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a b s t r a c t 

Neural oscillations can be modulated by non-invasive brain stimulation techniques, including transcranial alter- 

nating current stimulation (tACS). However, direct evidence of tACS effects at the cortical level in humans is still 

limited. In a tACS-electroencephalography co-registration setup, we investigated the ability of tACS to modulate 

cortical somatosensory information processing as assessed by somatosensory-evoked potentials (SEPs). To better 

elucidate the neural substrates of possible tACS effects we also recorded peripheral and spinal SEPs components, 

high-frequency oscillations (HFOs), and long-latency reflexes (LLRs). Finally, we studied whether changes were 

limited to the stimulation period or persisted thereafter. SEPs, HFOs, and LLRs were recorded during tACS applied 

at individual mu and beta frequencies and at the theta frequency over the primary somatosensory cortex (S1). 

Sham-tACS was used as a control condition. In a separate experiment, we assessed the time course of mu-tACS 

effects by recording SEPs before (T0), during (T1), and 1 min (T2) and 10 min (T3) after stimulation. Mu-tACS 

increased the amplitude of the N20 component of SEPs compared to both sham and theta-tACS. No differences 

were found between sham, beta-, and theta-tACS conditions. Also, peripheral and spinal SEPs, P25, HFOs, and 

LLRs did not change during tACS. Finally, mu-tACS-induced modulation of N20 amplitude specifically occurred 

during stimulation (T1) and vanished afterwards (i.e., at T2 and T3). Our findings suggest that TACS applied at 

the individual mu frequency is able to modulate early somatosensory information processing at the S1 level and 

the effect is limited to the stimulation period. 
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. Introduction 

Specific subpopulations of neurons in cortical brain areas show os-

illatory properties ( Singer, 2018 ). These oscillatory activities can be

odulated by non-invasive brain stimulation techniques including tran-

cranial alternating current stimulation (tACS) ( Herrmann et al., 2013 ;

iovanni et al., 2017 ), which entrains neuronal activity through the

emporal alignment of endogenous rhythmical brain activity with ex-

genous alternating currents ( Thut et al., 2011 ). Entrainment-related

ACS effects are frequency- and time-specific, i.e., they are promi-

ent when the stimulation frequency is resonant to the endoge-

ous rhythm of the targeted area (‘endogenous resonance principle’)

 Ali et al., 2013 ; Krause et al., 2019 ; Johnson et al., 2020 ) and

ccur during stimulation (‘online’ effects) and subsequently vanish
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Direct evidence of the mechanisms underlying tACS entrainment ef-

ects on cortical neurons mainly comes from in vitro and animal studies

 Ali et al., 2013 ; Krause et al., 2019 ; Johnson et al., 2020 ; Ozen et al.,

010 ; Reato et al., 2013 ; Vieira et al., 2020 ). In humans, a possible ap-

roach to verify whether tACS modulates cortical activity in humans is

o record evoked potentials during stimulation. To date, several studies

ocused on motor evoked potentials (MEP) elicited by transcranial mag-

etic stimulation (TMS) of the primary motor cortex (M1) and found that

ACS modulates M1 excitability in a frequency- and time-specific man-

er ( Pozdniakov et al., 2021 ; Feurra et al., 2011 ; Guerra et al., 2016 ;

owak et al., 2017 ). In contrast, evidence of tACS effects on cortical

voked responses in the primary somatosensory cortex (S1) are lacking.
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n this regard, studies using tACS on S1 have only hypothesized cortical

ntrainment based on changes in behavioral measures ( Gundlach et al.,

016 ; Neuling et al., 2012 ; Riecke et al., 2015 ; Manzo et al., 2020 ). 

In the present study, we tested whether tACS is able to modu-

ate somatosensory information processing at the cortical level, as as-

essed by recording the N20 and P25 components of the somatosensory-

voked potentials (SEPs). We adopted recently-introduced artifact rejec-

ion techniques which allowed to reliably record cortical evoked po-

entials during tACS ( Kohli and Casson, 2019 ; Helfrich et al., 2014 ;

euling et al., 2017 ; Kasten and Herrmann, 2019 ; Fehér et al.,

017 ). In a sham-controlled experimental design, we used a tACS-

lectroencephalography (EEG) co-registration approach and recorded

EPs during tACS over the primary somatosensory cortex (S1). Several

EG and magnetoencephalography (MEG) studies on human subjects

emonstrated that the activity of neuronal populations oscillating at 8–

3 Hz over the somatosensory cortex (mu rhythm) can influence early

ortical processing of somatosensory stimuli ( Zhang and Ding, 2010 ;

ones et al., 2009 ; Forschack et al., 2017 ; Saito et al., 2021 ). Hence,

e used tACS delivered at the specific mu frequency recorded in each

ubject (individual mu frequency). In addition, tACS was also deliv-

red at the individual beta frequency over S1 since a few observations

ave suggested a role of beta rhythm in cortical somatosensory func-

ions ( Lalo et al., 2007 ; Baumgarten et al., 2015 ; Haegens et al., 2011 a).

o verify whether tACS effects on S1 only occur when the stimulation

requency is resonant to the endogenous rhythms of this area ( Ali et al.,

013 ; Krause et al., 2019 ; Johnson et al., 2020 ), we used theta-tACS

s a control condition. Indeed, theta rhythm has no major role in so-

atosensory cortical processing ( Cheyne, 2013 ). To exclude that pos-

ible cortical SEPs changes during tACS were due to indirect modifi-

ations in subcortical pathways, we also recorded peripheral (N9) and

pinal (N13) SEPs components. Furthermore, we recorded early and late

omponents of high-frequency oscillations (HFOs), expressions of tha-

amocortical and intracortical processing of somatosensory input, and

ong-latency reflexes (LLRs), which reflect transmission of somatosen-

ory information to the motor cortex. Finally, to clarify whether possible

europhysiological changes were limited to the stimulation period (‘on-

ine’ effects) or persisted beyond the stimulation period, we recorded

EPs before, during, and after mu-tACS in a separate experiment. 

Based on the proposed mechanism of action of tACS, we hypoth-

sized that tACS would enhance the processing of somatosensory in-

ormation through the modulation of resonant neurons when delivered

t mu and beta frequencies over S1 (frequency-specific effect). Accord-

ngly, our hypothesis implies that tACS would modulate cortical, but not

eripheral or spinal, SEPs components. Also, we hypothesize that tACS

ffects would be present only ‘online’ (time-specific effect). 

. Materials and methods 

.1. Participants 

Fifteen healthy right-handed ( Oldfield, 1971 ) subjects (mean age ±
 standard deviation: 30.1 ± 1.6 years; 5 females) were enrolled in the

tudy. The minimal neurophysiologically relevant increase (effect size)

as set at 20% change between sham and mu-tACS conditions. This

ffect was deemed reasonable on the basis of a previous SEPs study

 Rocchi et al., 2016 ), where N20 changed by 26% after theta burst stim-

lation (from 2.95 ± 0.67 𝜇V at baseline to 2.18 ± 0.59 𝜇V at T1). In

rder to have a power of 80% of recognizing as statistically significant

at two-sided alpha level 0.05) a real vs. sham N20 change of 0.6 𝜇V,

ssuming SD = 0.7 𝜇V and a within-subjects correlation r = 0.5, the min-

mum required sample was 15 subjects. All subjects were recruited from

he Department of Human Neurosciences, Sapienza University of Rome.

one of the subjects had psychiatric or neurological disorders or were

aking medications acting on the central nervous system at the time of

he experiment. None of the participants had contraindications to non-

nvasive brain stimulation ( Rossi et al., 2021 ). The study was approved
2 
y the local ethics committee and conducted in accordance with the

eclaration of Helsinki. 

.2. Experimental design 

All subjects participated in two separate experiments (experiments

 and 2), conducted at least 1 week apart and carried out from 10:00

.m. to 1:00 p.m. Subjects were comfortably seated on a chair designed

or EEG recording (EMS, Italy) with their forearms resting on armrests,

nd were asked to focus on a white cross displayed at the center of a

omputer screen positioned 70 cm away. The first part of experiment

 was dedicated to recording individual somatosensory mu and beta

requencies with EEG (see below). Then, subjects underwent SEPs and

LRs recordings during four different stimulation conditions, applied in

 randomized order: (1) sham-tACS; (2) mu-tACS; (3) beta-tACS; and

4) theta-tACS. In all conditions, tACS started 20 s before the peripheral

lectrical stimulation. SEPs and LLRs recordings lasted approximately

 min overall and were followed by a 20 min pause. In experiment 2,

he time course of mu-tACS effects was specifically studied and SEPs

ere recorded before (T0), during (T1), and 1 min (T2) and 10 min

T3) after stimulation ( Fig. 1 A). 

.3. tACS 

tACS was delivered using a BrainSTIM (EMS, Italy) connected to

wo rubber 3-cm-diameter round stimulating electrodes attached to the

calp using conductive Ten20 paste (Weaver and Company, USA), ensur-

ng no paste was applied outside the stimulating electrode contact area

 Marshall et al., 2016 ). Using neuronavigation (Softaxic, EMS, Italy),

ith an optical tracking system (Polaris Vicra, Northern Digital Inc.,

anada), we sampled 23 points from the scalp of each participant and

dapted the reconstructed brain in the Talairach space using non-linear

tting. The stimulating electrode was positioned over the scalp area cor-

esponding to S1, located using Talairach coordinates ( x = − 40, y = − 30,

 = 54) ( Boakye et al., 2000 ), with reference over Pz. Stimulating elec-

rode impedance was kept < 10 k Ω. We delivered tACS with a 3-s ramp-

p and ramp-down period and no DC offset. Sham-tACS stimulation con-

isted of ramp-up, 1-s stimulation at the individual mu frequency, and

amp-down. The frequency used for theta-tACS was 6 Hz. Stimulation

ntensity was titrated from a peak-to-peak amplitude of 1 mA down to

he highest intensity that did not induce visual or skin sensations. This

rocedure resulted in a stimulation intensity of 0.30 ± 0.15 mA for mu-

ACS and 0.35 ± 0.17 mA for beta-tACS. Although 1-mA theta-tACS did

ot induce side effects, we used the mean value between mu- and beta-

ACS intensity in each subject for theta-tACS in order to avoid possible

ntensity-related confounding. Accordingly, theta-tACS stimulation in-

ensity was 0.32 ± 0.14 mA Fig. 1 .D shows the current density distribu-

ion for mu-tACS in a representative subject with the montage and mean

ntensity used. 

.4. EEG and electromyography 

EEG was recorded from 32 Ag-AgCl electrodes mounted on an elas-

ic cap (EASYCAP, Germany; 10–20 international standard layout).

Oz and FPz served as a reference and ground, respectively. Chan-

el impedance was kept below 5 k Ω. Electromyography (EMG) was

ecorded using a pair of surface electrodes placed in a belly-tendon

ontage over the right abductor pollicis brevis (APB) muscle. EEG

nd EMG were filtered (DC-3.5 kHz) and sampled at 20 kHz using a

MS-compatible EEG system (NeurOne, Bittium, Finland). EEG data

as analyzed using customized scripts on the Matlab platform (R2020a,

he Mathworks, USA) and the open source Matlab toolboxes EEGLAB

 Delorme and Makeig, 2004 ), Fieldtrip ( Oostenveld et al., 2011 ), and

ESA ( Rogasch et al., 2017 ). 
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Fig. 1. Experimental design. A. Experiment 1 began with the identification of individual mu (μ) and beta ( 𝛽) frequency peaks in each subject. Then, subjects 

underwent SEPs and LLRs recordings during four stimulation conditions applied in a randomized order: (1) sham-tACS; (2) μ-tACS; (3) 𝛽-tACS; and 4) theta ( 𝜃)-tACS. 

In experiment 2, the time course of mu-tACS effects was specifically studied and SEPs were recorded before (T0), during (T1), and 1 min (T2) and 10 min (T3) after 

stimulation (tACS OFF). B. Time-frequency plot from the somatosensory stimulation applied for the mu peak identification in a representative subject. Data were 

recorded over the CP3 electrode and expressed as percentage change with respect to the average value of a baseline period ( − 600 to − 200 ms). A clear ERD in the 

mu range (8–13 Hz) was displayed in a time window ranging from 200 to 600 ms (marked in the box). The frequency (1 Hz resolution) in the mu range showing 

the maximum desynchronization was selected as individual mu frequency for that subject. C. Resting state-EEG spectrogram from a representative subject; the white 

arrowhead indicates the highest power spectral density value in the beta range used for beta-tACS in that subject. D. Current density distribution of mu-tACS in a 

representative subject. The MATLAB toolbox Comets2 was used to estimate the current density distribution (http://www.cometstool.com) ( Lee et al., 2017 ) produced 

with our montage, stimulating electrode size and mean intensity applied for mu-tACS (0.35 mA). 

3 
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.5. Individual mu and beta frequency identification 

To identify individual mu frequency, subjects underwent a so-

atosensory stimulation experiment with concurrent EEG recording.

ne hundred and fifty square-wave electrical pulses (interstimulus in-

erval: 3 s with 50% jitter, ≈7 min in total) were delivered at rest using a

onstant-current stimulator (Digitimer DS7A) through surface skin elec-

rodes (anode located 0.5 cm distally to the cathode) placed on the dis-

al phalanx of the right index finger. Stimulation was set at the intensity

hat induced an easily detectable, but not painful, stimulus. EEG data

ere epoched ( − 1000 to 1000 ms) around the electrical stimulus and

rtifacts were manually removed with independent component analy-

is (ICA) using the FastICA algorithm ( Korhonen et al., 2011 ). Time-

requency power spectra were computed on the epoched EEG data from

he CP3 electrode using time-domain complex Morlet wavelet convo-

ution ( Bruns, 2004 ; Cohen, 2019 ). Wavelet frequency ranged from 2

o 35 Hz with 0.1-Hz increments, and the number of cycles was set

o 5 as in previous studies ( Gundlach et al., 2016 ). Percentage change

as computed with respect to the average value of a baseline period

 − 600 to − 200 ms) in order to obtain stimulus-related changes in power

or each frequency over time. Within the mu (8–13 Hz) band, the fre-

uency with the maximum event-related desynchronization (ERD), i.e.,

he maximum decrease in power, in a time window ranging from 200 to

00 ms was extracted and used for mu-tACS ( Fig. 1 B). Somatosensory

timulation also induced desynchronization in the beta frequency range,

ut this was present in < 50% of participants. To detect individual beta

requency, subjects underwent a 5-min resting-state EEG recording. EEG

as epoched and cleaned with one round of ICA. Then, cleaned epochs

ere tapered using a Hanning window, and power spectral density val-

es were computed between 2 and 35 Hz using the fast Fourier trans-

orm. The frequency with the highest power spectral density value in

he beta range (14–30 Hz) was then detected and used for beta-tACS

 Fig. 1 C). 

.6. SEPs recording and analysis 

Cortical N20 and P25 SEP components were recorded with the ac-

ive electrode placed at CP3 and the reference electrode at Fz. Peripheral

N9) components were recorded with the active and reference electrode

laced over the ipsilateral (Epi) and contralateral (Epc) Erb’s point, re-

pectively. Electrodes over the 7th cervical spinous process (Cv7) and

ver the anterior cervical region (AC) in a Cv7-AC montage were used

o record spinal components (N13). The right median nerve was stimu-

ated at the wrist using the Digitimer DS7A, with the anode placed on

he wrist crease and the cathode placed 2 cm proximal. Stimuli were

onophasic square-wave pulses, with a duration of 200 μs, delivered at

.4 Hz (1000 traces) and with an intensity set above sensory threshold

ut just below motor threshold, determined by inspection of the EMG

race recorded from the right APB muscle ( Lalo et al., 2007 ). To extract

EPs, EEG data were first bandpass filtered (1–100 Hz; 4th order Butter-

orth filter). To remove the large tACS-related electrical stimulation ar-

ifact from the EEG recording, we adopted the superimposition of mov-

ng average (SMA) approach, which constructs a time-localized template

f the artifact and then subtracts it from the collected data ( Kohli and

asson, 2019 ; Kasten and Herrmann, 2019 ; Kohli and Casson, 2015 ).

riefly, data from each channel were first epoched in N non-overlapping

egments so that the length of each segment matched the period of tACS

requency. Then, each segment and a number ( M ) of neighboring seg-

ents were central moving averaged to create a time-localized artifact

emplate for that segment. The templates of all segments were then con-

atenated to form an artifact template for each channel, which was then

ubtracted. Based on previous studies, M was set as 5% of N 

46 . EEG data

ere then epoched ( − 50 to 150 ms) around the stimulus artifact, cut

nd interpolated from − 5 to 5 ms to remove the artifact arising from

eripheral nerve stimulation and avoid stimulus-related ringing arti-

acts, downsampled (5 kHz) and notch filtered. Residual tACS-related
4 
rtifacts were captured and manually rejected by running a principal

omponent analysis (PCA) over all 32 channels. PCA resulted in rejec-

ion of 1.67 ± 1.05 (mean ± SD) components for mu-tACS, 1.47 ± 0.52

omponents for beta-tACS, and 1.27 ± 0.46 components for theta-tACS.

ye blinks, movements, and muscle-related and other identified artifacts

ere captured and manually rejected with one round of ICA. Finally, af-

er re-referencing data to Fz, N20 and P25 peak latencies and N20 and

25 absolute amplitude (measured from the DC-removed zero baseline)

ere calculated in all subjects from the CP3-Fz channel (see Supple-

entary Fig. 1 for SEP analysis steps in one representative subject).

EG data analysis from the sham-tACS recording followed identical pre-

rocessing steps, except for SMA and PCA, which were not performed. 

.7. HFO analysis 

To extract HFOs from the underlying N20, raw EEG data were first

andpass filtered (1–800 Hz; 4th order Butterworth filter) and then un-

erwent tACS artifact removal using SMA. Data were then epoched ( − 50

o 150 ms) around the stimulus artifact, cut and interpolated from − 5 to

 ms to avoid stimulus-related ringing artifacts, bandpass filtered (450–

50 Hz; 4th order Butterworth filter) and downsampled (5 kHz). To

emove residual tACS-related artifacts PCA was run, and resulted in re-

ection of 2.36 ± 1.28 components for mu-tACS, 2.53 ± 1.36 components

or beta-tACS, and 1.87 ± 0.83 components for theta-tACS. In the final

veraged data, two burst components in the HFO waveform separated

y the N20 peak, early (e-HFO) and late (l-HFO), were identified. The

eginning of the e-HFO was identified with reference to the onset la-

ency of the N20 component on the corresponding SEP trace, whereas

he end of the l -HFO burst was defined by the last wave that had a 50%

arger amplitude (measured peak-to-trough) than the average noise cal-

ulated in the interval from 35 to 40 ms after the electrical stimulus, as

escribed in previous studies ( Restuccia and Coppola, 2015 ) (see Sup-

lementary Fig. 2 for time-domain and power spectra of HFOs during

ham- and mu-tACS in one representative subject). Burst amplitudes for

-HFO and l -HFO waves were measured as the area under the rectified

aveform (area under the curve, AUC). 

.8. LLR recording and analysis 

Electrical stimuli (200-μs-duration square-wave pulses; 3 Hz repeti-

ion rate) were delivered over the right median nerve at motor threshold

nd EMG responses were recorded over the APB muscle. Electrical stim-

li were delivered while subjects maintained a stable contraction lean-

ng the thumb against the little finger. Since only LLR II was present in all

ubjects, LLR II peak-to-peak amplitude was measured according to stan-

ardized procedures ( Deuschl et al., 1988 ; Cruccu and Deuschl, 2000 ). 

.9. Statistical analysis 

To compare the stimulation intensity used for mu-, beta-, and theta-

ACS, we used a repeated measures (RM)-ANOVA with the factor

stimulation ” (3 levels: mu-tACS, beta-tACS, theta-tACS). Separate RM-

NOVAs with the factor “frequency ” (4 levels: sham-tACS, mu-tACS,

eta-tACS, theta-tACS) and “wave ” (2 levels: N20, P25) were applied

o assess the effects of tACS on the latency and amplitude of corti-

al SEPs components (experiment 1). Two additional RM-ANOVAs with

frequency ” and “wave ” as factors were tested to verify the effects of

ACS on peripheral/spinal SEPs components (2 levels: N9, N13) and

FOs (2 levels: e-HFO, l -HFO). In case of a significant “frequency ” x

wave ” interaction, separate follow-up RM-ANOVAs with “frequency ”

s main factor of the analysis were applied for each wave. Finally, a

M-ANOVA with the factor “frequency ” was also adopted to assess tACS

ffects on LLRs. The effects detected in the various RM-ANOVAs were

urther analyzed using Bayesian statistics ( Rouder et al., 2009 ). RM-

NOVA Bayesian equivalent for each neurophysiological measure was

omputed and, only for those with a Bayes Factor smaller than 1/3 (Null
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ersus Alternative hypothesis), Bayes equivalent paired t-tests were per-

ormed. As priors, we used uninformative priors and specifically diffuse

uniform). For sensitivity analysis, we used also one of the Jeffrey’s rules

or non-informative (prior ∝ 1/ 𝜎20). To assess mu-tACS-related changes

n SEPs parameters over time (experiment 2), we used an RM-ANOVA

ith “time ” as a factor (4 levels: T0, T1, T2, and T3). Greenhouse-Geisser

orrections were applied when a violation of sphericity in Mauchly’s

ests was detected. T-test was used for post-hoc comparisons and Bon-

erroni’s correction was applied for multiple comparisons. Finally, we

ompared the amount of N20 modulation during mu-tACS in experi-

ents 1 and 2 using a paired t -test. Then, we verified the possible cor-

elation between N20 values during mu-tACS in experiments 1 and 2

sing Pearson’s correlation test. Statistical analyzes were performed us-

ng SPSS Statistics (version 27; IBM). The level of significance was set

t p < 0.05. 

. Results 

The average mu frequency ERD peak was 11.7 ± 1.3 Hz. The average

eta frequency peak was 22.6 ± 3.0 Hz (mu and beta frequency peaks for

ach participant are shown in Supplementary Fig. 3). The stimulation

ntensity used for mu-tACS, beta-tACS, and theta-tACS did not differ,

s revealed by the non-significant factor “stimulation intensity ” in the

M-ANOVA (F 2,28 = 1.49, p = 0.24). 

.1. Experiment 1: frequency-dependent tACS effects 

tACS differentially influenced the various cortical SEPs components,

s indicated by the significant “frequency ” x “wave ” interaction in the

M-ANOVA (F 3,42 = 4.31, p = 0.01, 𝜂p 
2 = 0.24, observed power = 0.83).

n particular, the N20 absolute amplitude was modulated by tACS, as

emonstrated by the significant factor “frequency ” in the follow-up RM-

NOVA (F 3,42 = 5.56, p < 0.01, 𝜂p 
2 = 0.28, observed power = 0.92).

ost-hoc analysis revealed greater N20 amplitude during mu-tACS com-

ared to both sham-tACS ( p < 0.01) and theta-tACS ( p = 0.02) ( Fig. 2 ).

o differences were observed between N20 amplitude during sham-

ACS, beta-tACS (sham-tACS vs beta-tACS: p = 0.33) and theta-tACS

sham-tACS vs theta-tACS: p = 0.99). In contrast, the P25 amplitude

F 3,42 = 0.25, p = 0.86, 𝜂p 
2 = 0.02) and the latency of N20 and P25

 “frequency ”: F 3,42 = 0.89, p = 0.45, 𝜂p 
2 = 0.06; “frequency ” x “wave ”:

 3,42 = 2.29, p = 0.13, 𝜂p 
2 = 0.14) were similar between the four stim-

lation conditions ( Fig. 2 ). Analysis of peripheral SEP components re-

ealed no differences between tACS conditions in N9 and N13 amplitude

 “frequency ”: F 3,42 = 1.18, p = 0.33, 𝜂p 
2 = 0.09; “frequency ” x “wave ”:

 3,42 = 0.93, p = 0.43, 𝜂p 
2 = 0.07). Similarly, tACS did not change the

-HFO and l -HFO AUC ( “frequency ”: F 3,42 = 0.14, p = 0.86, 𝜂p 
2 = 0.01;

frequency ” x “wave ”: F 3,42 = 0.74, p = 0.45, 𝜂p 
2 = 0.05), or LLRs am-

litude, as demonstrated by the non-significant factor “frequency ” in the

M-ANOVA (LLR: F 3,42 = 1.24, p = 0.31, 𝜂p 
2 = 0.07)( Fig. 3 ). The non-

ignificant difference in N9, N13, P25, e-HFO, l -HFO and LLRs between

onditions was also supported by Bayesian statistics, showing moderate

o extreme evidence in favor of the null hypothesis. Bayesian analysis

n N20 instead demonstrated strong evidence in favor of the alternative

ypothesis (Supplementary Table 1). In conclusion, cortical processing

f somatosensory information, as measured with N20 amplitude, was

acilitated by tACS delivered at individual mu frequency, whereas P25

mplitude, peripheral SEP components, e-HFO, l -HFO, and LLRs did not

hange. 

.2. Experiment 2: time-dependent tACS effects 

The analysis demonstrated that N20 amplitude changed over time,

s suggested by the significant factor “time ” (F 3,42 = 6.93, p < 0.001,

p 
2 = 0.33, observed power = 0.97). Post-hoc analysis revealed that

20 amplitude selectively increased during mu-tACS (T1) compared to

aseline (T0) ( p < 0.01), T2 ( p = 0.02), and T3 ( p = 0.001). Notably,
5 
20 amplitude was similar between T0, T2, and T3 ( p > 0.05) ( Fig. 4 ).

hen we compared N20 amplitude during mu-tACS in experiments 1

nd 2, the analysis revealed similar values between the two different

xperimental sessions ( t = 0.69, p = 0.50). Furthermore, N20 ampli-

ude during mu-tACS in experiments 1 and 2 was positively correlated

 r = 0.52, p = 0.04). Overall, these results suggest that mu-tACS effects

re limited to the stimulation period and are reliable. 

. Discussion 

In the present study, we demonstrated that tACS delivered at mu

requency over S1 increased N20 amplitude, while beta-, theta-, and

ham-tACS had no effect. N20 latency, P25 amplitude and latency, and

he amplitude of peripheral (N9) and spinal (N13) SEP components did

ot change during tACS. Moreover, mu-, beta-, and theta-tACS did not

odulate the e-HFO or l -HFO AUC or LLRs amplitude. We also showed

hat N20 amplitude increased only during stimulation, i.e., it was similar

efore and after mu-tACS. Overall, these data provide direct evidence

hat tACS modulates the early processing of somatosensory information

t the cortical level in humans, and its effects have frequency- and time-

ependent specificity. 

One strength of the study is that mu-tACS effects on N20 amplitude

emonstrated a good reliability. Indeed, the same subjects participated

n experiments 1 and 2, and in both sessions we found a significant

20 amplitude increase during stimulation. Moreover, the amount of

acilitation did not differ between sessions, and there was a positive

orrelation between mu-tACS effects in experiments 1 and 2. We also

ade sure to control for several factors which could have influenced

ur results. Mu-, beta-, and theta-tACS intensity did not differ and was

arefully titrated in each participant below the threshold that induced

kin or visual sensations. This procedure allowed to avoid any possible

nfluence of tACS-related somatosensory side effects on SEPs amplitude

odulation and ensured that participants were unable to distinguish

etween real and sham stimulation, thus resulting in a proper blinding

rocedure. The four tACS stimulation conditions were applied in ran-

omized order and we waited 20 min between stimulation conditions to

void possible carryover effects. Previous studies have found that resid-

al tACS-related artifacts surviving the data analysis algorithms may

ontaminate EEG recordings at stimulation frequencies, their harmon-

cs, and side-bands ( Kasten and Herrmann, 2019 ; Noury et al., 2016 ;

oury and Siegel, 2017 a, 2017 b). While we cannot fully exclude that

inimal residual artifacts survived our SMA, PCA, and ICA procedures,

e believe it is unlikely that they influenced our results. Indeed, re-

ent studies showed that the template subtraction approach ensures re-

iable cortical evoked-potentials waveform reconstruction and measure-

ent, even if tACS-related artifacts are present ( Kohli and Casson, 2019 ;

elfrich et al., 2014 ; Fehér et al., 2017 ). Furthermore, even if case resid-

al artifacts survived our preprocessing methodology, they would have

imilarly contaminated EEG recordings during mu-, beta-, and theta-

ACS, thus not justifying the specific N20 amplitude modulation we ob-

erved with mu-tACS. 

The main finding of our study was that tACS applied at individual mu

requency, but not at individual beta or theta frequency, enhanced the

mplitude of the N20 SEP component recorded over the contralateral

omatosensory cortex. The effect of tACS in modifying the spike timing

f neuronal populations is known to be frequency dependent and strictly

elated to the so-called ‘endogenous resonance principle’. That is, tACS

ffects are prominent when the stimulation frequency matches or is very

lose to the endogenous rhythm of the targeted cortical site ( Ali et al.,

013 ; Antal and Paulus, 2013 ). Accordingly, the frequency specificity

f tACS effects we observed points to a prominent role of S1 mu oscilla-

ions in influencing the processing of somatosensory information. This

nding is fully in line with the literature linking mu oscillations to infor-

ation processing in somatosensory brain regions ( Pineda, 2005 ), and

n particular to the results of previous MEG and EEG studies conducted

n healthy humans showing an association between high pre-stimulus



A. Fabbrini, A. Guerra, M. Giangrosso et al. NeuroImage 254 (2022) 119119 

Fig. 2. Frequency-dependent effects of tACS on N20. A. Grand-average plot displaying mean and standard error of SEP N20 component during beta-, mu- and 

theta-tACS compared to sham-tACS. B. Single-subject (gray dots) and group mean (black dot) and standard error of the mean (bars) values of N20 in each stimulation 

condition. The N20 amplitude was greater during mu-tACS compared to both sham-tACS and theta-tACS. No differences were observed between N20 amplitude 

during sham-tACS, beta-tACS, and theta-tACS. The horizontal bars represent significant post-hoc comparisons. 

Fig. 3. Effects of tACS on peripheral and spinal SEP components, P25, LLRs and HFOs. Single-subject (gray dots) and group mean (black dot) and standard error of 

the mean (bars) values of N9 (A), N13 (B), P25 (C), LLR II (D), e-HFO (E) and l -HFO (F) during sham-, mu-, beta-, and theta-tACS. The N9, N13 and P25 amplitude 

was similar between the four tACS conditions. Similarly, tACS did not change LLRs amplitudes and e-HFO or l -HFO AUC. 

6 
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Fig. 4. Time-dependent effects of mu-tACS. SEPs were recorded before (T0), 

during (T1), and 1 min (T2) and 10 min (T3) after tACS applied at the individ- 

ual mu frequency. The N20 amplitude increased during mu-tACS (T1) compared 

to baseline (T0), T2, and T3. No differences were observed between the N20 am- 

plitude at T0, T2, and T3. The black dots and bars represent mean values and 

standard error of the mean, respectively. Individual subjects’ data are displayed 

in gray. The horizontal bars represent significant differences at post-hoc com- 

parisons. 
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u power over S1 and enhanced early somatosensory-evoked responses

ver S1 ( Zhang and Ding, 2010 ; Jones et al., 2009 ; Nikouline et al.,

000 ; Ziegler et al., 2010 ). In addition, invasive recordings in animals

evealed increased spike-firing rates in S1 during periods with high al-

ha power ( Haegens et al., 2011 b). 

The evaluation of all SEP components and the assessment of HFOs

nd LLRs during stimulation allowed us to clarify the neuronal circuit

ossibly responsible for the N20 amplitude increase induced by mu-

ACS. Previous studies have demonstrated that activation of sensorimo-

or cortical areas can gate the transmission of afferent sensory informa-

ion at various subcortical levels ( Insola et al., 2004 ; Rossini et al., 1999 ;

asaka et al., 2003 ; Lei et al., 2018 ). However, in our study, tACS ap-

lied at individual mu frequency did not change subcortical N9 and N13

EP components, which are generated in the brachial plexus and cervi-

al dorsal horn gray matter, respectively. Hence, we can exclude the

ossible influence of peripheral or spinal structures on mu-tACS effects

n N20. 

Moreover, our data showed that mu-tACS does not modulate HFO

mplitude. Previous evidence demonstrated that e-HFO reflect the ac-

ion potentials of thalamocortical fibers projecting to area 3b of the

omatosensory cortex, while l -HFO represent the activity of layer IV

ast-spiking GABA-ergic inhibitory interneurons connected to pyramidal

eurons receiving thalamocortical fibers ( Ozaki and Hashimoto, 2011 ).

ince mu-tACS failed to modify both e-HFO and l -HFO we could also

xclude the possibility that N20 amplitude increase was secondary to

hanges in thalamocortical output or layer IV GABA-ergic interneuron

ctivity. Similarly, mu-tACS also did not change LLRs amplitude, a mea-

ure reflecting the activity of intracortical somatosensory relay neurons

esponsible for transmission of peripheral afferent stimuli to the primary

otor cortex ( Bawa et al., 1979 ; Evarts and Fromm, 1981 ). Hence, we

an exclude that N20 modulation during mu-tACS depends on modifi-

ations in afferent pathways within the dorsal column/medial lemniscal

ystem to the sensorimotor cortex. 

We therefore suggest that mu-tACS directly acts on S1 and possi-

ly on neurons located in superficial cortical layers. Indeed, data from

nvasive recordings in animals show that frequency-specific tACS ef-
7 
ects are limited to the more superficial layers of the stimulated cortex

 Ali et al., 2013 ). Furthermore, a recent electrocorticography study in

pilepsy patients demonstrated that mu rhythm is primarily generated

y layer I-III neurons ( Halgren et al., 2019 ). The N20 wave is thought

o derive from excitatory postsynaptic potentials of layer IV pyramidal

eurons leading to a superficially-directed current in Brodmann’s area

b ( Allison et al., 1991 ; Valeriani and Le Pera, 2006 ). Accordingly, we

ypothesize that mu-tACS entrains mu-resonant neurons in superficial

1 layers, which in turn leads to the facilitation of pyramidal neurons

esponsible for N20 generation. Both the reduction in interneuronal in-

ibition and the increase in excitation may determine pyramidal neu-

on facilitation. Despite the difficulty in establishing the precise mech-

nism underlying mu-tACS effects, we found that mu-tACS did not af-

ect the P25 wave, which reflects GABA-ergic neurotransmission in S1

 Valeriani et al., 1998 ; Restuccia et al., 2002 ). Thus, we favor increased

xcitation as the possible neurophysiological substrate of mu-tACS ef-

ects on early S1 processing of sensory input. 

Another relevant study finding concerns the timing of mu-tACS ef-

ects on N20 amplitude. In experiment 2, we found that N20 amplitude

ignificantly increased during stimulation (T1) and this effect was not

resent at T2 or T3. These data clearly indicate that mu-tACS effects

ere limited to the stimulation time ( “online ”). The entrainment effect

roduced by tACS reflects the temporal alignment of endogenous rhyth-

ical brain activity with exogenous alternating currents ( Thut et al.,

011 ). In line with this mechanism, current evidence demonstrates

hat neurophysiological tACS effects reflecting entrainment take place

nly “online ”, i.e., during stimulation ( Guerra et al., 2019 , 2020 ;

ologna et al., 2019 ; Pozdniakov et al., 2021 ; Vossen et al., 2015 ). In

ontrast, tACS aftereffects, as shown in studies delivering ripple fre-

uency stimulations, are thought to be driven by synaptic plasticity

echanisms rather than outlasting entrainment “echoes ” ( Guerra et al.,

020 ; Moliadze et al., 2021 ). Accordingly, the lack of N20 modulation

e observed after stimulation further indicates that mu-tACS effects do

ot reflect plasticity mechanisms, but likely derive from successful en-

rainment of cortical neurons. 

Finally, we found comparable N20 amplitude between beta- and

ham-tACS conditions, possibly suggesting that beta rhythm does not

ignificantly influence cortical somatosensory processing. This result ap-

arently contrasts with a previous EEG study showing enhanced N20

uring beta activity increase ( Lalo et al., 2007 ). However, motor cortex

fronto-central channels) beta power, and sensorimotor beta coherence

ere measured in that study ( Lalo et al., 2007 ), whereas we focused

ACS current on the post-central gyrus, as demonstrated by our model-

ng data. Thus, we believe that it is unlikely that beta-tACS modulated

otor cortex beta or sensorimotor beta coherence. The lack of N20 mod-

lation during beta-tACS may also be due to neuroanatomical reasons.

eta oscillations are thought to originate from deeper cortical layers

 Sherman et al., 2016 ) than the mu rhythm ( Halgren et al., 2019 ), and

ACS may produce stronger effects on superficial layer neurons. Finally,

ecause there is a direct relationship between the stimulation intensity

equired to entrain neurons and the frequency targeted ( Reato et al.,

013 ), it is possible that the intensity we adopted was sufficient for

uccessful entrainment of somatosensory mu (8–13 Hz), but not beta

13–30 Hz) resonant neurons. 

We acknowledge the use of relatively low tACS intensities as a limi-

ation of our study. However, we used these intensities in order to avoid

ossible skin sensations and achieve a properly blinded study. To soften

his limit, we used a small stimulating electrode size, which results in

igher current density over the scalp than that produced by common

 × 7-cm stimulating electrodes. In addition, we applied tACS at indi-

idual, i.e., endogenous, frequencies, and lower stimulation intensities

ay suffice to modulate superficially-located cortical neurons ( Ali et al.,

013 ; Krause et al., 2019 ; Frohlich and McCormick, 2010 ; Schmidt et al.,

014 ). However, we cannot fully exclude that SEP components could be

odulated by tACS delivered at frequency bands other than mu (e.g.,

eta) using high stimulation intensities. Finally, although our findings
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re in line with the mechanisms underlying entrainment (i.e. frequency-

nd time-specificity), we did not directly measure entrainment in our

EG data. 

. Conclusion 

In conclusion, we demonstrated that tACS applied at individual mu

requency over S1 is able to modulate early processing of somatosensory

nformation at the cortical level, as measured with SEP N20 amplitude,

nd that the effect is strictly limited to the stimulation period. Together

ith a few previous observations ( Helfrich et al., 2014 ; Helfrich et al.,

016 ; Herring et al., 2019 ), this result represents a direct demonstra-

ion of tACS effects on cortical neuronal activity in humans, and likely

eflects successful entrainment of resonant neuronal populations. Suc-

essful modulation of S1 activity by tACS may lead to applications in

eurological disorders characterized by altered somatosensory function.
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