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Abstract—tACS is a neuromodulatory technique used
to investigate the role of neural oscillations by modulating
endogenous electrical fields. Typically, the brain is stimulated
at one of its eigenfrequencies, associated with a particular
cognitive process. However, novel stimulation protocols have
been hypothesized to better entrain neural oscillators by
stimulating with a broader range of frequencies near the
eigenfrequency. Also, stimulation waveforms bandstopped
around eigenfrequency are thought to desynchronize the
neural network. Amplitude-modulated tACS has also been
proposed to evade the stimulation artifact introduced during
EEG-tACS recordings. We explored the effects of these various
stimulation parameters using a Jansen and Ritt neural mass
model. We found no significant differences between broadband
and single peak stimulation, but did find that bandstop filtered
stimulation was able to desynchronize the neural network. We
also found that amplitude-modulated tACS was not able to
entrain the network at the low-frequency component of the
AM signal.

I. INTRODUCTION

During cognitive processing, the brain exhibits rich os-
cillatory dynamics as a result of synchronized firing among
neural populations. While originally speculated to be epiphe-
nomenon of neural computation, neuromodulatory tech-
niques have established a functional role of brain oscillations.
Transcranial alternating current stimulation (tACS) is one
neuromodulatory technique that applies an external sinu-
soidal electrical current through the scalp to alter electric
fields within the cortical tissue [1]. By first observing the
frequency and location of oscillations during a cognitive task,
one can match the frequency and location of said oscillations
with tACS. This may produce more robust effects when
trying to bias cognitive behavior. For example, 8 — 14 Hz
alpha waves appear in the parietal cortex ipsilateral to the
attended hemifield of acoustical [2] and visual [3] space.
Applying alpha wave tACS to the parietal cortex has been
shown to bias attention towards the side ipsilateral to the site
of stimulation [4]-[6].

Despite several accounts of tACS establishing a functional
role of neural oscillations in cognitive processing, there exists
both experimental limitations and an incomplete understand-
ing of the technology as a whole. This is due to the enormous
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electrical artifact tACS introduces into EEG recordings; the
electrical artifact obscures how tACS affects endogenous
oscillations [7]. One of the mechanisms through which tACS
can operate is the Arnold tongue perspective of dynamical
systems, which says that a dynamical system is more strongly
entrained by an oscillation closer to its eigenfrequency [8].
This is supported through computational models of neural
systems under the influence tACS, which show this effect
[9]. In humans, the peak alpha frequency during attention
can vary across subjects [10], and the modulation of behavior
during cognitive tasks depends on whether subjects are
stimulated at individualized alpha frequencies [11].

Novel tACS experiments aim to expand on these findings
by creating new stimulation protocols. One such modifi-
cation attempts to expand on the notion of individualized
stimulation frequencies to better modulate neural dynamics
[12]. Instead of delivering current at a single peak frequency,
broadband current stimulation delivers current with a broader
power distribution (=1 — 2 Hz peak frequency). This is
motivated by neural oscillatory dynamics that show a broad
range of peak frequencies during a particular cognitive task.
Additionally, the broad peak of frequencies can represent
different neural processes superimposed upon one another
[13]. Thus, stimulating over a broader range of frequencies
could drive a larger range of neural circuits. This has also
lead to the idea of stimulating the brain with oscillations
bandstopped around the peak frequency in an attempt to
desynchronize oscillations at the peak frequency. However,
the only human experiment investigating these stimulation
protocols found that broadband, single peak, and band-
stopped oscillations all had similar perceptual effects to one
another [12].

Another stimulation protocol attempted to bypass the
presence of the tACS stimulation artifact by using amplitude-
modulated (AM) tACS, where a high-frequency carrier wave-
form is modulated by a low-frequency envelope waveform
[14]. The carrier waveform is designed to have a frequency
much higher (> 100 Hz) than endogenous neural oscillations
in order to ensure that it does not have any effects on the
neural dynamics. The low-frequency envelope is designed to
modulate the frequency of interest in the brain. Because the
spectral content of the AM waveform is concentrated around
the carrier frequency, low-pass filtering the EEG data below
the carrier frequency would effectively remove the entire
tACS artifact. Human studies found conflicting results, where
phosphene induction only depended on the carrier frequency
rather than the envelope frequency [14].

To shed light on these mechanisms, we employed a
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Jansen and Ritt neural mass model (NMM) to investigate
the impact of broadband, bandstopped, and AM-tACS on
simulated neural dynamics. We found no significant differ-
ences between broadband and single peak tACS. However,
we found that bandstopped tACS suppressed peak power in
the bandstopped range. We also found that AM-tACS did not
entrain the model near the modulation frequency, unless the
amplitude signal was greatly increased.

II. METHODS
A. Jansen and Ritt neural mass model

To model coritcal dynamics, we used a Jansen and Ritt
neural mass model (NMM) consisting of interconnected lay-
ers of excitory interneurons, pyramidal cells, and inhibitory
interneurons. The membrane potential of each subpopulation
is modeled as a dampened spring with nonlinear displace-
ment, where the displacement of one subpopulation is the
sum of all the firing rates entering into said subpopulation.
The nonlinearity is introduced via a sigmoid function, which
maps membrane potentials into firing rates. The subpopula-
tions are connected such that the excitatory and inhibitory
interneurons depolarize and hyperpolarize the pyramidal
cells respectively, while the pyramidal cells depolarize both
the excitatory and inhibitory interneurons. We applied current
stimulation only to the pyramidal cell layer because their
orthogonality with respect to the scalp results in the strongest
effects from the applied electric field. A diagram and table
of the model and model parameters can be seen in Fig. 1
and Tab. I.
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Fig. 1. A schematic of the NMM. V7 and V4 are the membrane potentials

of the excitatory and inhibitory interneurons. V> and V3 are the depolarizing
and hyperpolarizing currents of the pyramidal cells. p is the net pyramidal
cell membrane depolarization. I is the injected current. S(-) is the sigmoid
function which converts membrane potentials into firing rates. g is the
normally distributed random noise input signal with a mean of 0 and a
standard deviation of 0.05.

B. Broadband and bandstop stimulation

The dynamics of the NMM were first simulated without
current stimulation, and the peak power of the model was
found to centered at 4 Hz. The pyramidal cell response was
both bandpassed and bandstoppped between 3 — 5 Hz using
a fourth-order Butterworth filter. The power of both signals

TABLE I
MODEL HYPERPARAMETERS

Parameter Description Value
He, H,; Max amplitude of post-synaptic potential 3.25,29.3 (mV)
Te, Ti Lumped time constants of dendritic delays 10, 15 (s~ 1)
€o Max firing rate of neural population 2567
0 Steepness of the sigmoid function 0.56 (mV—1)
7] Number of synapses in neural population 50, 40, 12, 12
C Connectivity scalar for extrinsic inputs 1000

was normalized such that the sum of the squared magnitude
of the FFT coefficients of the signals both equaled the power
of a pure sine wave at 4 Hz with an amplitude of 2. This
was done to remove the potential confounds of total signal
power affecting neural dynamics [12].

C. Amplitude modulated stimulation

The AM current stimulation was calculated as follows:
I(t) = sin(27 fet) + sin(27(fe + fin)?) (1)

where f. and f,, are the carrier and modulation frequency.
This produced an AM signal with a peak of 2. We investi-
gated different carrier frequencies (100, 200, 500 Hz) as well
as fixing the carrier frequency at 100 Hz and increasing the
amplitude of the signal (8, 16, and 32).

D. Simulation

The state equations in Fig. 1 were implemented in Mat-
lab Simulink. The simulation was run with a timestep of
0.001 seconds. For each simulation, the model parameters
were each scaled between [0.5, 1.25], drawn from a uniform
distribution to introduce variability between runs. 100 sets
of parameters were generated in this way (to simulate 100
different subjects). For each set of parameters (which we
refer to as subjects for the rest of the paper), the simulation
was repeated 10 times with different random noise seeds.
Across all various stimulation waveform conditions, the ran-
dom noise seeds were kept consistent. For a given trial n and
a particular subject, the pyramidal cell signal used to generate
the bandpass and bandstop signals was not from trial n, to
ensure that information about the random noise would not
carry over and confound the effects of the stimulation.

III. RESULTS
A. Single peak, broadband, and bandstop stimulation

A single trial along with examples of the various stimula-
tion waveforms and power spectra can be seen in Fig. 2. The
membrane depolarization of the pyramidal cell layer has a
broadband spectrum ranging from 0 — 20 Hz, with a peak at
around 4 Hz.

Fig. 3 shows the average power spectra for the various
stimulation conditions, where broadband and single peak
stimulation resulted in the model having higher 4 Hz power,
while bandstop stimulation reduced 4 Hz power. Fig. 4 shows
4 Hz power for individual subjects. A repeated-measures
ANOVA found a significant effect on the type of stimulation
waveform and 4 Hz power (F'(3,99) = 2424 p < 0.001).
Paired-sample T-tests also supported this finding; 4 Hz power
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Fig. 2. The time series (A) and power spectrum (B) of the pyramidal cell
depolarization for a single trial with arbitrary units. (C) 4 Hz stimulation
waveform and (D) power spectrum. (E) Bandpass waveform of the waveform
in (A) at 3 — 5 Hz and with normalized power spectrum (F). (G) Bandstop
waveform of the waveform in (A) at 3 — 5 Hz and with normalized power
spectrum (H).
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Fig. 3. Power spectrum with arbitrary units for the four different stimulation
parameters, with an additional zoomed-in view around 4 Hz. No stim is
no stimulation, 4 Hz is single peak stimulation, 3 — 5 Hz is broadband
stimulation, ! = 3 — 5 Hz is bandstop stimulation.

was higher in the 4 Hz stimulation vs. No stimulation
condition (£(99) = —76.95,p < 0.001). Broadband 3 —5 Hz
was also greater than No stimulation (¢(99) = —76.64,p <
0.001). No stimulation had higher 4 Hz power than bandstop
stimulation (¢(99) = —7.23,p < 0.001). Broadband stimu-
lation did not significantly increase 4 Hz power compared to
4 Hz stimulation (¢£(99) = —0.683,p = 0.248).

B. AM-tACS

A sample AM-tACS waveform and spectrum can be seen
in Fig. 5. The effects of various carrier frequencies (100 Hz,
200 Hz, 500 Hz) with a modulation frequency of 4 Hz and
an amplitude of 2 is shown in Fig. 6. A repeated-measures
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Fig. 4. 4 Hz power for the four different stimulation parameters. Each dot
represents a set of randomized parameters (a different “subject”) with the
power spectrum averaged over the 10 trials.
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Fig. 5. A sample AM-tACS (A) waveform and power spectrum (B) with a
carrier frequency f. = 100 Hz and a modulation frequency of f,, = 4 Hz.

ANOVA test found a significant difference between peak 4
Hz power and carrier frequency (F(3,99) = 3.3363,p =
0.018); however, these differences are minuscule. Paired t-
tests comparing peak 4 Hz power found no difference be-
tween 100 Hz carrier vs. No stimulation (£(99) = 1.007,p =
0.842) and no difference between 200 Hz carrier vs. No
stimulation (¢(99) = 1.007,p = 0.945). 500 Hz carrier was
greater than No stimulation (¢(99) = —2.328,p = 0.011).

We also explored changing the amplitude of the AM signal
with a fixed carrier frequency of 100 Hz while varying the
amplitude of the AM signal from 2 to 4, 8, 16, and 32 to
see if increasing the stimulation intensity would be able to
drive the NMM at 4 Hz. The results for the 100 subjects
can be seen in Fig. 7. Paired t-tests found that 4 Hz power
was increased with respect to No stimulation for the various
amplitudes: 8 (¢(99) = —1.773,p = 0.004), 16 (¢(99) =
—5.642,p < 0.001), and 32 (¢(99) = —13.39,p < 0.001).
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Fig. 6. 4 Hz power for the three different carrier frequencies as well as no
stimulation. Each dot represents a set of randomized parameters with the
power spectrum averaged over the 10 trials.
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averaged over the 10 trials.

IV. DISCUSSION

tACS is a neuromodulatory technique that can establish
a functional role of neural oscillations in the brain. Novel
experimental designs use stimulation protocols that not only
target the peak frequency of a neural oscillator, but also
a broadband of peak frequencies in an attempt to entrain
a neural network more effectively. A spectral inverse of
the broadband stimulation acquired by bandstop filtering
around the peak frequency has also been hypothesized to
suppress activity at the eigenfrequency of a neural network.
Additionally, amplitude-modulated tACS has been proposed
as a method to evade the electrical artifact introduced during
simultaneous tACS and EEG. In this work, we explored these
various stimulation parameters by modeling neural activity
and the effects of tACS via a NMM.

In our first experiment, we explored the effects of single
peak, broadband, and bandstop stimulation waveforms. We
expected broadband stimulation to better entrain the neural
network, given that the peak frequency of the NMM was
broadband in nature and not narrowbanded. However, we
found no significant difference between single peak stimu-
lation and broadband stimulation. Because the stimulation
waveforms were normalized to have equal power, this might
suggest that the cross-frequency interactions of the power
transfer function in the range of 3 — 5 Hz are similar.
Stimulating the NMM with bandstop stimulation was able
to suppress the activity at the peak frequency of 4 Hz,
suggesting negative cross-frequency interactions within and
outside of the peak frequency. This also suggests that it
would be possible to do offline analysis of EEG dynamics
to determine cross-frequency interactions, followed by tACS
to target those cross-frequency interactions.

The second experiment investigated whether AM-tACS
could modulate the NMM at peak 4 Hz frequency, despite
the power spectrum having power concentrated at a high-
frequency carrier. We found that AM-tACS was unable to
entrain the network at its eigenfrequency compared to a
pure sinusoidal input with equal amplitude, regardless of the
carrier frequency. Only when the amplitude was increased
to a drastically higher value was the network able have a
miniscule effect on the eigenfrequency. This is in agreement

with another AM-tACS computational model [15]. This may
suggest that AM-tACS may not be an effective way to drive
neural dynamics at the modulation envelope, encouraging
the development of alternative stimulation parameters and
artifact removal algorithms to analyze EEG recorded during
tACS.
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