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No Effects of Transcranial Direct Current Stimulation on Visual Evoked Potential and Peak Gamma

Frequency

Abstract

Evidence suggests that the visual evoked potential (VEP) and gamma oscillations elicited by visual
stimuli reflect the balance of excitatory and inhibitory (E-I) cortical processes. As tDCS has been shown
to modulate E-I balance, the current study investigated whether amplitudes of VEP components (N1 and
P2) and peak gamma frequency are modulated by transcranial direct current stimulation (tDCS). Healthy
adults underwent two electroencephalography (EEG) recordings while viewing stimuli designed to elicit
a robust visual response. Between the two recordings, participants were randomly assigned to three
tDCS conditions (anodal-, cathodal-, and sham-tDCS) or received no-tDCS. tDCS electrodes were placed
over the occipital cortex (0z) and the left cheek with an intensity of 2 mA for 10 min. Data of 39
participants were analysed for VEP amplitudes and peak gamma frequency using mixed-model ANOVAs.
The results showed no main effects of tDCS in any metric. Possible explanations for the absence of tDCS

effects are discussed.

Keywords Excitation-Inhibition Balance, Neuromodulation, tDCS, EEG, Visual Evoked Potential, Peak

Gamma Frequency

Introduction

Cortical Excitation-inhibition (E-I) balance plays a crucial role in cognition and behaviour (Edden et al,,
2012; Yizhar et al.,, 2011). Disruptions in cortical E-I balance are suggested to underlie neurological
disorders such as autism, schizophrenia, and migraine (Baroncelli et al., 2011; Bertone et al., 2005;
Coghlan et al,, 2012; Dickinson, Jones, et al., 2016; Nguyen et al., 2016; Rubenstein & Merzenich, 2003).
Such disruptions in cortical E-I balance can be indirectly inferred from visual psychophysical task

performance, including Binocular Rivalry and visual Orientation Discrimination Tasks (ODT) (Dickinson,

1



Bruyns-Haylett, et al., 2016; Freyberg et al., 2015; Nguyen et al., 2016; Robertson et al., 2013; Robertson
etal., 2016; Sysoeva et al,, 2016). Inferences about E-I balance from these tasks are made because they
are associated with the resting-state gamma-aminobutyric acid (GABA) concentration levels in the
primary visual cortex (V1) measured by magnetic resonance spectroscopy (MRS) (Edden et al., 2009;
Kurcyus et al,, 2018; van Loon et al., 2013). For instance, participants completing binocular rivalry tasks
are simultaneously presented with two visual images in a monocular manner (one image for each eye)
leading to an alternating perception of these two images. Studies of binocular rivalry task performance
have shown an association between higher GABA concentration level in the visual cortex and slower
perceptual dynamics, as indicated by slower perceptual switches and longer percept duration (van Loon
et al, 2013). In the ODT, as another example, participants are visually presented with pairs of gratings
in a sequence and are instructed to judge whether the second grating had been tilted clockwise or anti-
clockwise compared to the first grating. Similar to the binocular rivalry task, a higher resting-state GABA
concentration level in the primary visual cortex was associated with enhanced orientation
discriminability, as indicated by lower orientation discrimination thresholds on ODT (Edden et al,,
2009). However, our recent study investigating the causal relationship between E-I balance and ODT
performance revealed that only placebo effects of occipital tDCS could be observed (Bin Dawood et al.,,
2020), despite tDCS being a non-invasive neuromodulation technique shown to modulate the main
excitatory and inhibitory transmitters (Krause et al., 2013; Stagg et al., 2009). The failure to observe any
genuine behavioural effects of tDCS on ODT performance did not rule out the possibility that tDCS might
induce changes in cortical E-I balance that are not reflected in task performance. As such, the current
study aimed to investigate this possibility by evaluating the effects of occipital tDCS with identical tDCS
protocols and montages to that of the previous study (Bin Dawood et al., 2020) on 2 basic
neurophysiological markers of E-I balance in visual cortex: VEP amplitudes (N1 and P2) and visually
induced peak gamma frequency. The links between E-I balance and these neurophysiological measures
have been repeatedly reported (Kujala et al., 2015; Muthukumaraswamy et al., 2009; Purpura, 1959;
Zemon et al,, 1980).

Indeed, VEP activity is thought to reflect the summation of excitatory and inhibitory postsynaptic
potentials (EPSP, IPSP, respectively) (Purpura, 1959; Zemon et al., 1980). Accordingly, animal and
human studies have used the amplitude of the VEP response as indicators of E-I balance (Aloisi et al,,
1997; Andrade et al,, 2016; Ding et al., 2016; Gawel et al., 1983; Kennard et al., 1978; Moon & Lim, 2009;
Moskowitz & Sokol, 1985; Nguyen et al., 2016). For instance, abnormally high VEP amplitudes have been
suggested to indicate cortical hyperexcitability (Aloisi et al., 1997; Nguyen et al., 2016), while reduced
VEP amplitudes indicate increased cortical inhibition (Ding et al., 2016; Moon & Lim, 2009). Additionally,
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pharmacological manipulations of GABA activity in animal and human models modulate VEP amplitudes
(Daniels & Pettigrew, 1975; Hudnell & Boyes, 1991; Kraut et al., 1990; Schafer et al., 1984; Zemon et al,,
1980; Zemon, Kaplan, et al., 1986; Zemon, Victor, et al., 1986; Zeneroli et al, 1981). For instance,
administration of GABA agonist aminooxyactic acid in rats has been shown to reduce the amplitude of
VEP-N1 but increase the amplitude of VEP-P2 (Zeneroli et al., 1981). In contrast, administering GABA
antagonist bicuculline has been shown to increase the amplitude of VEP-N1 and decrease the amplitude
of VEP-P2 (Zemon et al., 1980). These findings support the suggestion of a relationship between E-I
balance and the VEP components (Aloisi et al., 1997; Nguyen et al., 2016; Zemon et al., 1980; Zeneroli et
al,, 1981).

Similarly, the peak frequency of oscillations in the gamma range (30-90 Hz) has been used to indirectly
assay E-I balance (Dickinson, Bruyns-Haylett, et al., 2016; Dickinson et al., 2015), and evidence suggests
that interactions between pyramidal excitatory cells and inhibitory GABAergic interneurons generate
neural oscillatory activity in the gamma band (Brunel & Wang, 2003; Borgers & Kopell, 2003). In line
with this evidence, several studies have found that peak gamma frequency positively correlates with
increased resting-state GABA concentration level in V1 (Edden et al, 2009; Kujala et al, 2015;
Muthukumaraswamy et al.,, 2009), (however see (Cousijn et al, 2014)). In addition, peak gamma
frequency was shown to inversely be associated with blood-oxygenation-level dependent (BOLD)
response measured by functional MRI (Muthukumaraswamy et al., 2009). Such an association possibly
reflects E-I balance, given the findings of a negative correlational relationship between functional MRI
BOLD response and GABA concentration (Donahue et al, 2010; Kurcyus et al, 2018;
Muthukumaraswamy et al, 2010). Additionally, pharmacological manipulation of GABA receptors
influences peak gamma frequency. For instance, the application of indirect GABA agonists such as alcohol
and tiagabine led to a reduction in peak gamma frequency (Campbell et al., 2014; Magazzini et al., 2016).
However, these findings are unexpected based on findings of a positive correlation between GABA and
peak gamma frequency (Edden et al, 2009; Kujala et al., 2015; Muthukumaraswamy et al., 2009),
suggesting that the relationship between cortical inhibition and peak gamma frequency requires further
investigation. In addition, peak gamma frequency has been linked to performance on psychophysical
tasks such as binocular rivalry and the ODT, which are associated with resting-state GABA concentration
level (Edden et al.,, 2009; van Loon et al., 2013). For instance, higher gamma frequency has been linked
to slower perceptual dynamics (Fesi & Mendola, 2015) and enhanced orientation discrimination
performance (Dickinson, Bruyns-Haylett, et al., 2016; Dickinson et al., 2015). Accordingly, increased
peak gamma frequency has been suggested to indicate increased cortical inhibition (Dickinson et al,,

2015; Fesi & Mendola, 2015).



Thus, using identical tDCS protocols and montages to those used previously (Bin Dawood et al., 2020),
the current study investigated the effects of occipital tDCS on E-I processes by examining
electrophysiological signatures of E-I balance, namely, VEP components (N1 and P2) and peak gamma
frequency measured by electroencephalogram (EEG). As VEP activity and gamma frequency are
sensitive to the features of visual task (e.g., stimulus size, contrast, and frequency) (Bach & Ullrich, 1997;
Busch et al.,, 2004; Korth & Nguyen, 1997; Schadow et al., 2007) and are unlikely to be clearly elicited by
behavioural tasks such as ODT, we used an EEG task that has been shown to elicit a robust VEP response
and clear peak gamma frequency (Milne et al., 2018; Milne et al., 2019). It was hypothesised that anodal-
tDCS would increase the amplitude of VEP-N1 and decrease the amplitude of VEP-P2, whereas cathodal-
tDCS would lead to the opposite effects (decrease VEP-N1 and increase VEP-P2), in accordance with the
findings and suggestions of animal and human studies (Antal et al., 2004; Zemon et al., 1980; Zeneroli et
al,, 1981). Additionally, it was expected that anodal-tDCS would decrease peak gamma frequency, while
cathodal-tDCS would increase it, based on the suggested links between GABA and tDCS (Krause et al,,
2013; Stagg et al.,, 2009) and between GABA and peak gamma frequency (Edden et al., 2009; Kujala et al.,
2015; Muthukumaraswamy et al., 2009).

Method

Participants

Forty-nine healthy adult volunteers from the University of Sheffield participated in the study. All had
normal or corrected-to-normal vision with no history of neurological disorders (e.g., epilepsy and
migraine) and received a £10-12 gift voucher for participation. Participants gave written informed
consent at the beginning of the experimental session. The study received full ethical approval from the
Department of Psychology University of Sheffield ethics committee and was conducted in accordance

with the Helsinki declaration.



Electroencephalogram task

Apparatus

EEG data were collected using 64 electrodes BioSemi ActiveTwo system (Biosemi Instrumentation BV,
Amsterdam, The Netherlands). The electrodes were placed in accordance with the international 10/10
system (Jasper, 1958; Klem et al., 1999). EEG data were filtered online with a bandpass of 0.01-140 Hz
and digitized by BioSemi ActiView software. The EEG data were recorded in an electrically shielded,
dimly lit room. All electrodes impedance was kept within the range of +/-25 k(). A linearised Viglen LCD
monitor with a spatial resolution of 1280 x 1024 pixels and a temporal resolution of 60 Hz was used to

display the stimuli.

Transcranial direct current stimulation (tDCS)

Identical to the previous study (Bin Dawood et al., 2020), direct current was delivered to the scalp using
a battery-driven device (TCT research, Hong Kong) connected to two saline-solution-soaked sponge
electrodes. A target electrode (5 x 5 cm) was placed over the primary visual (occipital) cortex that
corresponds to the site of Oz according to the international 10-10 electrode placement system (Jasper,
1958; Klem et al., 1999), (Fig 1A). The efficacy of tDCS over the occipital cortex has been reported
previously ((Antal et al,, 2003a, 2003b; Antal et al,, 2001, 2006; Ding et al.,, 2016); see (Antal & Paulus,
2008), for review). To avoid any confounding effects that might be caused by stimulating an additional
brain region (Im et al,, 2012; Tseng et al., 2018), a reference electrode (5 x 7 cm) was placed over the
participant’s left cheek. This location is commonly used in tDCS studies with different montages

(Aytemiir et al., 2017; Berryhill et al., 2010; Hsu et al,, 2011; Nasseri et al,, 2015; Reinhart et al,, 2017).

A 10-minute duration of offline tDCS was used in this study, given previous studies’ findings that 9-13
min offline tDCS has an aftereffect lasting up to 90 minutes after stimulation is terminated (Kuo et al,,
2013; Nitsche, Nitsche, et al., 2003; Nitsche & Paulus, 2001). Similarly, ten minutes of tDCS with an
intensity of 2 mA over the visual cortex was shown to produce polarity-dependent, long-lasting effects

on behavioural and neurophysiological outcomes (Ding et al., 2016). Such an aftereffect of tDCS covers



the duration of resetting the EEG equipment (3-7 min) and the EEG task (12-15 min duration, including
a self-directed break period). The tDCS duration started with a 30-s ramp up until the current intensity
reached 2 mA to minimize any possible adverse effect (Nitsche, Liebetanz, et al.,, 2003). In the active
mode of tDCS (anodal-, cathodal- tDCS), the current was delivered for 10 min, the whole stimulation
duration. However, in the sham mode of tDCS, the current was delivered for only 30 s out of the 10 min
stimulation time, mimicking the sensation of the active mode in order to blind participants to the type of
stimulation they were receiving (Gandiga et al., 2006; Palm et al., 2013). Such a brief duration of
stimulation has been suggested to produce no observable changes in cortical excitability (Nitsche et al,,
2008; Siebner et al., 2004). The current density distributions generated by the tDCS protocols and
montage of the current study were simulated using computation of electric field due to transcranial
current stimulation (COMETS), a MATLAB toolbox for simulating local electric fields generated by tDCS
(Jung et al., 2013), (Fig 1B).

Fig1

Fig 1. A) Illustration of the positions of tDCS electrodes as the target tDCS electrode (5 x 5 cm) was placed over the occipital
cortex (0z) and the reference tDCS electrode (5 x 7 cm) was placed over the left cheek via a head model of COMETS. B)
[llustration of the simulation of the current density distributions generated by the tDCS protocols and montage of the current

study via COMETS.

Procedures

After setting up the EEG equipment, participants were asked to complete two runs of an EEG task before
and after 10 min of occipital tDCS. The EEG task has been used previously (Milne et al., 2018; Milne et al.,
2019). The task was generated using Psychtoolbox-MATLAB (Brainard & Vision, 1997) and presented
on a 20-inch LCD monitor. The task consisted of a static, high contrast black and white checkerboard that

subtended 13.5 x 11.5 degrees of visual angle. Each checkerboard subtended .4 degrees of visual angle.



Participants were seated comfortably on a chair 57 cm from the monitor during the EEG recording and
asked to keep movement to a minimum. A static black and white checkerboard stimulus repeatedly
appeared on the centre of the monitor for an average of 2000ms (1500-2500ms) with an inter-stimulus
interval (ISI) of 1500-2500 ms (mean=2000 ms). Participants were instructed to fixate on a red dot
appearing on the centre of the monitor throughout the recording and press the spacebar when the
checkerboard disappeared to maintain attention. Each EEG recording consisted of two blocks of 100
trials, with a self-timed break (1-3 min) between the two blocks. Participants were asked to respond in
the first block using their right hand and their left hand in the second block. Each run lasted 12-15 min,
depending on the duration of participants’ break of optional duration between the run’s two blocks (Fig

2).

Fig2

Fig 2. Schematic diagram of the electroencephalogram (EEG) task. This Fig is reprinted with permission from (Milne et al., 2018).

Between the two runs of the EEG task, participants were randomly assigned to one of four tDCS type
groups (anodal-tDCS, cathodal-tDCS, sham-tDCS, and 10-min delay with no-tDCS). During the
stimulation, participants were asked to notify the experimenter about any uncomfortable sensation

related to the experimental setting so that the experimental session would be immediately terminated.

Although sham-tDCS has been widely suggested as a placebo control condition (Dinn et al, 2017;
Gandiga et al., 2006; Palm et al., 2013), the findings of recent studies imply that sham-tDCS may not be
very effective in blinding participants to the stimulation mode (active vs. sham), based on participants’
stimulation experiences (Kessler et al., 2012; Turi et al,, 2019). Therefore, in order to ensure that
participants’ experience of active-tDCS (anodal and cathodal) would not differ from that of sham-tDCS,
participants were asked to complete questionnaires assessing tDCS adverse effects (Brunoni etal., 2011)
and post-stimulation ratings of pain, attention, and fatigue (Galea et al., 2009) at the end of the

experimental session.



Transcranial direct current stimulation electroencephalogram setting

After the end of the first run of the EEG task, the EEG amplifier was switched off, and the electrodes were
disconnected from the EEG amplifier. For the groups receiving anodal-, cathodal-, sham-tDCS, the strap
of the EEG chin was undone, and five EEG electrodes (POz, 0Oz, 01, 02, Iz) over the occipital cortex were
removed from the cap. The target tDCS electrode (5 x 5 cm) was then gently inserted in-between the EEG
cap and the scalp until it was centrally aligned to the Oz electrode site. The reference tDCS electrode (5
x 7 cm) was placed over the left cheek. Afterwards, tDCS was switched on for 10 min, starting in a ramp-
up like fashion over the first 30 s until it reached 2 mA. During the stimulation duration, participants
were asked to relax and notify the experimenter if discomfort occurred so that the session could be
discontinued. At the end of the stimulation duration and after the removal of tDCS electrodes, the strap
of the EEG chin was comfortably closed. The gel was injected on the electrodes on the cap (which were
previously removed), and then these five electrodes were plugged in on the EEG cap again. After that,
the EEG electrode wires were connected to the EEG amplifier, which was then switched on. The second
run of the EEG task was then started after checking the electrode stability and impedance (within the
range of +/-25 k().). For the group receiving no-tDCS, the same steps were followed except that no-tDCS
electrodes were placed between the two runs of the EEG task. An approximate duration of 5 minutes (3-
7 min) elapsed between the end of the first run of the EEG task and the beginning of the tDCS as well as
between the end of the tDCS and the beginning of the second run of the EEG task. Given that aftereffect
of 10-minute tDCS lasts up to 90 minutes (Kuo et al., 2013; Nitsche, Nitsche, et al., 2003; Nitsche & Paulus,
2001), it covers the duration of the entire second (post-tDCS) run of EEG task, including the resetting the
EEG equipment (3-7 min) and the EEG task (12-15 min duration, including a self-directed break period).

Electroencephalogram analysis

Similar to previous studies (Dickinson, Bruyns-Haylett, et al., 2016; Dickinson et al., 2015), continuous
EEG data were sampled online at 2048 Hz using BioSemi ActiView software, and then were down-

sampled offline at 512 Hz using BioSemi DBF Decimator software (Biosemi Instrumentation BV). Then,



the EEG data were analysed offline using EEGLAB and in-house MATLAB scripts. Using EEGLAB, EEG
data was referenced to the vertex electrode (Cz) and 1 Hz high pass filter was used to remove the low
frequencies. Then, visual inspection of the EEG data was conducted to remove any artifactual segments
and channels contaminating the neural activity of interest (Luck, 2014; Tatum et al., 2011; Teplan, 2002).
The number of channels that remained in the pre-tDCS run after removing the ‘artifactual’ channels did

not significantly differ from that of post-tDCS run for each of the tDCS type groups, p > .05 (Table 1).

Table 1

Table 1. Removed electroencephalogram (EEG) channels of pre- and post- transcranial direct current
stimulation (tDCS) runs for each of the tDCS type groups (Anodal-, Cathodal-, Sham-, no-tDCS). Although
49 participants took part in the study, only 44 participants completed the two runs of the EEG task (pre-
and post-tDCS) and were randomly assigned to one of the four tDCS type groups. Each group consisted
of 11 participants. “M” stands for “mean”, “Min.” stands for “minimum”, “Max.” stands for “maximum”,
and “SD” stands for “standard deviation.” There was no significant difference in numbers of removed

EEG channels between the pre- and post-tDCS run for each of the tDCS type groups (ps >.05).

Then, continuous EEG data were segmented into epochs from 200 ms prior to the stimulus onset to
1,500. The number of epochs that remained in the pre-tDCS run after removing the ‘artifactual’ channels

did not significantly differ from that of the post-tDCS run for each tDCS type group, p > .05 (Table 2).

Table 2

Table 2. The remaining epochs of pre- and post-transcranial direct current stimulation (tDCS) runs for
each of the tDCS type groups. Each group consisted of 11 participants. “M” stands for “mean”, “Min.”
stands for “minimum”, “Max.” stands for “maximum”, and “SD” stands for “standard deviation”. There
was no significant difference in the number of epochs between pre- and post-tDCS run for each of the
tDCS groups (ps > .05).

Visual evoked potentials of the occipital cortex (0z)

As the target tDCS electrode was placed over this occipital cortex (0z), we analysed VEP of Oz channel

given that tDCS effects on cortical excitability have been observed within the stimulated brain region
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(Siniatchkin et al.,, 2011; Stagg et al., 2009). After cleaning and epoching EEG data (200 ms pre-stimulus
to 1,500 ms post-stimulus), peak amplitudes of N1 (the absolute value of the maximum negative
amplitude between 80-155 ms post-stimulus onset) and P2 (the maximum positive amplitude between
175-250 ms post-stimulus onset) components were calculated using an in-house MATLAB script. The
time windows of VEP were selected based on visual inspection of the grand-averaged VEP waveforms
pre- and post-tDCS for each of the tDCS-type groups (Fig 3. This method of selecting time windows for
evoked potential events is commonly used (Hanslmayr et al., 2005; Kissler et al., 2009; Milne et al., 2018).

Fig 3

Fig 3. Grand-averaged visual evoked potential (VEP) waveforms in response to the checkerboard stimulus for all tDCS-type
groups (anodal-, cathodal-, sham-, and 10-min delay with no-tDCS).

Independent component analysis for the time-frequency analysis

A signal-blind source separation technique known as independent component analysis (ICA) (Makeig et
al,, 1997) was used to isolate the occipital neural responses to the visual stimulus from other activities
(Jung et al,, 2000). ICA decomposed EEG signals into maximally temporally independent components,
and a single component representing the best neural response (e.g., distinct event-related dynamics) to
the visual checkerboard stimulus for each participant in each run was chosen to be included in the

analysis.

Although combining the two ‘runs’ (pre and post tDCS) for each participant into a single time series for
Independent Components Analysis (ICA) eliminates the possibility of choosing two different
independent components (ICs) pre and post tDCS, it was decided to run two separate ICAs for each
subject. Performing two separate ICAs for each participant's pre- and post-tDCS EEG datasets had the
advantage of ensuring that the placement and removal of tDCS electrodes had not artefactually altered
the EEG recordings, and the components pre and post tDCS could be compared. As such, running two

separate ICAs seemed a good option to ensure not violating one of the assumptions underlying the use
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of ICA that a signal source of data is spatially stationary (Luck, 2014; Ullsperger & Debener, 2010).
Furthermore, it has been shown previously that analysis of two separate ICAs by selecting the best
matched ICs from two data sets was not statistically different from that of the one ICA combining the two

datasets (Arbabshirani et al., 2013).

Selection of components for independent component analysis for the time-frequency analysis

As in previous studies (Dickinson, Bruyns-Haylett, et al., 2016; Dickinson et al., 2015), an extended
(runica) ICA was performed separately on continuous EEG data for pre- and post-tDCS EEG task run for
each participant using EEGLAB. This was done after the application of procedures stated earlier in the
“electroencephalogram analysis” section, including referencing EEG data to the vertex electrode (Cz),
high-pass filtering (>1Hz), and cleaning. Following ICA, continuous EEG data were then epoched (-200
ms pre-stimulus to 1500 ms post-stimulus) with no additional filtering. A visual inspection was
performed for the scalp topography of all IC components. Any ICs with focal activity in the occipital
cortex were selected, leading to up to four (M = 2.89, SD =.72) ICs being selected for each participant in
the pre-tDCS run and up to five ICs in the post-tDCS run (M = 2.80, SD = .85), irrespective of tDCS groups
(anodal-, cathodal-, sham-, 10-min delay with no-tDCS). The selected ICs from both pre-tDCS and post-
tDCS run for each subject were then analysed using time-frequency analysis (wavelet transforms)
(Cohen, 2014; Daubechies, 1990; Hazarika et al., 1997). The time-frequency analysis was performed via
an in-house MATLAB script that was developed by (Torrence & Compo, 1998), identical to that used
previously (Dickinson, Bruyns-Haylett, et al., 2016; Dickinson et al., 2015). Any ICs with no- or unclear

event-related dynamics were excluded.

From the remaining ICs of the pre- and post- tDCS run, the best matching pairs of ICs from the pre- and
post-tDCS sharing similar distinct event-related dynamics for each participant were selected. Finally, a
single IC pair was selected for each participant based on the clarity of the sustained visually induced
activity in the gamma frequency band. In cases where there were two or more IC pairs for a participant,

a single IC pair was selected based on visual inspection of the clarity of the sustained visually induced
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changes in gamma band power. It can be seen without further analyses that the ICA before and after tDCS

produced identical topographies and time series (Fig 4).

Fig 4

Fig 4. lllustrations of ICA components selections for one participant pre- and post-tDCS. A, C, and E illustrate scalp map, event-
related dynamics, and induced gamma activity of IC components pre-tDCS for one participant. B, D, and F illustrate scalp map,
event-related dynamics, and induced gamma activity of IC components pre-tDCS for one participant. Based on the visual
inspection of scalp tomography of all components for the participant, three components pre-tDCS (IC 4,6, and 7) and post-tDCS
(IC 3, 6, and 8) were initially selected. The best matching pair from pre- and post-tDCS IC components sharing distinct event-
related dynamics and the clearest induced gamma activity (i.e., Pre-tDCS IC 4 and Post-tDCS IC 3) were included in the analysis

to investigate tDCS effects on peak gamma frequency.

After selecting a single IC pair from pre- and post-tDCS run for each participant based on their similarity
of the associated time series and induced gamma activity, mixed-model analyses of variance (ANOVAs)

were performed to examine tDCS effects on induced gamma frequency calculated as below.

Time-frequency analysis

The time-frequency analysis used here has been used previously (Dickinson, Bruyns-Haylett, et al., 2016;
Dickinson et al.,, 2015; Milne et al,, 2018). Each of the selected ICs from each participant was analysed
using wavelet transforms in the time-frequency domain (Cohen, 2014; Daubechies, 1990; Hazarika et al.,
1997). The advantage of using wavelet methods over windowed Fourier methods is that it is not affected

by edge effects, as each of the wavelets is specific to both domains of time and frequency. Furthermore,
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the advantage of using wavelet methods over multi-taper methods is having greater spectral and

temporal resolution due to less effective smoothing in domains of time and frequency (Cohen, 2014).

The selection of the complex Morlet wavelet as the function 5o was made for its good balance between
the localization of time and frequency for purposes of extracting features (Grinsted et al., 2004; Miiller
et al,, 2004). The complex Morlet wavelet consists of a complex exponential modulated by a Gaussian,

wo = 6; where wy is a nondimensional frequency and is described as follows:

P, () = - 1/4 eiwon g—n*/2

As in (Dickinson et al., 2015), “The wavelet transform W*(n, s) is a complex quantity whose modulus
expresses the amount of power in x and whose angle represents the local phase localised in time and
frequency (scale). Scale determines the temporal resolution of the analysis. The continuous wavelet
transform of a time series x,, of N subsampled data points at equal time increments of 6t (Kaiser, 1994),

is defined as the convolution of x,, with a scaled and translated version of ¥:
N /
st (n —n)ét
X _ *
W= (23 £
n -1

where ¥ is the complex conjugate of g, n is the time index and s denotes the wavelet scale.” The
number of octaves for each wavelet scale was set at 1/60, providing an optimally “smooth” picture of
wavelet power with a sufficient spectral resolution in the gamma band range for the purpose of the
present investigation (<1 Hz). Similar to previous studies (Dickinson, Bruyns-Haylett, et al., 2016;
Dickinson et al., 2015; Milne et al., 2018), the time series of all the selected (pre- and post-tDCS)
components for each subject were analysed using the wavelet method to examine visually-induced peak
gamma frequency (via an in-house MATLAB script). Induced gamma frequency is non-phase locked to
the stimulus’ onset, but is related to it (Lee & Jones, 2013; Pantev, 1995; Tallon-Baudry & Bertrand,
1999). Induced gamma frequency consists of oscillatory bursts that vary between trials on their onset
latency. Thus, trials averaging before performing time-frequency analyses highly unlikely will result in

observable induced gamma activity, as this type of oscillatory activity is non-phase locked. To infer
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induced gamma activity, time-frequency analyses are needed to be performed for each trial, and then
the power changes at gamma frequency can be averaged (Fig 5B). However, such analysis contains, in
addition to induced gamma activity, the power changes of evoked gamma responses (Fig 5B). As such,
the problem arises of how to ensure induced peak gamma activity is selected. Notwithstanding, this can
simply be done by comparing the wavelet spectrogram conducted on each trial and averaged (Fig 5B)
with the wavelet spectrogram of the data trial averaged prior to wavelet analysis (evoked response, Fig

5A).

Evoked responses are phase-locked to the stimulus onset, which usually occur around 100 ms following
the stimulus onset (Pantev, 1995). To detect evoked activity, the time series of single-trial responses can
be averaged and then submitted to time-frequency analysis (i.e., the wavelet transform). The power’s
mean values for each scale during the period before the stimulus onset are considered baseline and are
subtracted from the wavelet transform. The maxima of the subsequent matrix provide the maximum
increase in evoked power in gamma frequency band (30-90 Hz) following stimulus presentation (Fig
5A). Thus, to obtain a better estimate of induced gamma activity, the power changes of evoked responses
at gamma frequency band is compared to from the induced gamma activity (Fig 5B) and the selection of
the peak response is set to time points after cessation of the initial evoked response. A Gaussian non-
linear least squares curve was then fitted to the frequency spectra at the time point that was associated
with the gamma power maximum increase following the presentation of the stimulus. The frequency
that is associated with fitted curve’ maximum point was considered as the metric for each subject’s peak

gamma frequency, (Fig 5C).

Fig 5

Fig 5. Illustrations of evoked gamma frequency, induced gamma frequency, and power changed at gamma frequency band of an
independent component of a single participant. (A) Time-frequency decomposition of evoked gamma frequency for an
independent component of one participant. (B) Time-frequency decomposition of induced and evoked gamma frequency for an
independent component of one participant. Note the contribution of evoked gamma power can clearly be seen by eye to occur
immediately following stimulus onset and then subside leaving the prolonged sustained induced response. (C) The total power
change at each frequency (solid line) at the maximum induced gamma response and the curve-fitted total power change at
gamma frequency (dashed line) for an independent component of one participant.
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To summarise, the initial step was to check the scalp topography of all components and then select the
components with a focal activity in the visual cortex. Then, the time-frequency analysis was run for all
the selected components of pre- and post-tDCS EEG data sets for each participant. Any IC components
with unclear event-related dynamics were excluded for two reasons. The first reason is that it is quite
difficult to match IC with no clear event-related dynamics with IC of the other EEG data set for the same
participant. The second reason is that ICs with unclear event-related dynamics have unclear induced
gamma frequency. After that IC of pre- and post-tDCS EEG data set sharing similar distinct event-related
dynamics with the clearest induced gamma frequency were selected. Out of the selected ICs from the
pre- and post-tDCS sharing similar distinct event-related dynamics, a single IC component pair from the
pre- and post-tDCS EEG data sharing the best matched distinct event-related dynamics and clearest
induced gamma frequency of each participant was included in the final analysis to investigate effects of

tDCS on gamma frequency activity.

Results

Out of the 49 participants, three participants were ineligible to participate in the experiment due to
headwear (e.g. hair extensions) (N =2) or being on medication (N=1), and they were, therefore,
excluded from the analysis. Also, two participants were excluded from the analysis due technical issues
related to tDCS connection (N=1), and uncomfortable tingling sensation of tDCS (N=1). Out of the
remaining 44 participants who successfully completed the two runs of the EEG task (pre- and post-tDCS
runs), five participants were also excluded due to having peak amplitudes of VEP components (N1, P2)
deviating from the mean by more than 3 standard deviations (N=1) or/and excessive noise in their EEG
signals with no clear induced gamma activity (N=4). Thus, the analysis was performed on data from 39
participants, randomly assigned to one of four groups (anodal-tDCS, cathodal-tDCS, sham-tDCS, or 10-
min delay with no-tDCS). The group of anodal-tDCS consisted of 10 participants (female = 3, right-
handed =9; age, M =27.30, SD =4.74); the group of cathodal-tDCS consisted of 10 participants
(female = 3, right-handed =8; age, M =28.30, SD = 6.99); the group of sham-tDCS consisted of 11
participants (female = 4, right-handed = 9; age, M = 27.27, SD = 11.09); and the group of 10-min delay
with no-tDCS consisted of 8 participants (female = 4, right-handed = 8; age, M = 29.38, SD = 7.50).

During the stimulation period, one participant notified the experimenter about discomfort feeling

(tingling in the stimulated area) caused by tDCS, so the experimental session was immediately
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terminated. No other participants reported any severe adverse effects of tDCS during the stimulation
period or at the end of the experimental session. Although 33 participants received tDCS (either active-
tDCS: anodal and cathodal (N=22) or sham-tDCS (N=11)) between the two runs of EEG task, only 27
participants successfully completed the post stimulation-rating questionnaire (9 participants from the
anodal-tDCS group, 11 participants from the cathodal-tDCS group, and 8 participants from the sham-
tDCS group). In this questionnaire, participants were asked to rate the level of pain, attention, and fatigue
from 1 (minimum) to 7 (maximum) as well as to report their thoughts of whether they had received
active- or sham (placebo)-tDCS. We investigated whether the stimulation experience would differ based
on stimulation type (either active- vs. sham-tDCS) by comparing the post-stimulation rating
questionnaire responses of active-tDCS groups (anodal- and cathodal-tDCS) with that of sham-tDCS
group. The results revealed no significant differences in the stimulation experience between active-tDCS
and sham-tDCS in terms of level of pain (active-tDCS (M = 1.50, SE =.20) and sham-tDCS (M = 1.25, SE =
.25), (t (26) =.708, p = .485)), level of attention (active-tDCS (M = 4.65, SE = .37) and sham-tDCS (M =
3.88,SE =.69), (t(26) = 1.060, p =.299)), and level of fatigue (active-tDCS (M = 2.80, SE =.34) and sham-
tDCS (M = 2.88, SE = .67), (t (26) = -1.09, p = .914)). Furthermore, more than 70% of participants
receiving sham-tDCS thought that they had received real (active-tDCS) stimulation, consistent with a
large body of research suggesting that sham-tDCS is an effective tool in blinding participants about

stimulation condition (active vs. sham) (Dinn et al., 2017; Gandiga et al., 2006; Palm et al., 2013).

Visual evoked potential analysis

Two separate mixed-model ANOVA analyses were performed to investigate the effect of tDCS on the
peak amplitude of VEP components (N1, P2) where tDCS-type groups (anodal-, cathode-, sham-, and 10-
min delay with no-tDCS) were between-subjects variables and session time of EEG task (pre-tDCS vs.
post-tDCS) was within-subjects variable. All statistical analyses were performed using SPSS version 24

for Mac (IBMSPSS, Armonk, New York).

There was a significant main effect of session time of EEG task on the peak amplitude of VEP-N1, (F(1,
35) = 6.485, p =.015), indicating that the amplitude of VEP-N1 was significantly lower in the second
(post-tDCS) run (M = 5.27 Hz, SE =.73) compared to the first (pre-tDCS) run ((M = 6.24 Hz, SE = .81), (Fig

6A). However, no significant interaction between session time of EEG task and tDCS-type groups was
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found, (F(3, 35) = 1.363, p =.27), nor main effect of tDCS- type groups (F(3, 35) =.125, p =.95), (Fig 7A
and 8).

There was no significant main effect of session time of EEG task on the peak amplitude of VEP-P2, (F(1,
35) =2.190, p =.15), (Fig 6B). Additionally, no significant interaction between the session time of EEG
task and tDCS-type groups was found, (F(3, 35) =.246, p = .86), nor main effect of tDCS- type groups (F(3,
35) =.313, p =.816), (Fig 7B and 8).

Fig 6

Fig 6 A and B. Box plots demonstrating the means and standard error of the amplitudes of visual evoked potential (VEP)-N1 and P2
pre- and post-transcranial direct current stimulation (tDCS) for all tDCS-type groups (anodal-, cathodal-, sham-, and 10-min delay with
no-tDCS). A) Box plots demonstrating VEP-N1 pre- and post-tDCS for all the tDCS type groups. B) Box plots demonstrating VEP-P2
pre- and post-tDCS for all the tDCS type groups. * p =.015.

Fig 7

Fig 7 A and B. Bar charts demonstrating the mean and standard error of the amplitudes of visual evoked potential (VEP)-N1 and P2
pre-transcranial direct current stimulation (tDCS) (blue line) and post-tDCS (red line) for each of the tDCS-type groups (anodal-,
cathodal-, sham-, and 10-min delay with no-tDCS). Bar chart demonstrating the mean and standard error of the VEP components (N1
and P2) pre-tDCS (blue line) and post-tDCS (red line) for all tDCS-type groups (anodal-, cathodal-, sham-, and 10-min delay with no-
tDCS). The VEP-NI1 is the negative signal between 80 and 155 ms post-stimulus onset. The VEP-P2 is the positive signal between 175
and 250 ms post-stimulus onset. A) VEP-N1 pre-tDCS (blue line) and post-tDCS (red line) for each of the tDCS-type groups (anodal-,
cathodal-, sham-, and 10-min delay with no-tDCS). B) VEP-P2 pre-tDCS (blue line) and post-tDCS (red line) for each of the tDCS-
type groups (anodal-, cathodal-, sham-, and 10-min delay with no-tDCS). VEP waves pre- and post-tDCS for each of the tDCS type
groups. The N1 is the negative signal between 80 and 155 ms post-stimulus onset. The P2 is the positive signal between 175 ms and
250 ms post-stimulus onset.

Fig 8

Fig 8. Grand-averaged visual evoked potential (VEP) waveforms in response to the checkerboard stimulus for each of the transcranial
direct current stimulation (tDCS) type groups pre-tDCS (blue line) and post-tDCS (red line). A) VEP waveforms for anodal-tDCS pre-
tDCS (blue line) and post-tDCS (red line). B) VEP waveforms for cathodal-tDCS pre-tDCS (blue line) and post-tDCS (red line). C)
VEP waveforms for sham-tDCS pre-tDCS (blue line) and post-tDCS (red line). D) VEP waveforms for 10-min delay with no-tDCS
pre-tDCS (blue line) and post-tDCS (red line). The VEP-N1 is the negative signal between 80 and 155 ms post-stimulus onset. The
VEP-P2 is the positive signal between 175 ms and 250 ms post-stimulus onset.
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Peak gamma frequency analysis

Similar to the VEP analysis, two separate mixed-model ANOVA analyses were performed to investigate
the effect of tDCS on the induced gamma frequency activity (peak gamma frequency, gamma frequency
power) where tDCS-type groups (anodal-, cathode-, sham-, and 10-min delay with no-tDCS) were
between-subjects variables and session time of EEG task (pre-tDCS vs. post-tDCS) was within-subjects

variable.

There was a significant main effect of session time of EEG task on peak gamma frequency, (F(1,
35)=7.927, p =.008), indicating that peak gamma frequency was significantly higher in the second
(post-tDCS) run (M =50.17 Hz, SE=2.20) compared to the first (pre-tDCS) run ((M =48.28 Hz,
SE = 2.07), (Fig 9A). However, no significant interaction between session time of EEG task and tDCS-type
groups was found, (F(3, 35) =.746, p =.53), nor main effect of tDCS- type groups (F(3,35) =.711, p =.55),
(Fig 10A and 11).

There was also no significant main effect of session time of EEG task on gamma power (F(1, 35) =.757,
p =.390), (Fig 9B). Additionally, there was no significant interaction between session time of EEG task
and tDCS- type groups, (F(3, 35) =.982, p = .41), and no significant main effect of tDCS- type groups (F(3,
35)=.464,p=.71), (Fig10 B and 11).

Fig9

Fig 9 A and B. Box plots demonstrating the mean and standard error of the neurophysiological measures pre- and post-transcranial
direct current stimulation (tDCS) for all the tDCS type groups. A) Box plots demonstrating peak gamma frequency pre- and post-tDCS
for all the tDCS type groups. B) Box plots demonstrating gamma power frequency pre- and post-tDCS for all the tDCS type groups. *
p =.008.

Fig 10
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Fig 10 A and B. Bar charts demonstrating the mean and standard error of induced gamma frequency oscillations (peak and power) pre-
transcranial direct current stimulation (tDCS) (blue line) and post-tDCS (blue line) for each of the tDCS-type groups (anodal-, cathode-
, sham-, and 10-min delay with no-tDCS). A) Bar chart demonstrating peak gamma frequency pre- and post-tDCS for each of the tDCS-
type groups (anodal-, cathodal sham-, and 10-min delay with no-tDCS). B) Bar chart demonstrating gamma power frequency pre- and
post-tDCS for each of the tDCS-type groups (anodal-, cathodal-, sham-, and 10-min delay with no-tDCS).

Fig 11

Fig 11. Illustrations of the scalp map, event-related dynamics, and decomposition of time-frequency of the selected independent
components (IC) pre- and post-transcranial direct current stimulation (tDCS) of one participant from every tDCS type group (anodal-,
cathodal-, sham-, and 10-min delay with no-tDCS, respectively). A) and B) The scalp map of the selected independent components (IC)
pre- and post-tDCS of one participant from every tDCS type group (anodal-, cathodal-, sham-, and 10-min delay with no-tDCS,
respectively). C) and D) The event-related dynamics of the selected IC pre- and post-tDCS of one participant from every tDCS type
group (anodal-, cathodal- sham-, and 10-min delay with no-tDCS, respectively). E) and F) The decomposition of time-frequency of the
selected independent components (IC) pre- and post-tDCS of one participant from every tDCS type group (anodal-, cathodal- sham-,
and 10-min delay with no-tDCS, respectively ).

Discussion

This study investigated the effects of offline tDCS on oscillatory gamma activity (peak gamma frequency
and gamma frequency power), and the amplitudes of VEP components (N1 and P2). Participants
completed two runs of an EEG task in which they were instructed to fixate on a red dot appearing on the
centre of a monitor while a black and white checkerboard stimulus was repeatedly presented. Between
the two runs of the EEG task, there was an interval where participants randomly received 10 minutes
anodal-tDCS, cathodal-tDCS, sham-tDCS, or had 10-min delay with no-tDCS (tDCS-type groups). The
statistical analyses of all chosen metrics of VEP amplitude and gamma oscillations revealed no actual
main effects of tDCS type in modulating either induced gamma frequency, power or the amplitude of VEP
components (N1 and P2). As such, no actual effects of tDCS per se were observed. Possible explanations
for the observation of no effects of tDCS in the amplitude of VEP components (N1 and P2) and induced

gamma frequency are discussed below.
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As the association between cortical E-I balance and the amplitude of VEP components has been
suggested in animal and human studies (Ding et al., 2016; Kennard et al., 1978; Nguyen et al., 2016;
Zemon et al.,, 1980; Zemon, Kaplan, et al.,, 1986; Zeneroli et al.,, 1981), the current study investigated
whether VEP could be modulated using tDCS (a non-invasive brain stimulation technique that is
suggested to modulate the main excitatory and inhibitory transmitters). Although several studies have
investigated whether tDCS could modulate the amplitude of VEP (Accornero et al., 2007; Antal et al.,
2004; Ding et al., 2016; Vigano et al,, 2013), inconsistent results have been reported. For instance, Ding
etal. (2016) showed that anodal-tDCS increased the VEP amplitude (N75-P100), whereas cathodal-tDCS
decreased it. Inconsistently, Accornero et al. (2007) found that anodal-tDCS reduced VEP-P100
amplitude whereas cathodal-tDCS increased it. Nevertheless, Antal et al. (2004) found that anodal-tDCS
did not affect the amplitude of VEP-P100, whereas cathodal-tDCS increased it. Furthermore, Vigano et
al. (2013) did not find any effect of tDCS in modulating the amplitudes of VEP (N1 and P1). Consistent
with this null finding of tDCS effects on the amplitudes of VEP, the current study found no significant
tDCS effects in modulating the amplitude of VEP components (N1 and P2).

As cortical E-I balance (indicated by GABA concentration in V1) has been shown to be associated with
peak gamma frequency (Edden et al,, 2009; Kujala et al., 2015; Muthukumaraswamy et al., 2009), a time-
frequency analysis was performed to investigate whether peak gamma frequency would be modulated
by tDCS, given the findings that tDCS modulates the main excitatory and inhibitory transmitters
(glutamate and GABA, respectively) (Krause et al., 2013; Stagg et al., 2009). While several MEG studies
have investigated the effects of occipital tDCS in modulating the power and basal neural oscillatory
activity in the gamma frequency band (Hanley et al., 2016; Wiesman et al., 2018; Wilson et al,, 2017),
only one study, to date, has evaluated the effects of tDCS on peak gamma frequency (Wilson et al., 2017).
Wilson et al. (2017) found no visual peak gamma frequency changes following 20-min anodal-tDCS with
an intensity of 2 mA compared to sham-tDCS. Additionally, the findings of the other MEG studies
regarding the effects of tDCS on gamma frequency oscillations are inconsistent. For instance, compared
to sham-tDCS, anodal-tDCS was found to both reduce the gamma frequency power (Hanley et al,, 2016)
and increase the local ‘amplitudes’ (power) of gamma frequency compared to sham-tDCS (Wilson et al.,
2017) depending on the study (Luck, 2014; Tatum et al., 2011). While cathodal-tDCS has been found to
decrease the power of spontaneous gamma frequency compared to anodal- and sham-tDCS (Wiesman
et al, 2018). Inconsistent with these, other studies found no tDCS effects on gamma frequency band

activity (Marshall et al, 2016; Medina & Cason, 2017). Similarly, our findings are consistent with
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previous studies that report no effects of tDCS for any type of stimulation (anode or cathode) in

modulating peak gamma frequency (Wilson et al,, 2017).

Although we observed no effects of tDCS on VEP amplitude or peak gamma frequency, several factors
related to the task (e.g., properties of visual stimulus) and tDCS configurations (e.g., montage and
parameter) have been suggested to play an important role in the efficacy of tDCS (Medina & Cason, 2017;
Thair et al., 2017). Notwithstanding, such factors are unlikely to account for the absence of tDCS effects
in modulating neural activity (peak gamma frequency, amplitudes of VEP N1 and P2 components) in the
current study as effects of tDCS on the occipital cortex have been observed with similar stimulus
properties and tDCS parameters: high contrast visual stimulus (Wiesman et al, 2018), monopolar
montage (e.g., occipital cortex-cheek) (Reinhart et al., 2016), over 30 minutes after the application of 10-
min tDCS with an intensity of 2 mA (Ding et al., 2016). Another possible factor for the absence effects of
tDCS on both and peak gamma frequency and VEP amplitude could be related to the experimental design
involving task repetition (pre- and post-tDCS), reflecting the well-known phenomenon of habituation
where behavioural and neural responses to repeated stimulus reduced over time (Rankin et al., 2009;
Thompson & Spencer, 1966). However, this seems unlikely given previous studies findings’ of
observable effects of tDCS in neural activity in pre- post- experimental design (Ding et al., 2016; Hoy et
al, 2015; Vecchio et al, 2016). For example, compared to baseline, significant changes in visual
stimulation-induced VEP amplitudes have been observed following 10 minutes tDCS of 2mA over the
occipital cortex (Ding et al.,, 2016). Thus, our findings of no effects of tDCS on neural activity (VEP
amplitudes and peak gamma frequency) are unlikely to be due to the visual task, tDCS configurations, or
the experimental design used in this study. Also, our findings of no effects of tDCS on neural activity are
consistent with a growing number of studies observing no effects of tDCS on cognition (Galli et al., 2019;
Harris et al., 2019; Horvath et al., 2015b; Vannorsdall et al., 2016; Westwood & Romani, 2017). It is also
possible that our null findings of tDCS effects on neural activity may be due to the relatively small sample
size of the current study (Medina & Cason, 2017; Minarik et al., 2016). Each tDCS group in this study
consisted of 8-11 participants possibly underpowering the analysis to detect any potential effects of
tDCS (Horvath etal., 2015b; Medina & Cason, 2017). However, such a limitation is not uncommon in tDCS
studies (Medina & Cason, 2017; Minarik et al., 2016), and effects of tDCS have been detected in studies
with small sample sizes (Accornero et al.,, 2007; Antal et al., 2004; Ding et al., 2016; Kraft et al., 2010;
Spiegel et al.,, 2012). For example, effects of occipital-tDCS with a small sample-sized group of healthy
human participants (N=10-12) have been observed on behavioral (i.e., contrast sensitivity and surround
suppression) (Ding et al,, 2016; Kraft et al., 2010; Spiegel et al,, 2012) and neurophysiological (i.e., VEP
amplitudes) measures (Accornero et al., 2007; Antal et al.,, 2004; Ding et al.,, 2016). In spite of that, the
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relatively small sample size of tDCS studies has been suggested to explain the inconsistent findings of
tDCS effects on cognition because findings of small sample sized studies may lead to under- or
overestimation of tDCS efficacy (Medina & Cason, 2017; Minarik et al., 2016). As the small sample size of
this study might prevent the detectability of tDCS effects on amplitudes of VEP components and peak
gamma frequency activity, future studies with a larger sample size may render significant effects of tDCS

on such neural activity.

While we found no effects of tDCS per se, our analyses did reveal main effects of EEG task session time
(pre- vs. post- all forms of tDCS combined anode, cathode, sham, and no tDCS) on both the amplitude of
VEP-N1 component and peak gamma frequency. For example, the amplitude of VEP-N1 component
statistically significantly decreased in the second (post-tDCS) run compared to the first (pre-tDCS) run
of the EEG task. Similarly, but in the opposite direction, peak gamma frequency statistically significantly
increased in the second run (post-tDCS) compared to the first (pre-tDCS) run of the EEG task. These
changes in both VEP amplitudes and induced gamma frequency related to the EEG task repetition are
inconsistent with previous studies finding no observable difference in neural activity (i.e., peak gamma
frequency and VEP amplitude) between three recordings in a single session (Ding et al., 2016; Magazzini
et al., 2016; Muthukumaraswamy et al., 2013). A reduction in VEP-N1 and an increase in peak gamma
frequency are commensurate with a change (increase) cortical inhibition, given the findings of animal
and human studies suggesting a negative relationship between GABA concentration level and VEP-N1
amplitude (Gawel et al., 1983; Kennard et al., 1978; Zemon et al., 1980; Zeneroli et al., 1981), but a
positive correlation between GABA concentration and peak gamma frequency (Edden et al., 2009; Kujala
et al., 2015; Muthukumaraswamy et al., 2009). Notwithstanding, despite concomitant changes in VEP-
N1 (0.97 uV \¥) and peak gamma frequency (1.89 Hz M) the differences pre- and post- all forms of tDCS
are small (<1 pV for VEP-N1, <2 Hz for peak gamma frequency). Observation of Fig 4 of Edden et al.
(2009) suggests that 1.89 Hz change would correspond to a change in GABA concentration of <5%
(Edden et al., 2009).

Unlike the previous finding of the tDCS-induced placebo effect on ODT performance (Bin Dawood et al.,
2020), in this current study, we observed no such placebo effect of tDCS on amplitudes of VEP
components nor on the activity of induced gamma frequency. An explanation for the failure of observing
a placebo effect of tDCS on the current neurophysiological measures might be due to the nature of the
ODT versus the EEG ‘task’ used here. During the EEG task, participants were asked to fixate on the
repeatedly presented stimulus and to indicate the disappearance of the stimulus to maintain their

attention on the task. In ODT, however, participants were asked to judge whether the sequentially
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presented pairs of gratings had the same orientation or not (Bin Dawood et al., 2020). Thus the ODT
could involve additional neural and cognitive processes that may be susceptible to placebo. Although the
metrics (VEP amplitude, Gamma frequency and orientation discrimination) associated with both tasks
are exquisitely related to inhibition-excitation balance in the primary visual cortex (bottom-up
processing), the ODT also involves a perceptual decision that could require and be sensitive to additional
mechanisms (possibly commensurate with a ‘top-down’ effect). This explanation is in line with previous
studies indicating that placebo responses are mediated by “top-down” cognitive processes such as
anticipation and expectation (Diederich & Goetz, 2008; Schambra et al., 2014; Skyt et al, 2018).
Additionally, placebo effects have been shown to be most evident in conditions that involve mainly top-
down processing such as depression and pain syndromes (Diederich & Goetz, 2008). For instance, levels
of depression and pain perception were reduced following the application of Sham-tDCS (Aslaksen et al.,
2014; Egorova et al., 2015; Loo et al.,, 2018; Schambra et al., 2014). Accordingly, conditions with solely
bottom-up processing may be less susceptible to placebo effects (Diederich & Goetz, 2008), possibly
explaining the lack of observable effects of tDCS on visual stimulus-driven neurophysiological responses

of the current study.

While the lack of effect of tDCS on both VEPs and peak gamma frequency activity may be due to the small
sample size of the tDCS groups (Minarik et al., 2016; Thair et al., 2017), effects of tDCS on neural activity
have been previously observed with relatively small sample sizes (Accornero et al., 2007; Bolognini et
al,, 2011; Nitsche et al., 2004; Stagg et al., 2009; Sung & Gordon, 2018). For instance, in groups of 7-11
participants, tDCS polarity-dependent changes in cortical neurotransmitters were observed. Specifically,
anodal-tDCS led to a significant reduction in GABA concentration whereas cathodal-tDCS led to a
significant reduction in glutamate (Stagg et al.,, 2009). Similarly, significant tDCS polarity-dependent
changes in the amplitude of VEP-P100 have been observed in a group of 10 participants as anodal-tDCS
led to a significant reduction in the VEP-P100 amplitude while cathodal-tDCS led to the opposite pattern
(Accornero et al.,, 2007). Such observed effects of tDCS may be limited to the tDCS parameters and
experimental designs used (Nitsche et al., 2008; Thair et al., 2017), and thus may not be extended or
generalized to other experimental sets. Accordingly, the current null tDCS effects on neural activity are
consistent with the previous findings of null tDCS effects on the performance of the orientation
discrimination task (ODT) where the same tDCS parameters and protocol were used (Bin Dawood et al,,
2020). Although the ODT per se would most likely elicit different patterns of neural activity than the
passive checkerboard viewing used here, inter-individual differences in gamma frequency and VEP

elicited by similar visual stimuli have previously been shown to correlate with GABA concentration and
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ODT performance measured separately in the same subject (see Edden et al., 2009). As such, the effects

of tDCS (which allegedly modulates E-I balance) in the two tasks should be comparable.

Furthermore, it is worth considering that the efficacy of tDCS has been a controversial topic given the
growing body of inconsistent and null findings related to its efficacy in neurological and cognitive
domains (Blacker et al., 2020; Briickner & Kammer, 2016; Friehs et al,, 2021; Galli et al., 2019; Harris et
al,, 2019; Horvath et al,, 2015a, 2015b; Jonker et al., 2021; Klaus & Hartwigsen, 2020; Marshall et al,,
2016; Medina & Cason, 2017). Even though the efficacy of tDCS has been suggested to be region-
dependent as it is more observable in the motor cortex compared to the visual cortex (Jacobson et al,,
2012), recent studies have failed to observe any significant effects of tDCS on cortical excitability in
motor and visual cortex (Briickner & Kammer, 2016; Horvath et al., 2015a; Jonker et al., 2021).
Additionally, systematic reviews of tDCS effects on cognition of healthy adults failed to support the
suggestion that tDCS induces reliable effects on cognition and its neural bases (Galli et al., 2019; Horvath
etal,, 2015b). Bearing in mind the inconsistency of tDCS findings, it is largely admitted that tDCS studies
suffer from the limited sample size (Minarik et al,, 2016; Thair et al.,, 2017), which may negatively
influence the detectability and reproducibility of tDCS effects (Button et al.,, 2013; Li et al,, 2015; Minarik
etal, 2016). As such, further investigations of larger sample sizes are needed to confirm the current null

finding of tDCS effects on both VEPs and peak gamma frequency.

In conclusion, the current study investigated tDCS effects in modulating brain activity by recording EEG
data before and after 10 min of occipital tDCS with an intensity of 2 mA (anodal-, cathodal-, sham-, 10-
min delay with no-tDCS). The result showed statistically significant amplitude reduction in VEP-N1 and
increase in peak gamma in the second (post-tDCS) session of EEG task compared to the first (tDCS-pre)
session, irrespective of the tDCS type groups. However, no effects of tDCS were found in modulating the
amplitudes of VEP components (N1 and P2) and peak gamma frequency in V1. This is the first study to
examine the effects of offline tDCS on EEG correlates of E-I balance (VEP amplitudes and peak gamma
frequency). Methodologically, our results demonstrate the usefulness of isolating the VEP to ICA
components to compare VEP responses pre- and post-tDCS. While we find some evidence of tDCS
affecting certain EEG measures, these effects are small and highlight the need for future larger studies
that investigate if there are other task/stimulus-related EEG changes that are more sensitive to tDCS

modulation and could serve as non-invasive assays of E-I balance.
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