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a b s t r a c t

Background: One key mechanism thought to underlie speech processing is the alignment of cortical
brain rhythms to the acoustic input, a mechanism termed entrainment. Recent work showed that
transcranial electrical stimulation (tES) in speech relevant frequencies or adapted to the speech envelope
can in fact enhance speech processing. However, it is unclear whether an oscillatory tES is necessary, or if
transients in the stimulation (e.g., peaks in the tES signal) at relevant times are sufficient.
Objective: In this study we used a novel pulsed-tES-protocol and tested behaviorally if a transiently
pulsed - instead of a persistently oscillating - tES signal, can improve speech processing.
Methods: While subjects listened to spoken sentences embedded in noise, brief electric direct current
pulses aligned to speech transients (syllable onsets) were applied to auditory cortex regions to modulate
comprehension. Additionally, we modulated the temporal delay between tES-pulses and speech tran-
sients to test for periodic modulations of behavior, indicative of entrainment by tES.
Results: Speech comprehension was improved when tES-pulses were applied with a delay of 100 ms in
respect to the speech transients. Contradictory to previous reports we find no periodic modulation of
behavior. However, we find indications that periodic modulations can be spurious results of sampling
behavioral data too coarsely.
Conclusions: Subject’s speech comprehension benefits from pulsed-tES, yet behavior is not modulated
periodically. Thus, pulsed-tES can aid cortical entrainment to speech input, which is especially relevant in
a noisy environment. Yet, pulsed-tES does not seem to entrain brain oscillations by itself.
© 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

To encode language properly our auditory system needs to
efficiently extract linguistically meaningful information from the
acoustic input. Slow modulations within the speech stream
conveyed by the amplitude envelope represent information at the
syllabic scale. Accordingly, the auditory system needs to identify
these temporal features in the acoustic input to segregate the
speech stream. In short, timing in speech processing is essential [1]
and therefore coding temporal cues (transients such as syllables) in
the acoustic input will determine the speech comprehension
success.
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Previous work showed that spoken language is reflected in
phase aligned brain activity in a hierarchical network [2]. This
process, typically in the frequency range of cortical theta and
matching syllable rates, is termed speech-brain entrainment [3e5].
It is assumed that the quasi-rhythmicity of speech leads to
entrainment of brain oscillations.

Transcranial electric stimulation (tES) based on the shape of the
speech amplitude envelope has been demonstrated to enhance
processing of sentences presented in noise [6] and comprehension
of speech material where the envelope has been degraded [7].
These studies aimed to confirm the relevance of entrainment to low
level speech features [5] such as the amplitude envelope for speech
comprehension. More specifically, these studies [6,7] extracted the
speech amplitude envelope and applied tES mimicking the
extracted signal (thus called envelope tES) to auditory cortex re-
gions. Importantly, envelope tES was applied at different temporal
delays together with a corresponding speech signal to test for pe-
riodic modulations of behavior. Both studies found phasic
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modulations of speech comprehension based on the speech to tES
delay, interpreted as indicative of entrainment by envelope tES.

Here we test whether a stimulation protocol that is based on
transients in the speech signal - but without the continuous
oscillatory modulation from previous envelope tES studies - can
still lead to behavioral benefits. TES was applied transcranially with
targets in bilateral auditory cortex regions. We used a pulsed-tES
protocol aiming to phase align cortical activity around meaningful
transients in speech (i.e., syllables) to enhance speech
comprehension.

In addition, we modulated the temporal delay of the tES-pulses
in respect to the presentation of the speech signal to test for a
phasic modulation of behavior, an indicator of entrainment caused
by tES. We hypothesize that tES applied with a critical delay of
around 100 ms will be most beneficial to speech comprehension in
line with previous results [6].

Typically, studies testing entrainment sample the (most of the
time behavioral) effects of interest with only few data points,
resulting in temporal sampling that show the highest sensitivity for
the frequencies of interest. For instance, when investigating a
rhythm relevant for speech processing, cortical theta (~4Hz, one
cycle 250 ms), five to six data points are used regularly (e.g.,
Refs. [6,8]). However, this could create a bias towards hypothesized
behavioral modulations [9]. We used more samples (higher tem-
poral sampling) to estimate this bias in our own observed data as
well as using computer simulations. We hypothesize that coarse
temporal sampling (few measured data points) can bias results in
favor of entrainment, a bias that disappears at increasing sampling
rates.

Materials and methods

Subjects

For the current study we recruited twenty-four healthy young
adults, this sample size was chosen based on the range of previous
envelope-tES/tACS studies [6,7,10]. All but two subjects, according
to their own report, were right handed and none reported a history
or current neurological or psychiatric disease. All were of normal
hearing. Three subjects had to be excluded because the current
stimulator did not apply any current due to a technical malfunction,
another subject received the wrong stimulation setup (different
electrode size), thus the final sample consisted of 20 subjects (age
M ¼ 21.9, SD ¼ 2.25, range 19e30 years, 11 female). The study was
approved by the ethics committee of the medical faculty of the Otto
von Guericke University Magdeburg and carried out in accordance
with the Declaration of Helsinki. All subjects gave written and oral
consent prior to the study.

Sentence comprehension test

Following a study that was one of the first to use envelope-tES
[6] we used the Oldenburg sentence test (Oldenburger Satz Test -
OLSa [11]) and followed its manual. In brief, the OLSa is an adaptive
speech comprehension in noise test, which consists of 100
semantically unpredictable, unique sentences embedded in noise,
frequency-matched to the speech signal. The test consists of 40 lists
of 30 sentences each, each of the 100 sentences appear in multiple
lists but are never repeated within one list. Every sentence has the
same 5-word structure (name, verb, number, adjective, object). The
subjects’ task is to listen to the sentences and repeat as many words
as they can. The test measures the sentence comprehension
threshold (SCT) in dB Signal/Noise difference such that the noise is
presented at a constant level (here 68 dB SPL) and the intensity of
the sentences (signal) is adjusted adaptively depending on the
subjects’ performance. Typical performance of normal hearing
subjects is around �7 dB S/N [12], that is sentences can be pre-
sented at 7 dB below the intensity of the noise for the subjects to
understand about half of the words (2e3 items). The sentence
material of the OLSa is designed in such a way (arbitrary assign-
ment of words to a sentence so it might appear nonsensical) that it
is not possible to memorize the content and therefore the test can
be repeated and still produce similar results (see OLSa manual as
well as [11]).

Pulsed transcranial electric stimulation (pulsed-tES)

Pulsed-tES was applied using three rubber electrodes with a DC
Stimulator Plus (Neuroconn, Germany). Two 5 � 5 cm electrodes,
used as linked anodes, were placed over T7 and T8 to target audi-
tory cortex regions and a larger 5 � 10 cm electrode, used as
cathode/return, was placed on Cz. This setup was identified to
stimulate auditory regions using modeling [13] and used in previ-
ous studies investigating language processing [6e8]. Electrodes
were fixed on the scalp with a conductive paste (Ten20, D.O.
Weaver, Aurora, CO, USA) and impedances were kept below 10
kOhm if possible.

The applied current consisted of brief (5 ms) DC pulses at time
points between syllables, identified in the spectrogram as points of
lowest energy in the amplitude-envelope (see Fig. 1). Then, for the
11 experimental blocks the latency between the pulsed-tES and the
sentence presentation onset was modulated from 0 to 250 ms in
25 ms steps (Fig. 1). The order of the 11 latency blocks was ran-
domized across participants. Studies using tACS that aim to inves-
tigate phasic modulation of perception typically use lower sample
rates as their main interest is in slow frequencies (e.g., Refs. [6,7,10],
for sampling rates of 20, 23, and 25 Hz, respectively). However,
coarse sampling rates could have biased previous results. For
instance, the resolvable spectrum will be limited to the Nyquist
frequency (sampling rate divided by 2) and below, so potential
faster rhythms cannot be recovered.

Synchronous auditory-electric stimulation

Auditory and pulsed-tES signals were created digitally using
Matlab (Mathworks, NA, USA) at a sampling rate of 44100 Hz. They
were then converted to analog signals in a D/A converter (NI-6212,
National Instruments), which was connected to the DC stimulator
linked to the rubber electrodes (see above) and an amplifier (Sony
DTC-57ES) driving headphones (Sennheiser, HD 65 TV). The timing
of the two signals was controlled with a digital oscilloscope (Red
Pitaya, Solkan, Slovenia).

Experimental design and general procedure

Subjects sat comfortably in a dimly lit room. After stimulation
electrodes attachment (see pulsed-tES procedure above) the tES
sensation threshold was estimated using two 1-up/1-down stair-
cases [14], one starting at 0 mA and one at 0.8 mA. The pulsed-tES
sequences were selected randomly from the sample used in the
experiment. After each of the subjects’ responses the tES intensity
was increased (‘no’ response) or decreased (‘yes’ response). After
response reversals the increment/decrement steps were adjusted
adaptively (0.2, 0.1, 0.05, 0.025 mA). The step size was not adjusted
for the first two reversals. After a total reversal of 12 or a total of 30
trials per staircase the procedure was stopped and the threshold
estimated as the average over the last n-2 reversals. To ensure that
the staircase procedure worked as expected (two intensities
converging to a similar level) the intensities over trials were
plotted, which the experimenter examined and decided whether to
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repeat the staircase procedure or whether to continue. The tES
intensity for each subject was set to 0.05 mA below the estimated
threshold. The maximally applied current was 1.95 mA (2 mA
maximal value of the staircase minus 0.05 mA).

Subsequently, the subjects did two training blocks of the sen-
tence test (see above) after which 11 blocks were run, randomly
assigned to a tES-sentence delay (see Fig. 1). The net experimental
time was about 55 min. With preparation, breaks and post-
experimental procedure (removal of the electrodes, debriefing,
hair washing) the experiment did not exceed 2.5h.

After each block the subjects indicated whether they felt the
electric stimulation or not. The experiment was double-blind, that
is, neither experimenter nor subject knew the order of conditions
while the experiment was run.

Descriptive analysis of sentence envelopes and pulsed tES

To descriptively evaluate the rhythmicity, both, sentence
amplitude envelopes as well as pulsed tES sequences, were
analyzed in regard to their spectral amplitude using a fast Fourier
transform (Matlab’s fft function). Sentence waveforms were
normalized to 1 and their amplitude envelopes were extracted
using Hilbert transforms. Both envelopes as well as pulsed tES se-
quences were detrended before the Fourier transform.

Additionally, we computed a histogram of the inter-pulse in-
tervals (i.e., the temporal difference between adjacent tES pulses in
a sequence) to furthermore evaluate temporal regularities in the
tES trains.

Statistical analysis of performance distribution and peak
performance

We tested whether SCTs were equally distributed across all la-
tency bins using a Kolmogoroff-Smirnoff test. Given previous re-
sults [6] we expected strongest benefits from pulsed-tES at 100 ms
delay from sentence onset. Based on the distribution test and
previous results we tested the SCT at the 100 ms bin against the
average of all other bins using a paired t-test. Note that, in contrast
to a best performance vs. sham comparison that is biased to find a
positive effect even in random data [9], our analysis is not. This was
ensured by using Monte Carlo simulation (n ¼ 5000 random data
sets with similar mean (M), standard deviation (SD) and n as our
data), in each data set a t-test was performed (100 ms bin vs.
average of other bins) resulting in a simulated t-distribution with
M ¼ 0.013, SD ¼ 1.08 (normal distribution).

Statistical fitting procedure

If not stated otherwise least squares fit using the lsqcurvefit
function (in Matlab’s Optimization toolbox) was used, which by
default allows for 1000 iterations to converge on the best param-
eters. Analogue to previous approaches [6,15] we fitted a sine wave
to the subjects SCTs using the formula y ¼ aþ b*sinðc *2 *P *x þ dÞ,
where x is the pulsed-tES to sentence time lags from 0 to 250 ms. a,
b, c, and d were the parameters estimated by the fitting procedure.
Parameter awas the intercept ([lower bound, upper bound]; [-4 4]),
b the amplitude [-2 2], c the frequency [2 20], and d the phase delay
of the sine wave [-2*p 2*p]. We restricted the parameter space
Fig. 1. Study design and material. (A) Sentences were presented with a pulsed transcranial e
(5 ms) were presented at time points between syllables (lowest amplitude envelope point
using two 5 � 5 cm electrodes over T7/T8, and a negative pulse was applied at a larger el
sentence amplitude envelopes showing a peak around 5 Hz, confirming the quasi-rhythmic
No clear peak emerged. Shaded areas represent the standard deviation. (E) Inter-pulse inte
5Hz).
similar to Ref. [6], note however, that our frequency range was
larger because of higher sampling rate and thus nyquist frequency.
Furthermore, a non-restricted fitting procedure led to similar
estimated parameters and BIC values as the restricted fits.

The quadratic fit was estimated using the formula y ¼ a*x2 þ b*
xþ c, where x again is the pulsed-tES to sentence delays and the
parameters are a for the quadratic coefficient, b for the linear co-
efficient and c for the intercept.

The linear fit was estimated using the formula y ¼ a*xþ b, with
a as the linear coefficient and b as the intercept.

Model fits (sine wave, quadratic, linear) were compared using
the Bayesian information criterion [16], a goodness-of-fit param-
eter based on the residuals using the following formula:

BIC ¼ nþ n*ln
P

R2

n
þ lnðnÞ*p

where R is the residuals, n is the number of trials, and p the number
of parameters in the model. BICs were computed for every fit per
participant and then averaged, the results were compared
descriptively, with lower BIC values indicating a better fit. The BIC
penalizes fits with many parameters and thereby corrects for the
(higher parameter n based) advantage of the sine wave fit over the
other two.
Comparison of different sampling rates

Given that we used a higher sampling rate (40Hz) to sample
behavior (as opposed to e.g. Ref. [6,7,10], for sampling rates of 20,
23, and 25 Hz, respectively) we aimed to compare fitting proced-
ures for our data at different (40 Hz; 20 Hz) sampling rates. To do so
we repeated the fitting procedure described above on a reduced
dataset by omitting every second data point (resulting in tES delays
from 0 to 250 ms in 50 ms steps, similar to Ref. [6]).

To test for biases in the testing of lower sampling rates, we
furthermore evaluated the fitting procedure on random numbers
(n, mean, and standard deviation set similar to our data) with a low
(20 Hz) and a higher (40 Hz) sampling rate. We used Monte Carlo
simulations [17] (n ¼ 5000) to create group level BIC distributions
(see above) to compare different fitting procedures (linear,
quadratic, sinusoidal).
Results

Sub-threshold tES parameters and sensation

Following the tES threshold estimation the mean stimulation
intensity was M¼ 0.73mAwith an SD¼ 0.59 (see Table 1). Subjects
reported to have felt the tES on average in 1.7 out of 11 blocks
(SD ¼ 0.63 blocks, range 0e8). Since the stimulationwas present in
all blocks we can assume most subjects (all but two who felt tES in
more than half of the blocks) were sufficiently blind to the exper-
imental condition. Analyses below were run on all subjects but
repeated on the subset excluding the two subjects who felt the
stimulation, however, results did not change.
lectric stimulation (pulsed-tES) signal at varying onset latencies (top). Electric pulses
before each syllable). (B) Positive pulses where applied over auditory cortex regions
ectrode at Cz (5 � 10 cm, ‘return’ electrode). (C) Average power spectrum of all 100
ity. (D) Average power spectrum of all 100 tES sequences derived from the sentences.
rval histogram showing a peak around 200 ms (corresponding to the syllable rate at



Table 1
Stimulation parameter per subject.

Subject # tES intensity [mA] Impedance [kU] tES sensation reported [n blocks of 11]

1 0.28 5 0
2 0.5 10 0
3 0.3 9 6
4 0.22 18 0
5 0.51 10 2
6 0.16 7 2
7 0.55 7 0
8 0.72 10 0
9 1.29 2 4
10 1.20 14 1
11 0.23 6 3
12 0.2 7 2
13 0.19 3 1
14 1.75 6 0
15 1.25 3 0
16 0.11 6 1
17 1.56 1 1
18 1.95 2 8
19 0.76 2 1
20 0.9 1 0

P. Ruhnau et al. / Brain Stimulation 13 (2020) 1402e14111406
Effects of tES delay

Sentence comprehension thresholds (SCTs) where on average at
6.86 dB S/N, which is in the expected range of normal hearing
populations [12].

SCTs (see Table 2) where not uniformly distributed but showed a
concentration at a preferred delay bin (Kolmogorov-Smirnov test,
d ¼ 0.64, p ¼ 0.012). The 100 ms delay bin showed most frequently
the smallest (i.e., best) SCT value (Fig. 2B). In the grand-average
(Fig. 2A), the 100 ms delay also showed the best performance
compared to the average of all other bins (t(19) ¼ 1.95, p ¼ 0.034,
one sided). Given that the grand average showed the local mini-
mum at 100 ms and we are thus comparing the minimum of our
distribution with the rest of the distribution our analysis could be
affected by a bias similar to maximum vs. minimum testing (cf.
Ref. [9]). Therefore, we ran a permutation test on our experimental
data. In n ¼ 10000 permutations we shuffled the tES-to-sentence
bins within each subject. We then computed the difference be-
tween the minimum bin (lowest SCT in dB Signal/Noise difference,
thus, best performance) determined from the grand-average
(average over all subjects) and the mean of the remaining bins in
each permutation. This difference distribution should capture the
bias if selecting the maximum from the grand-average post-hoc. As
expected, there is a bias in selecting the peak post-hoc (evident by
the negative mean of the distribution, M ¼ �0.195, Fig. 2C), yet our
observed value (�0.278) is at p ¼ 0.0676, and thus smaller than
>93% of the distribution, increasing the confidence in this finding.

The worst performance was most often recorded at the 0 ms tES
delay (not shown).
Sine fitting results

Descriptively, and contrary to previous findings [6] our data do
not show sinusoidal modulations on the individual subject level
(Fig. 3). This is confirmed by the BIC analysis. When comparing the
Table 2
Average sentence comprehension thresholds (SCTs) and standard deviation in the differ

tES-sentence delay [ms] 0 25 50 75 1

Mean SCT [dB] �6.80 �6.72 �6.88 �6.86 �
SCT standard deviation [dB] 0.72 0.50 0.92 0.83 0
three fitted models (linear, quadratic, sine) the linear fit yielded the
lowest BICs, sine and quadratic fit yield larger BICs and are of
similar magnitude. However, BIC differences of around 2 or smaller
are ’not worth more than a bare mentioning’ [18,19], and thus no
model turns out as a clear winner.

We hypothesized that previous work might have found sinu-
soidal fits because of the low sampling rate of the behavioral
measure (e.g. Ref. [6,7], used sampling rates of 20 and 23Hz,
respectively). To test this, we created a comparable dataset by
omitting every second data point in our data and ran the fitting
procedure again. In fact, using this reduced samples data set we
replicated previous results [6]. Sinusoidal patterns emerge very
clearly from the behavioral SCT patterns (Fig. 4A and B) and were
confirmed in the BIC analysis (sine fit < linear and quadratic fit;
Fig. 4C). The estimated average parameters of the winning sine fit
are y ¼ �1.2113 þ 0.0939 * sin(4.3690*2p*x þ 0.0147), the esti-
mated frequency of the sine (4.4Hz) is perfectly in the range of
neuronal theta oscillations, as was previously found.
Monte Carlo simulation results for random data and fitting bias

To follow up on the fitting results we ran Monte Carlo simula-
tions to test for a bias in the data with the lower sampling rate [17].
When feeding 6 randomly created data points (¼20Hz sampling
rate, Fig. 5A) into the fitting procedure the sine fit has an advantage
to fit random data better than the linear and quadratic fit (sine
median (Mdn) ¼ �6.03, 95% confidence interval (CI) ¼ [-9.77
-2.79]; linear Mdn ¼ �1.48, CI ¼ [-3.46 0.17]; quadratic
Mdn ¼ �1.97, CI ¼ [-4.47 0.04]; Fig. 5A), whereas when using
double the data points (40Hz sampling rate, Fig. 5B) the linear fit
has a numerical advantage over the other two models but the
confidence intervals overlap with the medians (sine Mdn ¼ �0.15,
CI ¼ [-2.72 2.16]; linear Mdn ¼ �0.97, CI ¼ [-2.85 0.77]; quadratic
Mdn ¼ �0.02, CI ¼ [-2.09 1.89]; Fig. 5B). Thus, while the low
sampling rate data clearly suffer from a bias that favors a sinusoidal
ent delay conditions.

00 125 150 175 200 225 250

7.11 �6.95 �6.85 �6.92 �6.73 �6.92 �6.83
.80 0.69 0.67 0.84 0.76 0.78 0.82



Fig. 2. Sentence comprehension performance by tES delay conditions. (A) SCT for the individual tES delays with maximum performance at 100 ms tES delay. Error bars represent
standard error of the mean. (B) Histograms showing the tES delay bin that provided the minimum sentence comprehension threshold (SCT) in each subject, i.e., their best per-
formance. The distribution is non-uniform (Kolmogorov-Smirnov). (C) Permutation test result (n ¼ 10,000), controlling for a bias that can be introduced by post-hoc selection of the
grand average minimum. In each permutation, all subjects SCTs were shuffled across delay bins and the grand average over subjects computed. Then, from that grand average the
minimum was selected and subtracted from the average of the remaining SCTs. The differences from all permutations form the here shown distribution. The observed value from
our experiment is at 6.76% of the distribution.
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fit as proven with the Monte Carlo random data simulation, the
40 Hz sampling rate data does not.

Based on these results we repeated this procedure for a range of
sampling rates starting at 16 Hz up to 61 Hz in 5 Hz steps (1000
Monte Carlo simulations per frequency) to evaluate when a bias
caused by the sampling rate emerges and when it disappears. For
each simulation we computed the difference between all pairs of
the three model fit BIC results. These simulations (Fig. 5CeE) show
that the bias favoring the sine fit persists up to a sampling rate of
around 30Hz.

Discussion

Cognitive neuroscience has provided many insights into how
spoken language is processed in the brain, yet we still lack a full
understanding of how speech comprehension is implemented in
the auditory system. Many studies have shown that speech is
accompanied by oscillatory brain activity that phase aligns to the
acoustic input, a mechanism that has been termed entrainment
(e.g., Ref. [1,20]).

Transcranial electric stimulation has been suggested to entrain
brain activity and it thus seems to be a well-suited tool to improve
speech processing since it is engaging in the same mechanism.
Recent work has indeed provided evidence that tES can improve
spoken language comprehension using transcranial alternating
current stimulation, tACS [10], as well as speech derived envelope-
tES [6,7]. Therefore, it seems that tES targeting brain oscillations
provides an effective tool to improve speech perception [21].

In the current study we tested whether pulsed-tES derived from
transients in the speech material can interact with brain activity
and improve speech perception similar to previous tACS and
envelope-tES studies. We used tES to deliver brief electrical pulses
to the auditory cortex at relevant times (syllable onsets) during
spoken sentences and tested if this approach can improve
perception as well. We show that subjects perform better in a
speech comprehension task when pulsed-tES is applied with a
critical delay (100 ms). This is in line with previous findings using
envelope-tES [6] and falls within the time window of the N1, a
strongly researched obligatory component of the evoked auditory
cortical response (approximately 100 ms post-stimulus; e.g.,
Refs. [23], for a review). The auditory N1 has been connected to
basic feature processing of acoustic input generated in the auditory
cortex in the superior temporal cortex regions [24,25], which was
the target of our tES montage. Thus, the behavioral benefit could be
a result of improved acoustic feature processing of the speech
material in the auditory cortex driven by the simultaneously
arriving electric signal (since electricity travels instantaneously
through the tissue, see below). Therefore, the electric pulses might
have phase aligned ongoing brain activity such that the following
syllable fell into an optimal cortical excitability state.

Furthermore, the auditory system is highly predictive, encoding
temporal relationships of the acoustic input on different time scales
(e.g., Ref. [26]) not only based on strictly rhythmic structures but
also input from different modalities is integrated [27]. Along that
line our results fit well with studies from cross-modal perception
research. For instance, brief stimuli presented in the visual domain
reset ongoing brain activity in auditory cortex, which in turn im-
proves processing of the auditory input [28,29]. Critically, for
maximal effects the visual stimuli must precede the auditory
stimuli by a critical interval (~20e80 ms). Electric pulses might
work similarly to incoming activation from a different modality, by
adjusting the phase of ongoing activity. This way a better excitation
phase for the auditory inflow is provided. However, since electrical
activity modulates auditory cortex regions instantaneously, pulsed-
tES does not need to precede auditory stimulation, which gives it an
advantage for potential hearing-aid application.

We hypothesized that pulsed-tES, if applied with the correct
timing, can improve speech perception. It is possible that, mecha-
nistically, pulsed-tES improved entrainment of brain activity to the
incoming acoustic speech signal. This might be especially so, since
the speech signal we used was masked by noise, which degraded
the acoustic features essential for entrainment (see Ref. [30]).
Previous results using envelope-tES [6,7] could be explained by a
similar mechanism. Even though envelope-tES contains the
continuous quasi-rhythmic modulation of the signal envelope (cf.
Fig. 1C with a clear peak in the spectrum), it also contains strong
amplitude-increases typically in the beginning to center of a syl-
lable. Therefore, it is possible that these strong signal peaks (due) to
transients in the speech signal e comparable to the tES-pulses in
the present work - drive the behavioral effects.

We tested our behavioral data for a sinusoidal modulation and
found evidence for theta entrainment if looking at a reduced
dataset (sampling one 4Hz theta phase every 50 ms, i.e., 20Hz
sampling rate). However, this evidence is the result of a bias, and
the analysis of the whole dataset (sampling one 4Hz cycle every
25 ms, i.e., 40Hz sampling) did not provide evidence for a phasic



Fig. 3. (A) Sine fitting results for the individual subjects (B) and at the group level. (C) Bayes information criterion (BIC) for sinusoidal, linear, and quadratic fitting procedures. The
BIC values are on a similar level. The individual as well as grand-average data descriptively show that a sine is not a superior fit (compared to the linear or quadratic model) in most
cases (but see Fig. 4). Note that since BICs are compared descriptively no error bars are displayed.
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modulation. This result clearly speaks against entrainment to the
pulsed tES sequences by itself. It is possible that the non-oscillatory
nature of the pulsed-tES sequences hinders entrainment of theta
oscillations. Since it is already quite controversially discussed
whether the quasi-rhythmicity of speech is sufficient to yield
entrainment by itself (see Ref. [30]) this could be even more rele-
vant for the - compared to the speech signal - highly distorted
pulsed tES sequences. Even though the pulsed tES contains tem-
poral regularities since it is based on the syllable structure (Fig. 1E),
it does not contain a sinusoidal modulation and peak at the typical
speech amplitude envelope frequency bands (cf. Fig. 1CeD). This
heavy distortionmight be the reason that pulsed tES can aid speech
perception with the right timing (by potentially improving
entrainment to the sentence), while not leading to an entrainment
by itself.
We also used simulated data to characterize the effects of
behavioral sampling rate on model fitting and reveal a clear bias for
sinusoidal modulations (indicating entrainment) in 20Hz sampling
rates which disappears in 40Hz sampling rates. When analyzing
this further, we find that this bias remains strong until random data
are sampled with at least 30 Hz (Fig. 5CeD). This emphasizes the
importance of proper analysis tools and the investigation of biases
in simulated data (see Fig. 5 and [9]) before conducting experi-
ments. Especially in times where the scientific community is
doubtful about results of electric brain stimulation (e.g.,
Ref. [31e33]) it is critical to validate the effectiveness of commonly
used tES methods.

Our results should not be confined to research on transcranial
electric stimulation. Another body of studies that investigates
entrainment uses rhythmic sensory stimulation (e.g., light flashes
and tones, for a review see Ref. [34]). There have been contradictory



Fig. 4. Same as Fig. 3 but for half the data points (0e250 ms in 50 ms steps, 20Hz sampling rate) (A) Sine fitting results for the individual subjects and (B) for the group level. A
sinusoidal modulation is clearly visible in the individual plots and grand-average. (C) Group average BIC results of the sinusoidal, linear, and quadratic fitting procedures. The sine fit
wins over the other procedures. It thus seems likely that an oscillatory mechanism is captured by the low sampling rate data.
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findings on the effectiveness of the entraining stimulus material as
well (e.g., Refs. [35,36]). Our result can provide additional expla-
nations for these conflicting results. A quadratic modulation of
behavior driven by rhythmic task-irrelevant entrainers [35] was
based on only 5 data points (non-equally sampled with a sampling
rate between 18 and 47Hz). This approach can make a quadratic
modulation a likely finding, which our simulations hint at. That is, a
bias of quadratic vs. linear fit exists for low sampling frequencies
below 25Hz (cf. Fig. 5E). This finding further underlines the
importance of testing the analytic tools (e.g., via simulations) when
investigating oscillatory entrainment.

Our study probably underestimates the individual benefit from
the stimulation. Based on inter-individual differences in anatomy
and cortical processing, the maximum efficiency of pulsed-tES is
likely different across subjects (e.g., Refs. [37]), a circumstance often
used as justification for selecting the maximum performance as a
basis of the analysis. However, these inter-individual differences
are challenging to account for without introducing a bias into the
analyses [9].

A limitation to our study is a missing peripheral stimulation
control condition. Recent work has shown that in certain cases,
assumed cortical effects of non-invasive brain stimulation can be
attributed to non-cortical sources, such as the retina [38] or so-
matosensory receptors [39]. To reduce sensory effects the stimu-
lation intensity here was adjusted to sensation level (or slightly
below). However, future studies should perform control conditions
using, e.g., remote stimulation locations or analgesic cream block-
ing local receptors under the scalp [39] or compare the measured
effects with individual electric fields simulation in areas of the
brain and periphery [40]. A further limitation, is the single subject
modeling that we apply. Adding experimental conditions (here the
different temporal delays in that the tES-pulses were applied)



Fig. 5. Monte Carlo simulation results: Top - Comparison of BIC distributions estimated from fitting results of Monte Carlo simulated random data sampled at 20 Hz (A) and at
40 Hz (B). The (normal distributed) random data were simulated using the experimental sample data n, mean, and standard deviation. Monte Carlo simulation n ¼ 10,000. The
20 Hz sampling creates a bias towards a sine fit, while there is no bias for the 40 Hz sampling rate. Bottom - Estimates of BIC bias (sine, linear, quadratic fit) using different sample
sizes. BICs were estimated from Monte Carlo simulations (n ¼ 5000) of random data with the parameters used as in A/B. Graphs show BIC differences of sine vs. linear (C), sine vs
quadratic (D), and linear vs, quadratic (E) fits. Positive values indicate a bias towards sine fit (C/D) and linear fit (E). Negative values indicate a bias towards linear (C) and quadratic fit
(D/E). Note that BIC differences smaller than 2 are not meaningful [20,21]. The shaded area represents 2 standard errors of the mean.
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increases the noise level and could have thus obscured sinusoidal
modulations of behavior. While the bias towards sine fits is clearly
apparent with fewer conditions, the evidence against an improved
model fit of the sinusoidal model compared to the linear and
quadratic model has to be taken with a grain of salt.

In this study, we tested a novel protocol with the power to
improve speech comprehension, which is computationally simple
and energy efficient. Brief DC-pulses presented at around 100 ms
after the detection of transients in the acoustic input (i.e., the start
of a syllable) seems fairly easily accomplished in a real world setting
with a hearing aid connected to a wearable electric stimulation
device. Our findings indicate that there is no need for a pre-set
frequency or signal processing of the acoustic input as used in
other protocols.
In sum, we describe a pulsed tES-approach that can improve
speech perception by delivering brief electrical pulses to the
auditory system, potentially improving entrainment of auditory
cortex activity to the acoustic input. Furthermore, we show that
pulsed tES does not entrain brain activity itself, yet suboptimal data
analysis would have led us to believe so. Future studies including
electrophysiological measures are required to further elucidate the
working mechanism behind pulsed-tES.
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