in the positive half cycle conditions compared to negative
half-cycle conditions for stimulation, but not for sham.
However, after correction for the learning effect, this effect was
removed. Although it seems correct to dismiss this finding, we
believe it is important to discuss this in light of previous enve-
lope-tACS studies. This comparison between half-cycles to
investigate the supposed phasic nature of the stimulation is one
that has previously shown results.3%32 In general, the effects
found of envelope-tACS on auditory task performance are
small; Riecke et al’® report a 4.7% increase in speech perfor-
mance between participants’best- and worst-performing time-
lag for envelope-tACS. Wilsch et al3? reported a performance
increase of —.7dB between the best stimulation condition and
sham. In our study, the average difference in performance of
the best performing stimulation condition compared to the
other stimulation conditions was .8 dB, that is, .3 dB larger than
the gain between the best-performing sham condition com-
pared to the other sham conditions. Regardless of statistical
significance, the small sizes of these effects make experimental
designs using envelope-tACS very susceptible to covariates;
despite the use of 2 training rounds and the robustness of the
OLSa for learning effect, there was still a learning effect in our

data. Although this effect was strongly significant and has a
large effect size (P<<.001, n2=.200), the absolute difference
between the highest and lowest performing presentation order
condition was only.8 dB; within the 1dB margin of error of the
OLSa.%> The OLSa might have not been a precise-enough
measurement to find an effect of envelope-tACS in the man-
ner we intended, that is, the absolute change in SCT. It should
be noted that although Wilsch et al®? used the OLSa as well,
they investigated the phasic nature of the performance change,

regardless of the absolute change in SCT.

Differences with previous studies

As our results were not in line with previous studies on enve-
lope-tACS, it is important to consider the differences in exper-
imental procedure. Wilsch et al3? used the OLSa as well, and
used the same methods for the creation of the stimulation
waveform. They used a wider range of time-lags, (0-250 ms in
steps of 50ms compared to our 25-200ms in steps of 25ms)
but had larger interval steps, having only 6 time-lag measure-
ments compared to our 8. Furthermore, they varied stimulation
intensity per participant depending on the sensitivity threshold
of that participant, varying from .4 to 1.5mA, whereas we
stimulated all participants at 1 mA. Riecke et al*® used a differ-
ent, Dutch speech task and created the stimulation waveform
in a comparable manner; the most notable difference being
that our stimulation waveform was low-pass filtered at 10 Hz,
whereas theirs was at 16 Hz. They used a much wider range of
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time-lags, varying between 205ms before sound onset until
570ms after sound onset. They only measured 6 time-lags;
however, making 195 ms steps between time-lags. Like Wilsch
et al*? and Riecke et al®® used individual stimulation intensities
per participant, quoting a mean of .9 mA stimulation intensity.
The first difference that stands out between these studies and
ours is that both studies had individual stimulation intensities.
For our study, we opted to stimulate all participants at 1mA
peak-to-peak for several reasons. First, we wanted to assure all
participants would receive stimulation at a high-enough inten-
sity that there would be an effect. Second, during piloting, it
became apparent that most participants were comfortable at
around 1 mA stimulation regardless of using individual stimula-
tion thresholds; this was also the case for Riecke et al,30 who
mention only having a .1 mA standard deviation to their mean
.9mA stimulation intensity. Third, time limitations in the exper-
imental design made using individual intensities troublesome;
due to our expansive control condition, our experiment was
already fairly long and taxing on the participants. Testing for
individual stimulation intensities would have made the experi-
ment even more taxing on the participant. Not using individual
stimulation intensities might have been a factor in our experi-
ment not finding a significant effect of stimulation, as individual
differences between participants when using tACS has been
shown to influence stimulation effectiveness.’®”! However, as
individual stimulation intensities would only be dependent on
the self-reported skin sensation of the participants, we believed
individual measurements would not mediate the issues of indi-
vidual differences enough to justify the extra measurement time.
The second difference in experimental design between our
study and the studies of Riecke et al’® and Wilsch et al*? is the
distribution of time-lags that were chosen to test at. For our study,
we intentionally chose to use a larger number of smaller intervals
between time-lags to find a more exact approximation of partici-
pants’individual optimal time-lag. The range of 25 to 200 ms was
chosen based on results by Wilsch et al,3? and we measured
around 100 ms based on studies on the latency of the envelope in
the brain signal.10111868 The trade-off of this more exact meas-
urement however, was a less wide range of time-lags; the meas-
urement window of Wilsch et al’?> was comparable (0-250ms),
yet Riecke et al*® used a much larger measurement window, each
interval between time-lags being larger than the difference
between our earliest and latest time-lag (195ms compared to
175 ms). Because of this, it is possible that some participants’ opti-
mal time-lag was out of our measurement window. Finally,
although the latencies of the event related potentials (ERP) have
been hypothesized to be an estimate of the optimal stimulation
time-lag, Riecke et al3® found that, on average, participants per-
formed best when stimulation preceded sound presentation.

Future research

Transcranial electric stimulation methods have shown promis-
ing results as a noninvasive research method. As interest in the

method has grown, more intricate experimental designs have
been developed. Speech envelope-shaped stimulation is a natu-
ral step in the development TES methods by inducing more
complex stimulation waveforms instead of signals consisting of
single frequencies but does come at the price of requiring more
specific approximation of the optimal stimulation time-lag.
Meta-analysis’?> has shown that tACS can affect perception
and cognitive performance; however, the found effects are gen-
erally small to moderate. Furthermore, there is still a large dif-
ference in stimulation parameters to account for, as well as an
incomplete understanding of the neural mechanisms that
tACS actually affects. Finally, individual differences in anatomy
appear to influence the effectiveness of tACS;37 there is an
ongoing debate regarding the minimum stimulation intensity
required to guarantee enough current reaches the desired
areas.”””? A study by Asamoah et al®® found that for studies
involving tACS applied to the motor cortex, at least part of the
found effects could be explained by rhythmic stimulation of
peripheral nerves inducing entrainment of direct entrainment
in the cortex. Whether this effect applies to stimulation of
other brain areas like the auditory cortex requires further
research.

Development of more complex waveform stimulation like
envelope-tACS enhances these difficulties further. Previous
envelope-tACS studies?®3%32 show that assuming there is an
effect, behavioural changes are small, requiring intricate and
time-consuming experimental designs with multiple measure-
ments per participant. This makes it difficult to draw conclu-
sions about how to optimize the stimulation method. For
eventual application, the question becomes whether the optimal
results of envelope-tACS are strong enough to become usable
in the medical field. In the case of improving speech perception
through envelope-tACS, if the optimal effect turns out to be
not to be much higher than a gain of about 1dB SPL, there will
be very little practical use for the method. Furthermore, although
potential application between sinusoidal tACS and envelope-
tACS could differ, envelope-tACS should not only show a sig-
nificant improvement to sham but also show better results than
conventional sinusoidal tACS to be worth the more complex
design and challenges of the method. As of now, there is little
evidence that studies showing significant effects of envelope-
tACS28-3032 are more successful than sinusoidal tACS3133.81,82
differences in methods make this comparison difficult, however,
and a more thorough meta-analysis is needed.

For the foreseeable future, the main goal in the development
of envelope-tACS should be to gain a better understanding of
how it affects speech processing and to optimize its effects.
Using brain imaging methods in conjunction with tACS has
produced results but has to work around the large stimulation
artefact tACS causes when used together with EEG or
MEG.838% Progress has been made in filtering the tACS arte-
fact out of EEG recordings, yet it is difficult to assess whether
the artefact is completely filtered out as a residual artefact looks
similar to the expected effects of tACS,3>86 as well as additional
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artefacts induced by hardware limitations.® In the case of sinu-
soidal tACS, the artefact in recording can be avoided by stimu-
lating and recording interleaved,”® but this is not an option
when investigating the immediate effects of envelope-tACS.

Conclusion

The development of envelope-tACS struggles with the almost
circular problem of having to find an optimal method of stimu-
lation to find the strongest possible effects of the method, while
needing strong enough effects to find the optimal method of
stimulation. For the field to progress, methods need to be devel-
oped to better approximate the optimal stimulation time-lag, as
well as a clearer understanding of what part of the auditory pro-
cess is affected by the stimulation. Major progress has already
been made in understanding how tACS travels through the
brain,®%7 and brain imaging methods continues to expand our
understanding speech processing.38-% Keeping the results of
previous auditory tACS studies in mind, we believe our results
do not disprove an effect of envelope-tACS as much as they
highlight the difficulties with the development of the method.
Further research should aim to optimize the beneficial effects of
tACS, after which the final question would be whether these
effects are strong enough to have real-world applications.
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