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Abstract
Background. CombiningTranscranial Electrical Stimulation andVisual Stimulation at the gamma
frequency of 40Hz holds scientific and clinical potential, but requires concurrent electrophysiologi-
calmeasurement to quantify neuronal effects. This poses substantialmethodological challenges:
electrical stimulation artifacts largely overshadowEEG signals; gamma signals’ amplitude is
particularly low; and oculo-muscular confounds overlap in frequency.With appropriate artifact
removal, we aimed to record 40Hz Steady-State Visually Evoked Potentials (SSVEPs)with EEG
during frequency-matched electrical stimulation and explore possible interactions.Methods. In three
experiments (N= 25 healthy volunteers each), we tested if electrical and visual stimulationmight
interact depending onwhich brain areas are electrically stimulated orwhether the respective
frequenciesmatch—and, importantly, how effectively the data processing pipeline can separate
artifacts fromgenuine neuronal activity. Analysing SSVEPs in the time domain, as opposed to the
traditional frequency domain, enabled us tomitigate electrical artifacts flexibly through an adaptive
template subtraction approachwithmillisecond precision. It also allowed us to extract SSVEP
waveform information, in addition to amplitude. Compared to previous approaches for low
frequencies, our algorithmhas improved artifact template fitting, a new interpolation feature, and
refined segment rejection criteria.MainResults.We successfully recovered 40Hz SSVEPs during
frequency-matched electrical stimulation applied to central and occipital regions. They closely
matched baseline SSVEPswithout electrical stimulation inwaveform shape. A control condition (no
visual stimulation, only electrical) produced uncorrelated low-amplitude signals, further demon-
strating robust artifact removal. No interactions between electrical and visual stimulationwere
found. Significance.We demonstrated how40Hz SSVEPs can be reliablymeasuredwith EEGduring
frequency-matched electrical brain stimulation, distinguishing neuronal activity from electrical or
physiological confounds. Thismethod now enables fundamental and clinical researchers to combine
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rhythmic sensory and electrical stimulation in the gammaband and concurrently quantify neuronal
electrophysiological effects.

Abbreviations

EEG Electroencephalography

SSVEP Steady-State Visually
Evoked Potential

VS Visual Stimulation

TES Transcranial Electric
Stimulation

tDCS Transcranial Direct Cur-
rent Stimulation

tACS Transcranial Alternating
Current Stimulation

FFT Fast-Fourier Transform

ATS Adaptive Template
Subtraction

1. Introduction

Visual Stimulation (VS) and Transcranial Electrical
Stimulation (TES) can be applied rhythmically to
safely and effectively modulate neuronal oscillations.
Oscillations in the gamma band (30–100 Hz, espe-
cially 40 Hz) are of particular interest due to their role
in perception andmemory (Herrmann et al 2010) and
because they are disrupted in disorders such as
Alzheimer’s Disease (Güntekin et al 2022). By mod-
ulating gamma activity, both VS and TES are promis-
ing approaches to causally investigate related
cognitive functions (Hanslmayr et al 2019) and to
intervene against cognitive decline (Strüber and
Herrmann 2020, Traikapi and Konstantinou 2021,
Guan et al 2022, Nissim et al 2023, Shu et al 2024).
Since audiovisual stimulation yields larger effects than
visual alone (Blanco-Duque et al 2023), combining
visual and electrical stimulation could also enhance
effects, but this approach is untested. Importantly,
neuronal responses need to be measured during
stimulation, as the modulation of neuronal activity is
necessary for studying gamma-related cognitive func-
tions (Hanslmayr et al 2019) and for clinical effects
(Blanco-Duque et al 2023).

Mechanistically, rhythmic VS elicits oscillatory
brain activity measurable as Steady-State Visually
Evoked Potentials (SSVEPs), particularly in the visual
cortex (Herrmann 2001, Bayram et al 2011). In con-
trast, rhythmic TES—in the form of Transcranial
Alternating Current Stimulation (tACS) or pulsed
Transcranial Direct Current Stimulation (tDCS)—
modulates cortical excitability and entrains neural fir-
ing to the applied current (Groppa et al 2010, Herr-
mann et al 2013, Fröhlich 2014). We hypothesised
that applying TES to the visual cortex at the same

frequency as VS could amplify visually evoked
responses through resonance. However, testing this
interaction requires electroencephalographic (EEG)
recording during stimulation, which poses substantial
challenges. First, EEG during TES is heavily con-
taminated by electrical artifacts that far exceed the
neural signal (Bergmann et al 2016, Noury et al 2016,
Kasten and Herrmann 2019). Second, visually evoked
gamma activity is low in amplitude and prone to con-
tamination by physiological artifacts—such as cranial
muscle activity and microsaccades—whose fre-
quencies are also >30 Hz and that may reflect cogni-
tive processes (Hipp and Siegel 2013). Third, using the
same frequency for both visual and electrical stimula-
tion makes it difficult to disentangle genuine neural
responses from residual artifacts.

Some previous studies have proposed strategies to
mitigate TES artifacts in EEG data, although this
remains challenging (Kasten and Herrmann 2019).
One approach is to subtract a TES artifact template
from EEG segments; outcomes are sensitive to stimu-
lation and analysis parameters (Dowsett and Herr-
mann 2016). Other work reports benefits of
combined TES and VS, but without concurrent EEG
measurement (Somer et al 2020, Liu et al 2021, Li et al
2024), or effects of constant tDCS on low-frequency
SSVEPs (Liu et al 2017, Kim et al 2019, Zhang et al
2024). To our knowledge, only a few studies have
combined rhythmic VS, rhythmic TES, and con-
current electrophysiological assessments. SSVEPs
have been recovered during frequency-matched TES
(Haslacher et al 2021) or even enhanced by it (Ruhnau
et al 2016, Dowsett et al 2020b), but only at lower fre-
quencies <11 Hz. This avoids a frequency overlap
with physiological confounds >30 Hz (Hipp and Sie-
gel 2013, Jonmohamadi and Muthukumar-
aswamy 2018) and takes advantage of strong
endogenous alpha levels, compared to gamma. For
cognition research and clinical interventions, how-
ever, 40 Hz is a crucial target (Ichim et al 2024). These
neuronal frequencies are mechanistically distinct:
while alpha oscillations are generated by thalamocor-
tical loops (Hindriks and van Putten 2013), gamma
oscillations require more localised cortical excitatory-
inhibitory feedback loops (Buzsáki and Schom-
burg 2015). Overall, modulating gamma-band
SSVEPs through frequency-matched TES is a timely
and important subject of investigation, but measure-
ment feasibility and interaction effects are unclear.

The present study addresses this knowledge gap.
We hypothesised that it would be possible to record
40 Hz SSVEPswith EEGduring electrical brain stimu-
lation, bymitigating electrical artifacts throughAdap-
tive Template Subtraction (ATS) and analysing
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SSVEPs in the time domain akin to Event-Related
Potentials. Compared to conventional frequency-
domain analyses using the Fast-Fourier Transform
(FFT), this approach offers several advantages such as
more fine-grained artifact removal, high signal-to-
noise ratio, and the possibility to inspect waveform
shapes (Dowsett et al 2020b). We here found that our
previously developed pipeline for reducing alpha-
band artifacts (Dowsett et al 2020b) did not suffi-
ciently reduce gamma pulsed tDCS artifacts; there-
fore, for the current study, we optimised the
algorithm, principally by improving the TES artifact
templates’ fit and by better dealing with persistent
artifacts through interpolation and data segment
rejection.

We argued based on previous research that elec-
trical and visual stimulation might interact, which
could be specific to stimulation area (Experiment 1)
and stimulation frequency (Experiment 2). Experi-
ment 3 served as a control experiment, where we
expected that under electrical brain stimulation,
recovered SSVEPs would be similar in waveform
shape to the baseline SSVEPs. While SSVEP ampl-
itudemight be modulated by TES through resonance,
its waveform shape should be similar within partici-
pants, if the TES artifact is correctly mitigated (see
Dowsett et al 2020b, figure 3). Electrical stimulation
without visual stimulation cannot elicit an SSVEP and
should therefore result in a significantly weaker and
uncorrelated signal. Looking ahead, we were indeed
able to successfully record 40 Hz SSVEPs with EEG
during brain stimulation. Testing different sites and
frequencies, we did not find evidence for interactions.

2.Materials andmethods

The rationale of this study was to investigate A) if
obtaining clean EEG data during gamma-band pulsed
tDCS, a form of oscillatory TES, is feasible; B) if
gamma TES can augment SSVEPs elicited by gamma
VS; and C) if different VS frequencies and TES sites
affect the outcome.We hypothesised that tomodulate
visually evoked gamma activity, concurrent TES
should be applied between occipital and central sites
to target visual brain areas, and the frequency of both
stimulation techniques should be closely matched
(Ruhnau et al 2016,Dowsett et al 2020b). Experiments
1 and 2 aimed to test whether SSVEPs are enhanced by
TES, depending on the factors site and frequency,
respectively. After first processing the data from these
experiments with an algorithm designed for alpha
tACS (Dowsett et al 2020b), visual inspection revealed
residual artifacts, so we followed up with Experiment
3 to improve and quantify artifact removal perfor-
mance. Experiment 3 was then a control experiment,
testing whether SSVEPs processed with our newly
improved algorithm can be reliably dissociated from
TES artifacts (not whether they are enhanced by TES,

as in Experiments 1 and 2). Upon confirming the
effectiveness of the improved algorithm, we applied it
to the data from all experiments. Those results are
reported here. All data and code are openly available
onOSF andGitHub, respectively.

2.1.Design
In all experiments, sessions began with TES and EEG
setup and gradual habituation to TES and VS. Multi-
ple blocks, each containing three (Experiments 1, 2)
or four (Experiment 3) five-minute trials, were then
recorded (figure 1(A)). During trials, participants
were instructed to keep their eyes closed and centred
and to remain still. They took short breaks between
blocks with the VS mask lifted, room lights on, and
eyes open. The TES frequency was always 39.9 Hz (see
Stimulation).

In the first experiment, we aimed to rule out any
effects of electrical currents on the retina or peripheral
nerves as confounds (Kar and Krekelberg 2012, Thut
et al 2017, Asamoah et al 2019) and investigate poten-
tial impacts of current direction (Balslev et al 2007).
VS was applied at 40 Hz, and TES sites varied per
block: we selected anodal O2 to cathodal Cz (O2-Cz+
or ‘occipito-central’) for the main condition, anodal
Cz to cathodal O2 (Cz-O2+ or ‘centro-occipital’) as a
reversed polarity condition, and anodal Cz to cath-
odal Fz (Cz-Fz+ or ‘centro-frontal’) as a site control
(Herring et al 2019); see figure 1(B). In the second
experiment, we tested for frequency specificity. TES
was always anodal at O2 and cathodal at Cz, and VS
frequency varied by block between 35, 40, and 45 Hz.
The 40 Hz VS condition was equivalent to the occi-
pito-central condition in Experiment 1; 35 and 45 Hz
were frequency controls. Experiments 1 and 2 inclu-
ded three pseudorandomised blocks each: within
every block, one trial of combined TES and VS was
preceded and followed by a trial with only VS at the
same VS frequency (figure 1(A)). VS-only trials that
preceded combined VS and TES trials are referred to
as ‘baseline’ trials (all PRE trials in figure 1(A)).

After applying the pipeline from (Dowsett et al
2020b) developed for the alpha band, the data from
Experiments 1 and 2 revealed occasional residual TES
artifacts appearing as square-shaped or spiked pat-
terns, which could distort our results. Simulations
revealed that this could be particularly problematic
for the interpretation of Experiment 2, as residual
artifacts in consecutive data segments time-locked to
VS would be more likely to average out if VS and TES
frequencies do not match (figure S1). This prompted
us to run another experiment to systematically optim-
ise and objectively quantify the artifact removal pipe-
line’s performance. Experiment 3 comprised two
pseudorandomised blocks (figure 1(A)): The exper-
imental block started with a baseline trial of only
40 Hz VS, followed by the same three TES conditions
as in Experiment 1 - occipito-central, centro-
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Figure 1.Experimental design. (A) Levels of the independent variablemanipulatedwithin each experiment are in bold.Dice icons
represent pseudorandomisation.One box equals one 5-minute trial; one rowof three or four trialsmarks one block. VS=Visual
Stimulation at a frequency of 35 Hz, 40 Hz, or 45 Hz, indicated by subscripts. InVSBO (BO for ‘blackout’), the LEDs flickering at
40 Hzwere coveredwith black tape. PRE= a baseline trial without TES, recorded before a trial with TES; POST= a trial without TES,
recorded after a trial withTES. TES=Transcranial Electrical Stimulation at 39.9 Hz, either Cz anodal andO2 cathodal (Cz-O2+),
O2 anodal andCz cathodal (O2-Cz+), Cz anodal and Fz cathodal (Cz-Fz+) or no electrical stimulation (OFF), indicated by
subscripts. (B) Simulation of current flows for the three TESmontages. The centro-occipitalmontage is equivalent to the occipito-
central onewith reversed polarity; they are equivalent here because themodels display the absolute amplitude of the electric field.
magnE= absolutemagnitude of the electric field inV/m. (C) Structure of all trials where TESwas applied. TESwas always on
throughout the full 5 min of a trial. VS (blackout or visible) alternated between on for 8.325 s and off for 8.325 s.
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occipital, and centro-frontal - with simultaneous
40 Hz VS. The defining feature of Experiment 3 was
the ‘blackout’ control block, where the VS device was
on at 40 Hz, but the LEDs were covered with black
tape. This precluded any visual stimulation effects
while keeping control conditions electrically equiva-
lent. The control block started with a resting state
trial, with blackout VS and no TES. Three trials fol-
lowed, matching the TES configurations of the exper-
imental block but with blackout VS (figure 1(A)). Any
rhythmic signals captured in these trials could only
result from residual TES artifacts, not SSVEPs, which
cannot be evoked if VS light does not reach the retina.
The order of TES trials was also pseudorandomised
and kept constant in both blockswithin participants.

2.2. Sample
With approval by the LMU Munich Psychology
ethical committee [19-688,October 2023] andwritten
informed consent obtained from all participants, we
recruited 25 healthy adult volunteers per experiment.
All procedures complied with the Declaration of
Helsinki, relevant laws, institutional guidelines, and
participants’ privacy rights. Ten volunteers took part
in Experiments 1 and 2, three volunteers took part in
Experiments 2 and 3, and eleven participated in all
three Experiments. Their sessions were at least one
month apart. The exclusion criteria were a history of
seizures or epilepsy (also for first-degree relatives),
any psychiatric or neurological condition, and colour
blindness assessed with an Ishihara test (Ekhlasi et al
2021, Clark 1924). The demographic information is
summarised in table 1.

2.3. Stimulation
Transcranial Electrical Stimulation (TES) was admi-
nistered using the neuroConn DC-Stimulator Plus
(neuroCare Group GmbH, Munich, Germany). We
used 5 × 5 cm square rubber electrodes with Ten20
conductive paste (Weaver and Company, Colorado,
USA). Impedances were kept below 10 kOhm. The
O2, Cz, and Fz positions were defined according to
the 10–20 system, based on a previous study (Dowsett
et al 2020b). Current flows simulated for a tDCS pulse
using one author’s brain scans and SimNIBS software
(Saturnino et al 2019) are shown in figure 1(B). The
stimulation waveform was delivered to the stimulator
with a digital-to-analogue converter using the ‘remote
input’ function. The pulsed Transcranial Direct

Current Stimulation oscillated between 0 and 0.8 mA
in a square-wave pattern with a duty cycle of 50%. A
squared pattern is more likely to modulate neuronal
responses (Fröhlich and McCormick 2010, Sherfey
et al 2018) and facilitates artifact removal (Dowsett
et al 2020b); direct current allows for a test of polarity
effects, as opposed to alternating current. The current
strength of 0.8 mA was chosen as a compromise
between participant comfort, artifact size, and effec-
tiveness. The TES frequency of 39.9 Hz used in all
experimental conditions, just below the VS frequency
of interest at 40 Hz, allowed for phase shifts between
TES and VS, such that the VS and TES gradually
drifted out of phase. We stimulated across all phases
as the optimal stimulation phase is unknown; it may
differ across participants, and multiple phases may
elicit an effect. Cycling through all phases allows for
measuring the average effect (Dowsett et al 2020b).
Moreover, any TES artifacts remaining after data
processing would be distributed across phase bins,
averaging to zero given enough data. During TES
trials, TES was administered continuously for five
minutes.

Visual stimulation (VS) was delivered through a
custom-made system powered by a microcontroller,
with LEDs embedded in a mask blocking off any
external light. We chose this setup for its highly pre-
cise timing and because it does not induce electrical
artifacts, as previously validated (Hainke et al 2025).
Participants’ eyes were closed as in Hainke et alwhere
VS was administered during sleep, laying the ground
for a future application of the present multimodal
protocol during sleep. Here, the eyes-closed protocol
also helped to mitigate signal contamination by eye
blinks and microsaccades—important physiological
confounds sharing the gamma frequency range—and
to stimulate for long times without the side effect of
eye fatigue (Hipp and Siegel 2013, Schielke and Kre-
kelberg 2022). ‘Flickering’ light was temporally
modulated in a square-wave pattern at a duty cycle of
50%. Narrowband red light with a peak wavelength of
605 nm facilitated transmittance through closed eye-
lids (Bierman et al 2011); the target illuminance was
175 photopic lux at the eye, a value chosen based on
pilot tests. In every five-minute trial, the temporally
modulated light alternated betweenON andOFF per-
iods, each 8.325 s long (figure 1(C)). This duration
ensured that for the primary frequency of interest of
40 Hz, the TES and VS cycles drifted apart long

Table 1. Sample demographics.

Experiment Sample size Agemean (years) Age range (years) Sexa Handedness

1 25 23.08 18–28 18 F/7M 21RH/3 LH/1AD

2 25 23.76 18–28 17 F/8M 21RH/3 LH/1AD

3 25 26.4 18–30 15 F/10M 22RH/3 LH

F= female;M =male; RH= right-handed; LH= left-handed; AD= ambidextrous.
a All participants indicated that their gendermatched their sex assigned at birth.
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enough to cover all relative phases in one ON-period.
Phase distributions were equally unbiased for 35 Hz
and 45 Hz VS (Figure S2). ON-periods originally con-
taining both SSVEPs and TES artifacts were processed
and then used for statistical analyses. OFF-periods
containing only TES artifacts and no neural signal of
interest were used for artifact removal. This applies
equally to blackout trials in Experiment 3, where the
LEDswere coveredwith black tape.

2.4. EEGacquisition andprocessing
EEG data were recorded with a BrainAmp system
(Brain Products GmbH, Gilching, Germany) at a
5 kHz sampling rate and impedances below 10 kOhm.
The ground was placed on the left earlobe, the
reference on the right earlobe, and the active electrode
at the midpoint between the two main TES electrodes
at O2 and Cz (near P2), where the electrical artifact
would be smallest. Due to individual differences in
head morphology, when needed, the active electrode
was adjusted slightly until the raw data showed the
characteristic TES square shape and did not clip. A
DC correction was applied before every block to
prevent signal saturation by the TES electric charge.
Data were divided into short segments time-locked to
the flicker, with a length depending on VS frequency
of 22.2 ms (45 Hz), 25 ms (40 Hz), or 28.8 ms (35 Hz).
Data were not filtered to prevent distorting the shape
of theTES artifact.

To clean EEG data segments of TES artifacts, we
refined the Adaptive Template Subtraction method by
(Dowsett et al 2020b).We refer to theupdated algorithm
described below asATS.The pipeline’s feature andpara-
meters were optimised solely based on data from
VSBOTESO2-Cz+, the control condition from Experi-
ment 3 directly matching the main experimental condi-
tion included in all three experiments, VS40TESO2-Cz+.
InVSBOTESO2-Cz+, noVSwas visible, sononeural signal
of interest (i.e., SSVEP) could be evoked; also, segments
were time-locked to the (unseen, blacked-out) 40HzVS
and not to TES at 39.9 Hz. Thus, if the pipeline correctly
removes TES artifacts, the segment average should be a
relatively flat line. Any slight fluctuations should only
reflect natural EEG noise, not a periodic 39.9 Hz signal.
Simulations revealedhowan average signal resembling a
40Hz SSVEP could appear in control data if the artifact
removal were to perform suboptimally in a larger num-
ber of consecutive segments (Figure S1). Therefore,
modifications to the pipeline were deemed successful if
they further minimised median peak-to-peak ampli-
tudes of participant-level segment averages in the condi-
tion VSBOTESO2-Cz+. Only after the pipeline
optimisation was concluded did we apply it universally
to all data across all conditions and experiments, to pre-
vent anybias inour statistical analyses.

Each segment-to-clean in VS-ON periods of TES
trials underwent the processing pipeline visualised in
figure 2(A) and described as follows. First, the steepest

points of the segment-to-clean were defined as the
data points where its absolute first differential excee-
ded 10% of the segment’s total amplitude (‘steepest
points’). The first differential of a time series quanti-
fies the steepness of transitions between neighbouring
time points. For a 25 ms segment, for example, this
typically resulted in one subset of data points for the
TES square-wave rise and one subset for the TES
square-wave fall. These steep point subsets were each
extended by two data points before and four data
points after, to capture the full extent of the artifact
(‘artifact points’). Then, segments potentially suitable
for a template were selected from twoVS-OFF periods
- the one before and the one after the current VS-ON
period (except if the segment-to-clean was in a trial’s
first VS-ON period, then only the directly following
VS-OFF period was available). VS-OFF data were
digitally segmented with a sliding window matching
the length of the segment-to-clean and moving for-
ward one data point at a time. The peak-to-peak
amplitude was computed for each VS-OFF segment
minus the segment-to-clean; if this value was below
10% of the segment-to-clean’s amplitude, the VS-
OFF segmentwas pre-selected as a potential candidate
for the template. Each pre-selected VS-OFF segment
was assigned a score computed by subtracting the seg-
ment-to-clean from the VS-OFF segment, taking the
first differential of this difference, and calculating the
sum across the ‘artifact points’. The best combination
of VS-OFF segments for a template was defined as the
pair for which the absolute average score was the low-
est. Because the first differential quantifies steepness
between neighbouring data points, a low absolute
score derived from the points most affected by the ris-
ing or falling artifact indicates a good match between
segment-to-clean and template. The two best VS-OFF
segments of approximately 300 were averaged into a
template; then, the template was scaled to best match
the amplitude of the segment-to-clean. The template
was progressively scaled larger or smaller as long as
this reduced the maximum of the absolute first differ-
ential at the ‘artifact points’ of the segment-to-clean
minus the scaled template. Lastly, the final template
was baseline-corrected and subtracted from the base-
line-corrected segment-to-clean.

The next step of the pipeline, depicted in
figure 2(B), dealt with any artifacts that resisted the
above-mentioned procedure. They could either
appear as patterns resembling the TES pulse square
shape or as sharp spikes at the TES rise or fall points,
in case the template’s shape or phase did not match
the segment-to-clean well enough. This could result
from a temporary increase in noise in the data, espe-
cially from a head movement. We first targeted the
spike artifacts through linear interpolation: each seg-
ment after template subtraction was assigned a score,
defined as the sum of its absolute first differential at
the ‘steepest points’. If this score exceeded the system-
atically calibrated threshold of 16 μV (figure S3), the
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Figure 2.ATSpipeline for TES artifact removal. (A)Artifact removal process for all segments inVS-ONperiods, recorded during
concurrent TES and time-locked to the flicker. Segment lengths of 25 ms depicted here correspond to 40 HzVS, but the same applies
to 22.2 ms or 28.8 ms segments (35 Hz or 45 HzVS). An example segment of data fromExperiment 1, conditionVS40TESO2-Cz+ is
shown -with TES artifact before processing (first subplot) and after processing (last subplot). (B)Additional processing steps to
mitigate artifacts surviving the processing pipeline depicted inA.
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‘steepest points’ subsets were each replaced with a
straight line. If the segment’s score, recalculated after
linear interpolation, still exceeded the threshold, a
square-shaped artifact was likely present, so the seg-
mentwas rejected.

Apart from these scores, three other criteria were
defined for segment rejection post-processing: Seg-
ments in the first four seconds of each TES trial were
discarded by default becausemuscular activity tended
to be slightly higher at trial start, increasing the like-
lihood of residual artifacts. Second, segments for
which fewer than two suitable template segments
were found were removed. Lastly, as is common in
standard EEG processing, segments with a peak-to-
peak amplitude larger than 90 μV (likely to contain
muscular artifacts) were excluded. This last step also
applied to segments from TESOFF conditions, which
(free from TES artifacts by design) did not require any
further processing. SSVEPs were finally computed by
averaging all included segments by condition and par-
ticipant, akin to a time-domain Event-Related Poten-
tial (figures S4–S9). The peak-to-peak amplitude of
the time-domain segment average represents the
SSVEP’smagnitude.

To summarise the development of the ATS algo-
rithm in this paper in the context of previouswork: we
started by using the previous algorithm that we had
developed for a different dataset using saw-tooth
tACS in the alpha-band (Dowsett et al 2020b). How-
ever here, by comparison, we used square-wave
pulsed tDCS in the gamma band, and we found we
needed to adapt the pipeline in three ways: 1) includ-
ing a pair of segments for the base artifact template; 2)
template scaling; 3) linear interpolation and rejection
of processed segments. Figure 2 shows the complete
ATSpipeline applied here to all three experiments.

2.5. Statistical analysis
In Experiments 1 and 2, we hypothesised an increase
in SSVEP amplitudes only by frequency-matched TES
applied between occipital and central sites. After-
effects were also tested for in these conditions. In
Experiment 3, we tested for residual TES artifacts by
comparing TES-only conditions to resting-state data.
Moreover, we hypothesised that SSVEPs evoked by
40 Hz VS could be recovered during frequency-
matched TES at all sites, evidenced by A) larger
amplitudes than the averaged signal from corresp-
onding TES-only control data without VS and B)
higher waveform correlations with baseline SSVEPs
from VS-only data than with averaged signals from
TES-only data. With a significance criterion of
α = 0.05 and Cohen’s d as effect size, directed
hypotheses were tested through one-tailed permuta-
tion tests, and two-tailed permutation tests were run
for expected null effects. Pearson correlation coeffi-
cients to assess SSVEP waveform similarity between
two conditions were also subjected to permutation

tests. Participants were excluded from a test if less
than half of the data was available for any condition in
that test. Bonferroni-corrected p-values to account
for multiple comparisons are reported in the Supple-
mentaryMaterials (tables S1–3).

3. Results

The results of Experiment 1 are detailed in table 2.
Contrary to expectations, centro-occipital frequency-
matched TES did not modulate SSVEP amplitudes
during stimulation (H1.1), and occipito-central fre-
quency-matched TES slightly decreased them (H1.3),
though this effect does not survive Bonferroni correc-
tion (p = .1; table S1). Neither of these TES configura-
tions induced after-effects on SSVEPs (H1.2, H1.4).
As expected, centro-frontal frequency-matched TES
did not increase SSVEP amplitudes during or after
stimulation (H1.5,H1.6).

The results of Experiment 2 are listed in table 3.
Frequency-matched occipito-central TES again did
not increase SSVEP amplitudes during (H2.3) and
after (H2.4) stimulation. As expected, when VS fre-
quency was lower (35 Hz) or higher (45 Hz) than TES
frequency, occipito-central TES did not modulate
SSVEP amplitudes during stimulation (H2.1, H2.5).
SSVEP amplitudes after TES were unaltered in the
35 HzVS condition (H2.2) and decreased in the 45 Hz
condition (H2.6).

Table 4 summarises the results of Experiment 3.
While TES artifacts are unlikely to be eliminated
entirely (Kasten and Herrmann 2019; H3.1, H3.3,
H3.5), here they have been successfully minimised to
a level smaller than the neural signal of interest. The
averaged signal from conditions with both visual and
electrical stimulation, baseline-corrected by data
unaffected by any stimulation, had a larger amplitude
than in conditions with electrical stimulation alone,
equally baseline-corrected. This is true for occipito-
central and centro-occipital TES (H3.2, H3.4); the test
for centro-frontal TES did not reach significance
(H3.6). It follows that apart from centro-frontal TES
conditions, recording neuronal responses evoked by
VS with EEG was possible despite the ongoing brain
stimulationwith occipital and central TES (figure 3).

SSVEP waveform correlations further supported
this finding. Note that while TES-only trials may con-
tain residual artifacts but no visually evoked neural
signal, the opposite is true for VS-only trials. Our data
show that the averaged signal from the conditions
combining VS and TES was more highly correlated
with the signal acquired during VS-only than with the
signal acquired during TES-only (H3.7, H3.8).
Figure 4 displays the participant-level SSVEPs.
Regardless of whether TES was applied simulta-
neously or not, recovered waveforms tended to be
noticeably similar within participants, semi-sinusoi-
dal, and consistent with a VS frequency of 40 Hz in
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Table 2.Results of Experiment 1.

Variable 1 Test Variable 2 N Mean (SD) 1 Mean (SD) 2 Mean difference [Confidence Interval] P-value Cohen’s d

H1.1 VS40TESOFFPRE < VS40TESCz-O2+ 25 1.44 (0.8) 1.47 (0.75) 0.04 [−0.11 ; 0.18] 0.31 0.03

H1.2 VS40TESOFFPRE < VS40TESOFFPOST 25 1.44 (0.8) 1.39 (0.84) −0.05 [−0.15 ; 0.05] 0.18 −0.04

H1.3 VS40TESOFFPRE < VS40TESO2-Cz+ 25 1.52 (0.83) 1.36 (0.71) −0.16 [−0.32 ; 0.01] 0.03 −0.14

H1.4 VS40TESOFFPRE < VS40TESOFFPOST 25 1.52 (0.83) 1.48 (0.85) −0.03 [−0.2 ; 0.13] 0.32 −0.03

H1.5 VS40TESOFFPRE =/= VS40TESCz-Fz+ 25 1.46 (0.89) 1.17 (0.6) −0.29 [−0.58 ;−0.01] 0.05 −0.27

H1.6 VS40TESOFFPRE =/= VS40TESOFFPOST 25 1.46 (0.89) 1.39 (0.82) −0.08 [−0.22 ; 0.07] 0.27 −0.06

Means, standard deviations (SD), and confidence intervals in microvolts. The symbol ‘<’ indicates the direction of one-tailed tests; ‘=/=’ represents two-tailed tests for expected null effects. PRE and POST refer to the VS-only trials

before and after the TES conditionwithin a given block, respectively—i.e., Cz-O2+ inH1.1 andH1.2,O2-Cz+ inH1.3 andH1.4, andCz-Fz+ inH1.5 andH1.6.
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Table 3.Results of Experiment 2.

Variable 1 Test Variable 2 N Mean (SD) 1 Mean (SD) 2 Mean difference [Confidence Interval] P-value Cohen’s d

H2.1 VS35TESOFFPRE < VS35TESO2-Cz+ 24 1.64 (0.78) 1.51 (0.74) −0.12 [−0.29 ; 0.05] 0.16 −0.11

H2.2 VS35TESOFFPRE < VS35TESOFFPOST 24 1.64 (0.78) 1.57 (0.84) −0.06 [−0.34 ; 0.21] 0.61 −0.05

H2.3 VS40TESOFFPRE < VS40TESO2-Cz+ 23 1.15 (0.51) 1.16 (0.47) 0.0 [−0.14 ; 0.15] 0.47 0.01

H2.4 VS40TESOFFPRE < VS40TESOFFPOST 23 1.15 (0.51) 1.15 (0.52) −0.01 [−0.12 ; 0.1] 0.42 −0.01

H2.5 VS45TESOFFPRE =/= VS45TESO2-Cz+ 24 0.9 (0.34) 0.82 (0.29) −0.08 [−0.17 ; 0.01] 0.07 −0.18

H2.6 VS45TESOFFPRE =/= VS45TESOFFPOST 24 0.9 (0.34) 0.75 (0.3) −0.15 [−0.23 ;−0.07] <.01 −0.32

Means, standard deviations (SD), and confidence intervals inmicrovolts. The symbol ‘<’ indicates the direction of one-tailed tests; ‘=/=’ represents two-tailed tests for expected null effects.
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Table 4.Results of Experiment 3.

Variable 1 Test Variable 2 N Mean (SD) 1 Mean (SD) 2 Mean difference [Confidence Interval] P-value Cohen’s d

H3.1 VSBOTESOFFPRE =/= VSBOTESCz-O2+ 21 0.32 (0.07) 0.66 (0.21) 0.34 [0.24 ; 0.45] <.01 1.56

H3.2 VSBOTESCz-O2+ –VSBOTESOFFPRE < VS40TESCz-O2+ –VSBOTESOFFPRE 21 0.34 (0.23) 0.72 (0.42) 0.37 [0.18 ; 0.56] <.01 0.78

H3.3 VSBOTESOFFPRE =/= VSBOTESO2-Cz+ 20 0.31 (0.07) 0.67 (0.23) 0.35 [0.25 ; 0.45] <.01 1.49

H3.4 VSBOTESO2-Cz+ –VSBOTESOFFPRE < VS40TESO2-Cz+ –VSBOTESOFFPRE 20 0.35 (0.21) 0.93 (0.51) 0.58 [0.33 ; 0.82] <.01 1.04

H3.5 VSBOTESOFFPRE =/= VSBOTESCz-Fz+ 18 0.31 (0.06) 0.62 (0.2) 0.3 [0.2 ; 0.41] <.01 1.44

H3.6 VSBOTESCz-Fz+ –VSBOTESOFFPRE < VS40TESCz-Fz+ –VSBOTESOFFPRE 18 0.3 (0.21) 0.41 (0.21) 0.11 [−0.06 ; 0.27] 0.09 0.36

H3.7 VS40TESO2-Cz+ XVSBOTESO2-Cz+ < VS40TESO2-Cz+ XVS40TESOFFPRE 20 0.27 (0.54) 0.7 (0.33) 0.44 [0.12 ; 0.76] <.01 0.7

H3.8 VS40TESCz-O2+ XVSBOTESCz-O2+ < VS40TESCz-O2+ XVS40TESOFFPRE 21 −0.04 (0.52) 0.76 (0.38) 0.8 [0.51 ; 1.09] <.01 1.25

Means, standard deviations (SD), and confidence intervals in microvolts, except for H3.7 and H3.8 (unit-free correlation coefficients). The symbol ‘<’ indicates the direction of one-tailed tests; ‘=/=’ represents two-tailed tests for

expected null effects; ‘X’ stands for Pearson correlations of SSVEPwaveforms.
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period. Group-level averages of SSVEPwaveforms are
not displayed, since averaging over participant-level
SSVEPs of different phases and shapes would result in
little signal (Dowsett et al 2020a). Instead, the sig-
nificant group-level tests H3.7 and H3.8 support the
generalisability of this finding.

The statistical results of Experiment 3 confirm
that the ATS algorithm presented in this study effec-
tively mitigates gamma TES artifacts, which was the
aim of this experiment. It would be beyond the scope
of the current study to systematically compare the
current algorithm with previous approaches. Our
focus here was to evaluate the current approach for
artifact removal rather than to apply statistical ana-
lyses on clearly contaminated data, i.e., unprocessed
data (figure 5(A)) or data processed with the previous
algorithm designed for alpha tACS (figure 5(B)).
Instead, figure 5(C) illustrates how data segments
were appropriately cleanedwith the present ATS algo-
rithm, as confirmed statistically.

4.Discussion

In sum, we demonstrated that recording brain
responses to 40 Hz visual flicker during frequency-
matched TES is possible. Capturing EEG signals
duringTES remains amajor challenge in neuromodu-
lation, as TES artifacts vastly exceed neuronal signals -
especially in the gamma band, where a frequency
overlap with physiological artifacts is problematic,

and when TES is frequency-matched to VS. Here, we
demonstrate the efficacy of an improved Adaptive
Template Subtractionmethod in successfully recover-
ing 40 Hz SSVEPs during frequency-matched oscilla-
tory TES. Although frequency-matched TES did not
augment SSVEPs, our data strongly indicate genuine
neuronal activity rather than electrical or physiologi-
cal artifacts. These findings pave the way for funda-
mental and clinical research to combine rhythmic
sensory and electrical gamma-band stimulation while
concurrently verifying neuronal effects with EEG.

In Experiments 1 and 2, we tested whether oscilla-
tory TES could enhance SSVEP amplitudes depend-
ing on TES sites and frequency overlap with VS. Our
data did not support this hypothesis. The 0.8 mA TES
current—chosen to balance participant comfort, arti-
fact suppression, and efficacy—may have been too
weak. It may have failed to influence the robust 40 Hz
responses driven by widespread, dynamic visual pro-
cessing - especially those elicited by square-wave
flicker (Panitz et al 2023). This would be in line with a
recent study showing the superiority of periodic sen-
sory stimuli over concurrent TES in entraining beha-
viour (Cabral-Calderin and Henry 2025). The
apparent decrease of 45 Hz SSVEP amplitudes after
occipito-central TES in Experiment 2 may be coin-
cidental, given ongoing debate over TES efficacy
(Parkin et al 2015, Polanía et al 2018), the limitations
of p-values for inferring effect importance (Rothman
2016, Wasserstein and Lazar 2020), the small effect

Figure 3.Visual responses (SSVEPs) successfully recoveredwith EEGduringTES applied between central and occipital electrodes.
Peak-to-peak amplitudes of averaged segments by condition in Experiment 3. Black boxplots represent conditions with blackoutVS
(VSBO) and active TES; these signalsmay contain residual TES artifacts, but no visually evoked neuronal activity. Coloured boxplots
represent the equivalent conditionswith visible 40 HzVS (VS40); these signals should additionally contain visually evoked neuronal
activity at 40 Hz. All were baseline-corrected by the resting-state conditionwith blackoutVS andnoTES (VSBOTESOFFPRE). Boxplot
linesmarkmedian values; boxes delimit the interquartile range; whiskers encompass data points within 1.5x of the interquartile
range frombox limits; *** = p< .001.
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size (d = −0.32), and the lack of replication of after-
effects across conditions. SSVEP variability may have
stemmed from fatigue, differing sample character-
istics, and varying condition orders.

One possibility is that TES at 39.9 Hz, drifting in
and out of phase with 40 Hz VS, may have enhanced
SSVEPs at some phases and suppressed them at oth-
ers. We prioritised validating the data processing

Figure 4. 40 Hz SSVEPs, recordedwith orwithout concurrent TES, were highly correlatedwithin participants. SSVEPs in the time
domain at the participant level. Datawere taken fromExperiment 3 and processed as described inEEGAcquisition&Processing.
Within-participant Pearson correlation coefficients of the two conditions’ averagewaveforms are presented at the bottom right of
every subplot and coloured if r> 0.4. (A) SSVEPs from the occipito-central condition.N= 20 after exclusion (see Statistical
Analysis). VS40TESOFFPRE: 40 HzVisual Stimulation alone. VS40TESO2-Cz+: 40 HzVisual Stimulation and concurrent Transcranial
Electrical Stimulation at 39.9 Hz, anodal at the occipital siteO2 and cathodal at the central site Cz. (B) SSVEPs from the centro-
occipital condition.N= 21 after exclusion (see Statistical Analysis). VS40TESOFFPRE: 40 HzVisual Stimulation alone, the same as in
A. VS40TESCz-O2+: 40 HzVisual Stimulation and concurrent Transcranial Electrical Stimulation at 39.9 Hz, anodal at the central site
Cz and cathodal at the occipital siteO2.
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pipeline in this study, reasoning that a uniform TES–
VS phase distribution would aid interpretation, given
the persistent challenge of artifact removal and the
lack of consensus on an optimal stimulation phase.
With artifact correction now validated, future work
could systematically vary TES–VS phase to identify
potential phase-dependent effects, which may also
differ across individuals. Although red light through
closed eyes may have reduced retinal input, this
method can reliably elicit SSVEPs even in sleep and at
lower illuminance (Hainke et al 2025). Higher TES
intensities could be explored using anaesthetic gels to
reduce skin sensation (Kerstens et al 2022). Lastly,
other gamma TES protocols such as tACS or saw-
tooth-wave tDCS may also be worth investigating
(Dowsett andHerrmann 2016,Dowsett et al 2020b).

Experiment 3 highlighted the need for robust con-
trol conditions where TES is active but sensory input
is blocked - especially when comparing different sti-
mulation frequencies, since residual artifacts may
affect SSVEPs more strongly when TES and VS fre-
quenciesmatch (figure S1).We confirmed that signals
during combined visual and electrical stimulation
over occipital and central areas were stronger than
during electrical stimulation alone (figure 3).
Although complete artifact removal remains challen-
ging (Kasten and Herrmann 2019), our pipeline
reduced TES artifact amplitude by a factor of 220. For
example, in the main control condition (occipito-
central TES with blackout VS), average segment

amplitudes dropped from 6356 μV (raw) to 28.9 μV
(processed) - well within the typical 0.5–100 μV range
of resting-state EEG (figure 5; Teplan 2002). In the
centro-frontal TES condition, artifacts were too large
to prevent signal saturation in all trials - likely due to
strong electric field differences between active and
reference electrodes. Our setup thus performs well for
EEG electrodes positioned between TES electrodes,
but will require adaptation for electrodes located far-
ther from the TES midline. Future studies could
address this by testing alternative EEG electrodes, TES
electrode sizes, or TES shapes.

To further demonstrate the successful recovery of
40 Hz SSVEPs during TES, we compared waveform
shapes. SSVEPs recorded during centro-occipital and
occipito-central TES closely resembled baseline
SSVEPs without TES, as would be expected within
subjects (Dowsett et al 2020b) and differed from TES-
only signals, which may contain residual artifacts but
no visual response. Across VS conditions, SSVEPs
exhibited semi-sinusoidal waveforms and periodicity
consistent with 40 Hz visual stimulation. The within-
subject similarity was both visually apparent (figure 4)
and statistically significant.

This analysis, providing evidence for genuine
neuronal activity as opposed to square-shaped arti-
facts, is by definition only possible with time-domain
SSVEP processing. Unlike the FFT, this method is
assumption-free regarding waveforms (Cole and
Voytek 2017). Further advantages over traditional

Figure 5.OnlyATS adapted to gamma effectivelymitigates gammaTES artifacts. Example 25 ms data segments froman individual
participant, VSBOTESO2-Cz+ condition, baseline-corrected. (A)Raw segmentswithout any processing. The squared TES shape
dominates the signal at a high amplitude (note the higher y-axis limits). (B)The same segments processedwith anATS algorithm
originally developed for alpha tACS (Dowsett et al 2020b). Residual square-shaped artifacts contaminate the EEG signal. (C)The
segments processedwith theATS algorithmpresented in this study.No residual artifact is visible.
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frequency-domain analyses include a more fine-
grained artifact removal that can adapt to TES artifact
variations (e.g., caused by impedance changes) at mil-
lisecond scale. Moreover, averaging thousands of brief
(e.g., 25 ms) segments yields a high signal-to-noise
ratio, as confounds like muscular or ocular activity
which share the gamma band (Hipp and Siegel 2013),
but are not phase-locked toVS, average out.

We refrained from applying an FFT to our pro-
cessed data for comparison, since our pipeline rejects
segments with residual TES or physiological artifacts.
It would be ill-fitting to treat the remaining segments
as a continuous time series, misrepresenting the tem-
poral dynamics of unprocessed neuronal activity.
Moreover, the pipeline applies baseline correction to
segments: Not realigning themwould add sharp tran-
sitions to the data that may introduce spurious arti-
facts in the FFT, and realigning them would add low-
frequency drifts. This pipeline is intended for use in
the EEG time domain, which we argue to be a valid
way to represent less commonly studied features of
SSVEPs (Dowsett et al 2020a,Dowsett et al 2020b).

While the ATS method presented here builds on
(Dowsett et al 2020b), several key differences distin-
guish our approach (see figure 2 here versus figure 2
in Dowsett et al 2020a). First, we used pulsed tDCS
rather than tACS, enabling polarity-specific analyses.
Second, we applied the more common square-wave
instead of sawtooth stimulation. Third, we adminis-
tered TES at 0.8 mA (versus 2 mA), guaranteeing
comfort required for future use during sleep (Hainke
et al 2025) or in clinical populations. Most critically,
we used gamma-band stimulation, which poses
greater challenges for EEG than alpha-band stimula-
tion (Hipp and Siegel 2013). These differences likely
explain the distinct patterns of results in both studies
and why the original algorithm, designed for saw-
tooth alpha tACS, performed suboptimally on our
initial data (figure 5(B)). This motivated Experi-
ment 3, which included electrically equivalent control
conditions to guide data-driven improvements. The
updated ATS algorithm uses a pair of segments to
form the base artifact template, instead of just one;
this is particularly useful when two template segments
match the phase of the segment to clean, but each at a
higher or lower artifact amplitude, respectively. We
also introduced template scaling for a better template
fit, as well as linear interpolation and rejection of pro-
cessed segments to handle any persisting residual
artifacts.

Note that our question in this project was whether
recovering gamma SSVEPs during frequency-mat-
ched TES is feasible. A systematic comparison
between the improved ATS algorithm described here
and any other artifact removal methods, although
beyond the scope of the current study, is an important
topic for future work. Through systematic improve-
ments of the ATS algorithm, we were here able to
reduce the artifacts and recover gamma SSVEPs - as

confirmed by visual inspection (figure 5(C)) and sta-
tistical tests (figures 3–4). The novel contribution of
this study is the successful combination of VS andTES
in the artifact-prone and neurophysiologically dis-
tinct gamma band at 40 Hz, beyond previous applica-
tions for alpha<11 Hz.

To conclude, we demonstrated that 40 Hz Steady-
State Visually Evoked Potentials can be reliably mea-
sured with EEG during frequency-matched Tran-
scranial Electrical Stimulation using Adaptive
Template Subtraction, providing evidence in favour
of recovered neuronal activity distinct from electrical
or physiological confounds. This enables new applica-
tions combining sensory and electrical brain stimula-
tion, both widely used to modulate human gamma
activity (Thut et al 2011, Hanslmayr et al 2019, Koch
et al 2024, Wang et al 2024). Future studies can sys-
tematically test how frequency-matched TES might
modulate sensory-evoked potentials under various
conditions, such as individual peak gamma fre-
quencies (Mockevičius et al 2023), brain-computer-
interfaces (Müller et al 2011, Bojorges-Valdez and
Yanez-Suarez 2018), and other sensory domains
(Jones et al 2020, Mosabbir et al 2022, Rufener et al
2023). Multimodal gamma stimulation might sup-
port the normalisation of gamma oscillations in var-
ious neurological and psychiatric conditions
(Palmisano et al 2024) and neuroenhancement (Antal
et al 2022, Camacho-Conde et al 2023, Violante and
Okyere 2024). Importantly, as enhanced gamma
activity likely underlies any cognitive effects, neuronal
responses to stimulation should be quantified—this is
nowpossible.
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