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Abstract

Transcranial electrical stimulation (tES) has emerged as a promising tool for neuromodulation, but its application is often
limited by the discomfort associated with higher stimulation intensities. Newer variants like transcranial temporal interference
stimulation (tTIS) utilize high-frequency alternating currents (> 500 Hz) to penetrate deeper brain regions while mitigating
perceptual discomfort. This study sought to examine sensation and pain thresholds across various stimulation frequencies
of alternating currents, aiming to explore the boundaries of comfortable intensities. Additionally, we sought to evaluate the
efficacy of an anesthetizing topical cream in increasing participant comfort and potentially extending the range of tolerable
stimulation levels. We recruited 37 participants and applied alternating current stimulation to the head at various frequencies
(10 Hz, 20 Hz, 500 Hz, 1000 Hz, and 2000 Hz) to determine intensity-dependent perception and pain thresholds. Additionally,
thresholds were determined under the influence of a topical anesthetic. Our findings confirm that as stimulation frequency
increases, perceptibility decreases, with higher frequencies allowing a manyfold increase in stimulation intensity before
becoming perceptible or causing pain. Additionally, the anesthetizing cream was efficacious in further reducing perceptibility
and pain sensations across all frequencies. This study lays the groundwork for future research by establishing comfortable
limits for stimulation intensities, particularly in the context of high-frequency stimulation. The reduced perceptibility of
high-frequency stimulation, coupled with the effectiveness of anesthetizing creams, enables the administration of higher
stimulation intensities for more potent neuromodulatory interventions without causing discomfort.

Keywords Transcranial alternating current stimulation (tACS) - Transcranial electrical stimulation (tES) - Transcranial
temporal interference stimulation (tTIS) - Somatosensory perception - Nociception - Topical skin anesthetization

Introduction

Transcranial electrical stimulation (tES) holds significant
promise for treating various psychological and neurological
conditions. Research has explored its potential applications
Philipp Ruhnau and Tino Zaehle shared senior authorship. in depression (Arul-Anandam & Loo, 2009; Vanderhasselt
et al., 2015), stroke (Convento et al., 2016; Khan et al., 2022;
Solomons & Shanmugasundaram, 2019), and fatigue (Lin-
nhoff et al., 2019; Shirvani et al., 2021) among others (Cho
et al., 2022). Beyond therapeutic applications, there is grow-
ing interest in leveraging this technology for neurofacilita-
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the intensity increases, participants report sensations that
evolve from a mere tingling to pronounced discomfort such
as prickling sensations and with sufficient intensity even
burning or pain sensations (Fertonani et al., 2015; Hsu et al.,
2021; Khadka et al., 2020; Kuhn et al., 2010; McFadden
et al., 2011; Palmer et al., 1999; Paneri et al., 2016; Zeng
et al., 2019).

Consequently, tES studies in humans usually stay at
or below a stimulation intensity of 2 mA (Antal & Pau-
lus, 2013; Bikson et al., 2009), with only very few studies
employing higher intensities of up to 4 mA (e.g. Chhatbar
et al., 2017; Hsu et al., 2023), albeit this being still a safe
stimulation intensity (Antal et al., 2017; Bikson et al., 2016;
Chhatbar et al., 2017; Matsumoto & Ugawa, 2017; Nitsche
& Bikson, 2017). This may be due to participant compli-
ance issues caused by uncomfortable cutaneous sensations.
Sensitivity to stimulation varies based on the method of
electrostimulation and specific parameters of stimulation
(Ambrus et al., 2010; Fertonani et al., 2015) such as elec-
trode size (Kuhn et al., 2010; Turi et al., 2014) or waveform
of stimulation (Baker et al., 1988; Hsu et al., 2021). There is
an ongoing debate about the role that current density plays
in perceivability. On one hand, larger electrodes result in a
lower current density, which means less current impacts each
somatosensory receptor, potentially reducing perceivability
(Alon et al., 1994; Verhoeven & van Dijk, 2006). On the
other hand, larger electrodes cover a greater area, leading to
a spatial summation effect—namely, the recruitment of more
somatosensory receptors to fire, thereby enhancing perceiv-
ability (Higashiyama & Tashiro, 1990; Nielsen & Arendt-
Nielsen, 1997). Further, the stimulation duration influences
perceptibility due to adaptation processes attenuating sen-
sations. This was, for example, leveraged by Khadka et al.
(2020) by gradually increasing intensity over the course of
the stimulation in an adaptive procedure, enhancing partici-
pant comfort at higher stimulation intensities. When using
alternating currents, another key parameter in perceptibility
is frequency. Frequencies below 100 Hz, commonly used in
transcranial alternating current stimulation (tACS), are more
perceptible than higher frequencies (Hsu et al., 2021; Turi
et al., 2013; Ward & Robertson, 1998; Zeng et al., 2019) due
to the spectral specificity of neurons limiting responsiveness
to high frequencies (Anderson & Munson, 1951; Hawkes &
Warm, 1960; Hutcheon & Yarom, 2000; Palmer et al., 1999).

A recent advancement in the area of tES research is tran-
scranial temporal interference stimulation (tTIS). Its efficacy
in modulating brain activity has been demonstrated in animal
studies, highlighting it as a promising new electrostimula-
tion method (Acerbo et al., 2022; Carmona-Barrén et al.,
2023; Grossman et al., 2017; Liu et al., 2023; Missey et al.,
2021; Song et al., 2021a, 2021b; Sunshine et al., 2021; Zhang
et al., 2022). TTIS stands out among other tES methods due
to its enhanced stimulation depth. This is achieved through
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the utilization of two high-frequency alternating currents
(=500 Hz), creating an amplitude-modulated signal at the
intersection of the two fields (Grossman et al., 2017; Karimi
et al., 2019; Mirzakhalili et al., 2020; Song, 2019). This sig-
nal is believed to lead to modulation of neuronal activity
via entrainment effects. By carefully configuring electrode
placements and adjusting the current ratios of the fields, the
point of interference—and consequently, the stimulation
focus—can be directed deeper into brain regions. This offers
the potential to non-invasively achieve neuronal modulation
in deep brain regions. However, evidence supporting tTIS’s
efficacy in humans remains limited, with some studies even
casting doubt on its feasibility (Budde et al., 2023; von Conta
et al., 2022; Iszak et al., 2023). A network modeling study
by Negahbani et al. (2018) as well as single neuron mod-
eling studies (Mirzakhalili et al., 2020; Wang et al., 2023)
and an in vitro study by Esmaeilpour et al. (2021) indicate
that higher tTIS intensities compared with tACS are needed
to achieve similar neuronal modulation. However, other stud-
ies argue that the efficacy of tTIS is largely based on network
mechanisms (Cao, 2018; Martinez et al., 2023) as well as
a gradual depolarization of neurons over time (Cao et al.,
2020). In this context, tTIS offers a significant advantage due
to its high-frequency stimulation, which makes the stimula-
tion intensities less perceptible, allowing the application of
higher intensities without discomfort. This leads to a grow-
ing interest in increasing the stimulation intensity to fully
leverage the potential of tTIS, positioning it as a promising
method for both treatment and research in non-invasive deep
brain stimulation (Grossman et al., 2018).

Our study aimed to establish tolerable stimulation inten-
sity ranges for both low-frequency (10, 20 Hz) and high-
frequency (500, 1000, 2000 Hz) alternating currents. We
selected low frequencies due to their common use in tACS
studies and high frequencies for their relevance in tTIS
research. By measuring pain thresholds at these frequencies,
we sought to provide a reference for determining safe and
tolerable maximum stimulation intensities for future tTIS
and tACS research. Similarly, with perception thresholds,
our goal was to identify sub-perception intensity levels cru-
cial for ensuring effective blinding.

Studies have advocated for the use of anesthetizing skin
creams in tES studies (Antal et al., 2017; Guleyupoglu
et al., 2014; Liu et al., 2018; McFadden et al., 2011), offer-
ing multiple advantages. Foremost, these creams allow for
the application of higher stimulation intensities than typi-
cally feasible (McFadden et al., 2011). The anesthetized skin
diminishes pain perceptions, enhancing participant comfort
even at higher stimulation levels. Another significant ben-
efit is the improved blinding of participants. Many studies
compare verum (true) stimulation with sham (false/placebo/
control) stimulation, where sham stimulation involves apply-
ing electrical currents that mimic the cutaneous sensations
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(such as tingling or itching) of verum stimulation but differ
in key aspects. These differences can include being turned
off after a brief period, utilizing a different frequency, or
targeting a different region. The purpose of sham stimula-
tion, as opposed to not applying any stimulation at all, is to
create a condition that feels similar to the verum condition
for participants, making it harder for them to differentiate
between the two types of stimulation and maintain partici-
pant blinding. Using anesthetization as a complementary
approach allows to reduce perceptibility of the verum stimu-
lation, thus facilitating participant blinding (Sheffield et al.,
2022). A third advantage is the possibility to control for
somatosensory perception as a confounding factor in inter-
pretation of stimulation results. Studies have demonstrated
that changes in brain activity can be achieved by somatosen-
sory entrainment due to cutaneous sensations of stimulation
(Asamoabh et al., 2019; Spooner et al., 2022). Thus, recent
studies have begun to control for cutaneous sensations to
eliminate somatosensory entrainment as a possible con-
founding factor (Koganemaru et al., 2020; Turi et al., 2020).

Consequently, the second aim of our study was to investi-
gate the influence of a topical anesthetic skin cream by quan-
tifying its impact on somatosensory perception. This was
measured by observing changes in the perception and pain
thresholds resulting from the application of the anesthetiza-
tion. Specifically, we aimed to evaluate the anesthetization’s
efficacy across various stimulation frequencies, to further
support it as a future tool in studies to reduce participants’
awareness of stimulation conditions and increase the limits
of comfortable stimulation intensities.

Methods
Participants

We recruited 37 participants (12 male, 25 female, mean
age=23.6 years, SD=3.93 years, range = 18-36 years) for
this study. Participants with a history of epileptic seizures,
psychiatric or neurological disorders, metal or electric
implants in the head, or those on medication affecting the
central nervous system were excluded. Prior to the experi-
ment, all participants were briefed about the procedure,
potential risks of electrostimulation, and provided written
informed consent. The study received approval from the
University Clinic of Magdeburg’s local ethics committee
and adhered to the Declaration of Helsinki guidelines.

Experimental Design
We developed the experimental paradigm using MATLAB

(Version 2020a, The MathWorks Inc., Natick, MA, USA)
and the Psychtoolbox 3 (Kleiner et al., 2007).

Prior to the experiment, topical skin anesthetization
cream with 25 mg/g lidocaine and 25 mg/g prilocaine (Anes-
derm, Pierre Fabre Dermo-Kosmetic GmbH) was applied to
one side of each participant’s head, while the opposite side
remained untreated, serving as a non-anesthetized control.
The side of anesthetization was counterbalanced among
participants. The anesthetizing cream remained in place for
15 min to ensure its full effect. Afterwards, it was removed
with a dry tissue to be replaced by an electrically conductive
gel for the following stimulation.

The experiment comprised two task blocks: the soma-
tosensory perception threshold block and the pain threshold
block, with their order counterbalanced among participants
to mitigate effects of task order. In the somatosensory per-
ception block, participants were tasked to indicate if they
experienced any cutaneous sensations such as tingling
or itching during stimulation. During the pain threshold
block, participants had to indicate if the stimulation had
induced pain in the form of stinging or burning sensations.
We emphasize that the staircase procedure only gradually
increased stimulation intensity over trials and decreased if
pain was reported. This ensured that participants only ever
experienced mild pain sensations.

A block was comprised of 10 conditions: Anesthetization
(yes/no) by Frequency (10 Hz, 20 Hz, 500 Hz, 1000 Hz,
2000 Hz). While the frequency variable was operational-
ized through the frequency of the applied alternating current,
anesthetization was operationalized based on the location of
stimulation—whether stimulation was administered to the
anesthetized side of a participant’s head or the untreated
side. Each condition had its own staircase, resulting in ten
individual staircases during a block. We adopted a random
interleaved staircase design, wherein each consecutive stim-
ulation was based on a randomly selected condition (see
Fig. 1A). This design was implemented specifically to mini-
mize habituation effects, which can occur when sensitivity
to stimulation decreases due to the same condition being
presented consecutively. By ensuring a varied sequence of
frequencies and intensities, we aimed to maintain partici-
pant sensitivity and mitigate diminishing responses to the
stimulation. The total number of trials needed for a staircase
to conclude, depended on how many trials were needed to
determine a threshold, i.e., to fulfill one of the conclusion
criteria (see “Staircase Procedure” section). After a stair-
case was concluded, its condition was not presented again.
A block ended, when all 10 staircases were concluded.

The starting amplitudes for each condition’s staircase var-
ied based on the frequency, aligning with the premise that
lower frequencies are generally more perceivable, necessitat-
ing it to begin at low intensities. Conversely, higher frequen-
cies are less perceivable, warranting a start at higher intensi-
ties to avoid the need for presentation of many unperceivable
trials before reaching an intensity level relevant for those
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No = +20%

Yes =-20% &

Fig.1 A Consecutive trials exemplified. This illustrates how the
stimulation intensity for condition 4 (1000 Hz, not anesthetized)
changed depending on the subject’s answer. After each trial, a ques-
tion was posed to the subject (Perception block: “Did you feel the
stimulation?”; Pain block: “Did you experience pain during the stim-
ulation?”). Indicating a “No” via button press led to an increase in

frequencies. The starting amplitudes for the conditions were
as follows: 10 and 20 Hz: 0.2 mA, 500 Hz: 1 mA, 1000 Hz:
1.5 mA, 2000 Hz: 2 mA.

A trial was comprised of a 3-s countdown which was
displayed on a screen in front of the participant, followed by
7 s of stimulation and ended with a self-timed period where
participants had to indicate via button press if they felt the
stimulation (perception threshold block) or felt pain during
stimulation (pain threshold block).

Upon concluding the experiment, participants completed
a questionnaire regarding potential side effects, such as last-
ing pain or headaches (Brunoni et al. 2011). They were then
debriefed about the study's objectives and compensated with
either course credit or monetarily.

Staircase Procedure

We employed an adaptive 1-up-1-down staircase procedure
to determine thresholds (Cornsweet, 1962; Leek, 2001). This
method estimates the stimulation strength at which partici-
pants would perceive the stimulation (perception thresh-
old) or experience pain (pain threshold) in 50% of trials, by
dynamically adjusting stimulation intensities. For example,
at the end of a trial, if participants answered with “yes” to
the post-stimulation question (“‘did you feel the stimulation”
or “did you experience pain during the stimulation”), the
intensity for the future presentation of that condition was
decreased by 20%, based on the last given intensity. Con-
versely, a “no” lead to a 20% increase of intensity. A signifi-
cant benefit of adaptive staircase procedures is their ability
to ensure a high sampling density at and around the most
relevant stimulation intensity. This approach prioritizes sam-
pling near the intensity levels where a reversal of answers
occurs, while avoiding unnecessary presentation of intensi-
ties which are far from the relevant range.

@ Springer
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intensity for future presentations of that condition, whereas a “Yes”
decreased the intensity. B Electrode montage. In this example, blue
electrodes represent the side where anesthetization was applied, while
grey electrodes indicate the untreated side. The side on which anes-
thetization was administered varied, being counterbalanced across
participants

A condition’s staircase could conclude in either of the
following ways:

(1) After a total of five reversals of “yes/no” responses in
a condition. Reversals did not have to be consecutive.
The threshold was determined by averaging the last
three alternating values in that staircase. To ensure a
sufficient number of trials and data collection for accu-
rately pinpointing the thresholds, we chose to require
five reversals. We opted to average only the last three
reversals because the initial reversals are usually further
from the true threshold. In contrast, later reversals tend
to be closer, making them more indicative of the actual
thresholds (Leek, 2001).

(2) If a condition was presented with a stimulation intensity
of 4 mA and received a “no” answer for the third time.
Note that “no” answers did not have to be consecutively
but were counted over the whole block. This suggests
that the actual threshold for inducing sensation or pain
in that condition lies above our upper limit of 4 mA.
For the purposes of data analysis, we treated these
instances as having a threshold of 4 mA, acknowledg-
ing that this represents the maximum intensity tested
and not the actual somatosensory perception or pain
threshold.

(3) If a condition has been presented for the 20th time
during that block. For data analysis, the threshold was
assumed as the last three alternating values.

Electrical Stimulation

Stimulation was delivered using two independent battery-
driven neuroConn Stimulator systems (Advanced DC-
Stimulator Plus for temporal interference stimulation, neu-
roConn GmbH, Ilmenau, Germany) which were connected
via a digital to analog converter (Ni USB-6212, National
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Instruments, Austin, TX, USA) to a PC and controlled by it
using the remote mode of the stimulators. A custom MAT-
LAB script (Version 2020a, The MathWorks Inc., Natick,
MA, USA) was used to generate and send the stimulation
signal. For stimulation, Ag—AgCl electrodes with a 12-mm
diameter (Brain Products, Gilching, Germany) were used,
which were affixed to an EEG cap (Easycap, Brain Products,
Gilching, Germany). Using the international 10-10 system,
electrodes were placed at positions F1 and CP1 for the left
stimulation site and at F2 and CP2 for the right stimulation
site (see Fig. 1 B). To increase electrode to skin conductiv-
ity, we applied a conductive paste (Abralyt 2000 abrasive
electrolyte-gel, Brain Products, Gilching, Germany), ensur-
ing impedances remained below 5 kQ.

Stimulation frequencies were 10 Hz, 20 Hz, 500 Hz,
1000 Hz, and 2000 Hz with a maximum possible inten-
sity of 4 mA. Our rationale for these was as follows: the
2000 Hz and 1000 Hz frequencies were used by Grossman
et al. (2017) in their tTIS study and thus reflect proven and
efficacious stimulation frequencies. The 500 Hz stimulation
frequency is considered to be the lowest frequency feasible
for tTIS (Grossman et al., 2017). Additionally, we selected
10 and 20 Hz, standard tACS stimulation frequencies preva-
lent in many tACS studies, to serve as a reference point to
benchmark perception differences between low- and high-
frequency stimulation.

Data Analysis

We performed our statistical analysis using Jamovi version 2.3
(The Jamovi Project 2024). To analyze differences between
thresholds, we conducted repeated-measures analyses of vari-
ance (rmANOVA ) separately for perception- and pain thresh-
olds using within-subject factors Anesthetization (Yes, No)
and Frequency (10 Hz, 20 Hz, 500 Hz, 1000 Hz, and 2000 Hz).
To ensure that factors in our rmANOVAs conformed to the
sphericity assumption, we conducted a Mauchly’s test.

For rmANOVA results, we report partial eta squared (112p)
to focus on effect size within our chosen design, as well as
generalized eta squared (17%) to facilitate comparing effect
sizes across studies.

Results

The descriptive outcomes for perception and pain thresholds
are illustrated in Fig. 2 and detailed in Table 1. In addition,
Table 1 also presents the intensity values converted to cur-
rent density, based on the 12 mm electrodes employed in
our study.

Statistical analysis revealed violations of the spheric-
ity assumption for perception thresholds [Frequency:
X2 (9)=166.67, p<0.001, €=0.49; Frequency *

Anesthetization: x2(9)=132.29, p<0.001, e=0.59] as well
as for pain thresholds [Frequency: x2(9)=105.19, p<0.001,
e=0.47; Frequency * Anesthetization: x2(9)=47.96,
p<0.001, e=0.66]. Given these violations, we adjusted the
degrees of freedom using the Greenhouse—Geisser correc-
tion to make the test more conservative and control for type
I errors.

Results of the rmANOVAs revealed a significant main
effect of Frequency on perception- [F(1.95,70.09) =479.16,
p<0.001, n2,=0.930, n25=0.796] and pain thresh-
olds [F(1.86,67.11)=588.70, p<0.001, n2,=0.942,
N25=0.844]. This indicates that higher frequencies lead to
increased thresholds for perception and pain, implying that
higher stimulation frequencies induce less cutaneous sensa-
tions than lower frequencies. This was confirmed using post-
hoc analyses: as frequencies increased, so did the thresh-
olds for both perception and pain. This was demonstrated
by significant increases across all frequency comparisons for
perception [all comparisons #(36) > 3.22, py., <0.001] and
pain thresholds [all comparisons #(36) > 5.32, pyy, <0.001],
with the sole exception being the pain thresholds between
10 and 20 Hz frequencies, which did not differ signifi-
cantly [#(36) =2.26, p.,=0.181]. Additionally, a sig-
nificant main effect of Anesthetization on thresholds was
revealed, again for both perception [F(1,36)=19.90,
p<0.001, n2,=0.356, n25=0.086] and pain thresholds
[F(1,36)=26.16, p<0.001,n2,=0.421,n25=0.077], indi-
cating that the anesthetization reduced cutaneous sensations
to the stimulation in both measures. Additionally, an inter-
action Frequency * Anesthetization was observed for both
perception [F(2.36,84.85)=6.08, p=0.002, n2p =0.144,
N25=0.031] and pain thresholds [F(2.65,95.31)=5.96,
p=0.001, n2p=0.142, nN25=0.023]. This was due to the
efficacy of anesthetization varying based on the stimulation
frequency, with higher stimulation frequencies (500 and
1000 Hz) benefitting more from anesthetization than lower
frequencies (10 and 20 Hz). At 2000 Hz, however, our analy-
sis found no difference in thresholds between anesthetized
and non-anesthetized conditions [perception: #(36)=1.47,
Prukey =0.894; pain: #(36) = 1.09, py ., =0.983]. It is impor-
tant to note that this absence of an anesthetization effect at
2000 Hz is a result of many subjects reaching our study’s
maximum stimulation of 4 mA in both anesthetized and non-
anesthetized conditions, reflecting a limitation of our study
setup.

Exploratory, to mitigate potential confounding effects of
task order, we repeated the previous rmANOVAs includ-
ing Task Order (pain task first, perception task first) as a
between-subject factor. The results indicated that Task
Order did not significantly affect perception thresholds
[F(1,35)=0.225, p=0.638,n2,=0.006, n25=0.002] or
pain thresholds [F(1,35)=0.015, p=0.902, n2,=0.010,
125 =0.004]. Furthermore, to analyze a potential difference

@ Springer
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Fig.2 Stimulation intensity thresholds. A Perception thresholds
increase with stimulation frequency, indicating that high-frequency
stimulation induces less perception. Conditions with topical anes-
thetization display higher thresholds. B Anesthetization allows for
higher stimulation intensities before reaching perception thresh-
olds across all frequencies, as indicated by Anesthetization Gains
(:ThreShOIdWithAneslhelizalion - ThreSholdWilhoulAneslhelizalion)' NOtablY’
the reduced anesthetization gain at 2000 Hz is due to some partici-
pants not perceiving any stimulation at high frequencies, both with

between sexes, we repeated the rmANOVAs again with
Sex (male, female) as a between-subject factor. This analy-
sis revealed a significant effect of Sex on pain thresholds
[F(1,35)=4.34,p=0.045,12,=0.110, n25=0.048]. Addi-
tionally, a significant interaction effect Frequency * Sex was
observed [F(1.99,69.50)=5.346, p=0.007, n2,=0.133,
N25=0.046], which is descriptively explained by male
participants being able to tolerate higher intensities at high
frequencies, though this did not reach significance in post-
hoc analysis [male vs. female; 10 Hz: Mean Diff=0.01 mA,
1(35)=0.085, p, ey =1.000; 20 Hz: Mean Diff=0.08 mA,
1(35)=0.665, Py, = 1.000; 500 Hz: Mean Diff=0.71 mA,
1(35)=0.665, p,,,=0.250; 1000 Hz: Mean Diff=0.42 mA,
1(35)=2.413, p ., =0.349; 2000 Hz: Mean Diff=0.12 mA,
1(35)=1.322, p;4,,=0.942]. No other effects reached

@ Springer

(fiven=016] [ fnesn=016] [ fneon=055] [ fineon=061] [ Fnemn=021

4

 § !

N
'

-
'

o
'

'
-
'

'
N
'

10 20 500 1000 2000
(Fneen=027) [ finean=0.29] [ finen=063] [ Thmoan=041] [ fimesn=0.09]
s .
10 20 500 1000 2000
Frequency (Hz)

and without anesthetization. For analysis, their threshold was stand-
ardized to 4 mA, aligning anesthetized and non-anesthetized condi-
tions and reducing observed anesthetization gains. This reflects study
constraints more than a decrease in anesthetization effectiveness at
higher frequencies. (C) Pain thresholds: Higher stimulation frequen-
cies correlate with lower pain thresholds, reflecting the pattern seen
in perception thresholds. (D) Anesthetization gains for pain thresh-
olds: These gains follow a similar trend to perception thresholds, with
the same high-frequency constraints previously noted

significance. Further, no significant effect of Sex on per-
ception thresholds [F(1,35)=0.097, p=0.758, n2p =0.003.,
N25=0.001] could be observed.

Discussion

Current human applications of tES are limited by the
maximum intensity that participants can comfortably
tolerate. Even though higher intensities are considered
safe (Antal et al., 2017; Bikson et al., 2016; Chhatbar
et al., 2017; Matsumoto & Ugawa, 2017), the discomfort
from skin sensations or pain often restricts their use. The
recent introduction of tTIS (Grossman et al., 2017) lever-
ages the fact that high-frequency alternating currents are
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Table 1 Descriptive statistics of perception and pain thresholds

Without anesthetization

With anesthetization

10 Hz 20 Hz 500Hz 1000Hz 2000Hz 10Hz 20 Hz 500Hz 1000 Hz 2000 Hz
Perception thresholds
Mean (mA) 0.29 0.31 1.15 1.94 3.11 0.44 0.47 1.70 2.55 3.32
Mean CD (mA/cm?) 0.26 0.27 1.02 1.72 2.75 0.39 0.42 1.50 2.25 2.94
Median (mA) 0.27 0.28 1.13 1.90 3.07 0.43 0.46 1.58 2.53 4.00
SD (mA) 0.11 0.14 0.38 0.62 0.76 0.21 0.20 0.74 0.86 0.81
Min (mA) 0.11 0.13 0.46 0.73 1.54 0.11 0.12 0.74 1.12 1.74
Max (mA) 0.46 0.64 2.39 3.35 4.00 0.91 0.87 3.32 4.00 4.00
Npim/Nrotal 0/37 0/37 0/37 0/37 11/37 0/37 0/37 0/37 4/37 19/37
Pain thresholds
Mean (mA) 0.51 0.56 2.37 3.26 3.82 0.78 0.85 3.00 3.67 391
Mean CD (mA/cm?) 0.45 0.50 2.10 2.88 3.38 0.69 0.75 2.65 3.25 3.46
Median (mA) 0.44 0.52 2.35 3.21 4.00 0.67 0.71 3.20 4.00 4.00
SD (mA) 0.31 0.35 0.96 0.71 0.37 0.40 0.44 0.92 0.63 0.34
Min (mA) 0.18 0.18 0.94 2.01 2.70 0.33 0.31 1.09 1.44 2.18
Max (mA) 1.78 2.06 4.00 4.00 4.00 1.93 2.23 4.00 4.00 4.00
NLim/Notal 0/37 0/37 4/37 15/37 29/37 0/37 0/37 13/37 27/37 34/37

Ny;,,» number of participants reaching the maximum stimulation intensity threshold (4 mA) in that condition; Ny, total number of participants;

CD, current density

less perceivable (Hsu et al., 2021; Hutcheon & Yarom,
2000; Turi et al., 2013; Zeng et al., 2019), thus potentially
allowing for the application of higher stimulation inten-
sities. In our study, we sought to quantify the sensation
and pain thresholds for various high-frequency alternat-
ing current stimulations used in tTIS, aiming to explore
the potential upper limits of intensity for this innovative
electrostimulation technique. Furthermore, we explored
the possibility to push these limits by employing an anes-
thetizing topical cream, to reduce cutaneous sensations
caused by electrical stimulation. To be able benchmark
the perception of these high frequencies against classi-
cal methods of electrostimulation, we’ve also quantified
perception of low-frequency alternating currents as com-
monly used in tACS.

Our findings are in line with other studies, demonstrat-
ing that as stimulation frequency increases, its perceptibil-
ity decreases (Hsu et al., 2021; Imatz-Ojanguren & Keller,
2023; Turi et al., 2013; Ward & Robertson, 1998; Zeng
et al., 2019). Additionally, consistent with findings from
other studies, we verified that application of an anesthetiz-
ing cream reduces perceptibility during transcranial elec-
trostimulation (Guleyupoglu et al., 2014; McFadden et al.,
2011). The reduced perceptibility of high-frequency stimu-
lation offers an added advantage for ensuring participant
blinding, given its increased perception thresholds com-
pared to traditional electrostimulation methods. Moreover,
the use of an anesthetizing cream appears to be a valuable
tool in increasing participant comfort and blinding.

The included lower frequencies of 10 Hz and 20 Hz in
our study reflect standard frequencies employed in tACS
studies (Herrmann & Striiber, 2017; Koninck et al., 2023;
Wischnewski et al., 2019; Yavari et al., 2018). Our findings
demonstrate that these frequencies are already perceptible
for most participants at low stimulation intensities, while
discomfort or pain became noticeable at slightly higher
intensities. In addition, the application of the anesthetiz-
ing cream was able to increase these thresholds, proving its
effectiveness in reducing somatosensory side effects dur-
ing stimulation like tingling, itching, or stinging sensations.
Furthermore, the higher frequencies of 500 Hz, 1000 Hz,
and 2000 Hz selected for this study reflect stimulation fre-
quencies used in current tTIS studies (von Conta et al.,
2022; Esmaeilpour et al., 2021; Grossman et al., 2017; Ma
et al., 2021; Sunshine et al., 2021; Zhu et al., 2022). Due to
reduced sensitivity to higher frequencies in somatosensory
perception (Hutcheon & Yarom, 2000; Palmer et al., 1999),
we were able to confirm that these frequencies allow for a
substantial increase in stimulation intensity before becoming
perceptible or inducing pain. In addition, we were able to
push the limits of comfortable stimulation intensities even
further with the use of anesthetization. Notably, our results
indicate that the anesthetic effect seemed to decrease at fre-
quencies of 1000 Hz and above. However, as explained, this
is not indicative of reduced anesthetic efficacy, but rather
a ceiling effect inherent to our study design. Nonetheless,
these results highlight the potential for using high-frequency
stimulation in conjunction with topical anesthetization at
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increased intensities, without compromising participant
blinding or causing discomfort.

Notably, for the higher frequencies, a portion of the
participants had their thresholds set to 4 mA for statistical
analysis in line with staircase conclusion criterion 2. This
indicates that even when the maximum stimulation intensity
of 4 mA was reached in a condition, these participants did
not report pain or perceivable sensations. This is especially
true for stimulation with 2000 Hz, in which 29 out of 37
subjects reached 4 mA. Therefore, it’s crucial to recognize
that the actual thresholds for these frequencies likely surpass
our applied maximum of 4 mA. This limitation is due to the
ethical, safety, and hardware constraints within which our
study was conducted. Consequently, the recorded thresholds
at these frequencies essentially represent the highest stimu-
lation intensities we could safely administer, highlighting
that participants might have tolerated even higher intensi-
ties during high-frequency stimulation without discomfort.
Therefore, our statistical analysis is even on the conservative
side and likely underestimates the true tolerable thresholds.

On the other side, some subjects reported pain sensations
for high frequencies at considerably lower intensities (e.g.,
for 2000 Hz, one participant’s pain threshold was measured
as 2.7 mA). This highlights the interindividual differences in
perception to electrostimulation which should be taken into
account. Especially for low frequencies, our results reveal
considerable variability in pain and perception thresholds
among participants. For instance, in the 10 Hz condition,
pain thresholds range from 0.18 to 1.78 mA. This highlights
that both high- and low-frequency stimulation vary in indi-
vidual sensitivity and there is no one-size-fits-all approach.
Therefore, our thresholds should be viewed as approximate
guidelines rather than absolute values. However, our data
indicate that even in common tACS studies, it is highly prob-
able that some subjects will perceive the stimulation and few
subjects will even feel pain, even if the stimulation is within
a safe range of <2 mA. Thus, for optimal safety and success-
ful blinding, we advise testing individual thresholds before
applying electrostimulation at the target intensity.

It is essential to recognize that the effectiveness of stimu-
lation is not solely determined by the applied stimulation
intensity. While numerous studies suggest a dose-dependent
effect, indicating that higher stimulation intensities often
lead to more pronounced effects (Johnson et al., 2020;
Turner et al., 2021; Wischnewski et al., 2019), this is not an
absolute rule. Indeed, some research indicates a complex,
non-linear relationship between stimulation intensity and its
effects. A study by Moliadze et al. (2012) has shown that
while lower intensities might lead to inhibition, increasing
the intensity can actually reverse this effect, transforming
inhibition into excitation. Moreover, the actual voltage that
reaches the target area is not guaranteed by high stimulation
intensity alone. Variabilities in individual anatomical factors,
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such as skull thickness, and the specific configuration of the
electrode montage, significantly influence the voltage deliv-
ered to the target area (Hunold et al., 2023). Consequently,
it is recommended to utilize current flow modeling tools,
like SimNIBS (Puonti et al., 2020; Thielscher et al., 2015)
or ROAST (Huang et al., 2019). These tools, particularly
when modeled on individual anatomical specifics, can be
used to ensure that the target area receives sufficient voltage
for effective stimulation (Saturnino et al., 2019).

It is important to emphasize that the stimulation thresh-
olds in our study were determined using round electrodes
with a diameter of 12 mm. To ensure that our results are rel-
evant irrespective of electrode size, we have included meas-
ures of current density alongside our findings. However, it’s
essential to understand the interplay between electrode size,
current density, and current intensity. Several studies have
posited that larger electrodes generally offer more comfort
than smaller ones, attributed to the distribution of currents
across a larger area, leading to lower current densities (Alon
et al., 1994; McNeal & Baker, 1988; Verhoeven & van Dijk,
2006). Yet, Lyons et al. (2004) presented contrasting evi-
dence, showing greater comfort with smaller electrodes.
This contradiction may be solved by recent research, which
suggests that cutaneous sensation is primarily influenced by
current intensity rather than current density (Fertonani et al.,
2015; Martinsen et al., 2004; Turi et al., 2014). This is due
to a spatial summation effect where larger electrodes engage
more cutaneous receptors, increasing sensation (Higashiy-
ama, 1993; Higashiyama & Tashiro, 1990; Nielsen &
Arendt-Nielsen, 1997). Consequently, our results regarding
perception and pain thresholds still provide valuable guid-
ance for studies using larger electrodes. However, it’s worth
noting that cutaneous sensations can be influenced by other
variables, such as the concentration of a saline solution used
as a contact medium (Dundas et al., 2007), though they are
not affected by the shape of the electrode (Ambrus et al.,
2011).

Certainly, safe stimulation intensities cannot be based
solely on the lack of immediate cutaneous pain sensations.
Research confirms the safety of classical electrostimulation,
as evidenced by rodent model studies. These studies show
no changes in several neurotoxicity markers for stimulation
intensities commonly used in humans (Jackson et al., 2017;
Liebetanz et al., 2009; Zhang et al., 2019). This becomes also
evident in human studies, which confirm the absence of neu-
rotoxicity or serious adverse effects of stimulation (Nitsche
et al., 2003; Nitsche et al., 2004; 2001; Tadini et al., 2011).
Currently, stimulation intensities of up to 4 mA are considered
safe using electrostimulation methods such as tACS or tDCS
(Antal et al., 2017; Bikson et al., 2016; Fertonani et al., 2015;
Matsumoto & Ugawa, 2017; Nitsche & Bikson, 2017). Taking
into account the novel high-frequency stimulation methods,
Grossman et al. (2017) did not find tissue damage in rodents,
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and Piao et al. (2022) did not find an adverse effect of this
stimulation on various tested criteria in humans. This is in
line with Cassara et al. (2022), who explored the safety of
tTIS in humans and recommended frequency-based maximum
exposure limits, with higher frequencies allowing for greater
exposure. Nonetheless, to increase stimulation intensities
above 4 mA, a robust body of evidence pointing to its unques-
tionable safety is needed.

A limitation of our findings is the brief 5-s duration of
stimulation to measure thresholds. Previous research indi-
cates that stimulation sensation decreases over time due to
adaptation effects (Hsu et al., 2021; Khadka et al., 2020).
This adaptation effect explains why tACS studies can admin-
ister intensities of 1 mA or more without causing prolonged
discomfort. Consequently, the thresholds identified in our
study are likely conservative, potentially underestimating
the maximum tolerable stimulation intensities. Employing
a procedure where stimulation is applied for an extended
duration with a gradual increase could leverage this adap-
tation effect to even further increase perception and pain
thresholds. This would allow for even more intense, yet still
comfortable, electrical stimulation. Future research should
explore the limits of this adaptive approach for high-fre-
quency alternating current stimulation.

In addition, in our study, we relied on participants’ self-
reports to determine thresholds, a method that inherently car-
ries the risk of subjective biases. To enhance the robustness of
future studies, incorporating objective indicators, like physi-
ological markers of discomfort including skin conductivity
(Storm, 2008; Syrjala et al., 2019), might offer a more con-
sistent gauge of participant comfort.

Furthermore, is well-documented that pain perception can
be influenced by an individual’s physical and psychological
state. Factors such as age (Lautenbacher et al., 2017), expecta-
tion (Wiech, 2016; Wiech et al., 2008), fatigue (Lautenbacher
et al., 2006), or sex (Paller et al., 2009; Wiesenfeld-Hallin,
2005) influence how pain is experienced. This is in line with
our study’s results, where males were able to tolerate higher
stimulation intensities compared with females. However, given
that the sample in our study had a bias towards female par-
ticipants (25 female, 12 male), the generalization of our find-
ings should be done with a degree of caution. A future study
systematically comparing sex differences would be needed to
substantiate this result. However, we believe that our results
serve as a robust foundation for establishing new limits and
possibilities for future stimulation studies.

Conclusion

We demonstrated that the somatosensory perception and
pain thresholds for alternating current stimulation are fre-
quency-dependent. Utilizing high-frequency stimulation,

we successfully administered intensities of up to 4 mA
without inducing discomfort in participants. This finding
is especially of note for tTIS, whose efficacy has been lim-
ited by low-intensity protocols so far. Increasing the stimu-
lation intensity has the potential to enhance the efficacy of
tTIS, unlocking the potential for non-invasive stimulation
of deeper brain regions. Additionally, the use of topical
anesthetic cream further elevates these thresholds, ena-
bling even higher intensities. This finding also translates
to tACS applications in general, allowing for more potent
neuromodulatory interventions without compromising par-
ticipant comfort.

In summary, our findings reveal significant interindivid-
ual differences in perception and pain thresholds, particu-
larly under high-frequency conditions, emphasizing the
need for customized stimulation intensities in tTIS/tACS
experiments. To ensure participant comfort and effective
blinding, we recommend tailoring stimulation based on
individual responses. Additionally, our study shows that
using a topical anesthetic can raise these thresholds, offer-
ing a viable method to enhance participant tolerance or
blinding in future electrostimulation studies.
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