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Transcranial electrical stimulation as a
neuromodulation method

ABSTRACT |

Transcranial electrical stimulation (TES) is a non-invasive technology used to change the functions of the
nervous system as one of the methods of neuromodulation. This method modulates brain activity by
applying low-intensity electrical current to different regions of the brain. The use of transcranial electrical
stimulation has shown promising results in the treatment of depression, chronic pain, neurodegenerative
diseases and other neurological problems. Research shows that the application of transcranial electrical
stimulation can be effective in areas such as improving memory, developing motor skills and increasing
cognitive functions. However, safety, efficacy, and individual differences should be considered when
using this method in clinical practice. The article examines the clinical and scientific basis, applications,
and potential benefits of transcranial electrical stimulation. It is very important to study the parameters
such as the shape, amplitude and frequency of the influencing signal used for the optimal solution of the
treatment process. In the article, the types of the effective signal in transcranial electrical stimulation were
investigated. The role of different forms of affective signals on the effectiveness of neurostimulation was
investigated. In addition, it was concluded that electroacupuncture stimulation belongs to neurostimulation
in terms of its essence and parameters.
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1. INTRODUCTION

Neurostimulation is an emerging field, applying a historically diverse knowledge base in the fields of engineering,
medicine, and biological sciences to improve the quality of life for individuals. Neurostimulation is used in the construction
of control systems for peripheral prostheses, in rehabilitation and physiotherapy, in neural pacemaker and management
issues, and more recently in cognitive enhancement and treatment of neurological problems such as Alzheimer's,
Parkinson's and epilepsy. We can mention that the neurostimulation method is in the future of medical treatments. The
countless countless applications related to neurostimulation, the availability of various technologies and fields, have
formed a new area of interest in the scientific community in developing neurostimulation devices and methodologies and
discovering new applications. Neurostimulation devices range from implantable pacemakers and afferent nerve
stimulators to transcutaneous electrical nerve stimulation devices and wireless stimulators. The development of science
and technology has led to further expansion of this diversity [13,14. Thus, the scientific findings on neurostimulation
methods and tools, which are at the center of various research works, allow us to say this. Conducted methodological
studies are investigating the optimal combinations of stimulation parameters for the treatment of specific conditions and
the form and manner in which these specific stimulation parameters influence the therapeutic results [15,16]. Among the
stimulation parameters, parameters such as the shape, amplitude, frequency and active duration of the effect signal have
a fundamental influence on the direction of the treatment [17-20]. Our main goal in our research is to develop a portable
device that determines the shape of the impact signal. At the initial stage of the designed neurostimulator, it is necessary
to determine the parameters mentioned above. In the article, the investigation of parameters such as the shape,
amplitude and frequency of the influencing signal used for the optimal solution of the treatment process was considered.



2. THE PROBLEM STATEMENT

Broadly speaking, neurostimulation therapy or restoration of lost functions is a multidisciplinary field that affects the
nervous system with control signals. Neurostimulation therapy has several advantages over conventional pharmacological
treatment: specificity, reduced side effects, and new solutions to chronic conditions such as hypertension, epilepsy, and
rheumatoid arthritis [1]. Neurostimulation methods include mechanical, ultrasound [2], optogenetic [4] and electrical [3]
methods.

Neurostimulation through electric current has been an intensive research object in the XX and XXI centuries. Electrosleep,
a type of transcranial electrical stimulation, was proposed in 1902 to help patients fall asleep [5]. In 1938, the afferent
nerve of cats was stimulated to visualize the coordinated activity of the brain [6]. As early as 1957, electrical stimulation
was used to provide externally implanted pacemaker support in patients, and later in 1958, the first wearable and
implantable pacemakers were successfully tested [7]. In 1980, transcranial electrical stimulation in different areas of the
brain was performed in healthy subjects [8]. In recent years, neurostimulation through electric current
(Electroneurostimulation) has been proposed as the future of comprehensive medical treatment under the term
"electrochemical" [1, 3]. Neurostimulation has the ability to change the action potentials and long-term reinforcement
behavior of complex neural networks with an effect called neuromodulation, even at low intensity values of the stimulation
signal [9]. Neuromodulation has been observed at all levels, from individual nerve cells to brain regions including
synapses [10].

3. MATERIAL AND METHOD

The choice of the effective signal shape during electrostimulation will determine the design of the neurostimulator device.
First, the role of different forms of affective signaling on the effects of stimulation must be determined. Research should be
localized to epidermal stimulation methods, transcutaneous (subcutaneous) methods, and implantable or direct contact
nerve stimulation methods.

Recent research on transcranial electrical stimulation, deep brain stimulation, afferent nerve stimulation, and
electroacupuncture has been conducted to examine the effects of the affective signal form on the results of the
stimulation. The interests of the scientific community are evaluated by the effect of stimulation parameters on the results.
The use of stimulation and computer models is also important because without modeling it is impossible to study the
combination of stimulation parameter and physiological state. The current state of computer models used to investigate
stimulation parameters is reviewed. Finally, the feasibility of electroacupuncture neurostimulation was considered.
Transcranial electrical stimulation (TES) is one of the most basic neuromodulation techniques available. Treatment
through TES has already moved out of the laboratory setting into the clinical and commercial areas [11]. The main goal of
TES is to achieve neurostimulation in the brain using devices placed outside the skull. TES applied by placing electrodes
on the skin (dermal TES-DTES) are produced with different effective signal forms. Common types of stimulation are
classified by the form of stimulus used and include transcranial direct current stimulation (tSCS), alternating current
stimulation (tDCS), and random signal stimulation (tTSS) (Fig. 1). The direct evidence that we found that tSCS was
related to the effect of treatment outcome came from Marshall et al.'s study [12].

Marshall [12] found that applying low-frequency (0.75 Hz) voltage to a group of medical students improved declarative
memory. However, in 2013, Eggert [14] replicated Marshall's study in older study subjects and obtained conflicting results
showing no improvement. Sahlem replicated the study with medical students in 2015 [13] and obtained completely
different results. It should be noted that the only difference between Marshall's results in Sahlem's study and the shape of
the influencing signal is different. He noted that Eggert's study used a different signal form and that the study participants
belonged to a different age group.

Figure 2 shows some differences and similarities between the influencer waveforms. The only similarity here is that the
frequency of the influencing signal used in the study is 0.75 Hz.
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Fig. 1. Types according to the shape of the signal

Fig. 2 a shows the trapezoidal signal used in the study conducted by Marshall, Fig. 2 b shows the pulse signal used in the
study conducted by Sahlem, and Fig. 2 ¢ shows the sinusoidal signal used in the study conducted by Eggert. As it can be
seen, different results were obtained in 3 studies with the same purpose with structural parameters, but with different

signal forms.
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Fig. 2. Signal forms used in research

Acupuncture is a methodology that consists of stimulating specific anatomical points to restore various physiological and
psychological disorders [16]. Stimulation of acupuncture points can be done in several ways, including electrical
stimulation. The method of acupuncture effect through electrostimulation is called electroacupuncture. Electroacupuncture
can be used to treat many medical conditions, including pain management, musculoskeletal, neurological,
gastrointestinal, and surgical anesthesia. We can say that electroacupuncture is a form of neurostimulation in some
cases. Because the proposed physiological mechanisms of acupuncture are that acupuncture points consist of nerve
pathways and are areas that contain muscle, skin, and nerve complexes that are irritated.

It has also been established that stimulation of acupuncture points affects afferent nerve fibers. Another study provided a
comprehensive explanation of the neurobiological mechanisms that may be involved in neurostimulation and their
physiological effects. In the study conducted in [17], the relationship between acupuncture points and the receptive fields
of neurons was investigated; it has been shown that irritation at acupuncture points is actually neurostimulation. However,
not all acupuncture points and acupuncture methods should be considered neurostimulators. The reason for this is that
there are hundreds of acupuncture points and not all of them have a connection with the nervous system.

5. RESULTS AND DISCUSSION

The main goal of the conducted research is to develop a neurostimulation device that applies technology that allows for
new research in this field. Neurostimulation is an area that promises new treatment methodologies in medical intervention.
This includes Alzheimer's, Parkinson's, epilepsy, and various conditions associated with afferent nerve stimulation that
have responded to neurostimulation therapy. Optimal stimulation methodologies are required for neurostimulation
treatments to be effective. The shape of the stimulus signal used in stimulation has been found to play an important role in
neurostimulation results, and many scientific studies have discussed or focused on this aspect.

In transcranial electrical stimulation, there are three main methodologies according to the form of the influencing signal:
transcranial direct current stimulation, transcranial alternating current stimulation, and stimulation with transcranial random
signals. Different neuromodulation mechanisms were observed to produce the effects shown in each method.



REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

K. Famm, B. Litt, K. J. Tracey, E. S. Boyden, and M. Slaoui, "Drug discovery: a jumpstart for electroceuticals,"
Nature, vol. 496, no. 7444, pp. 159-161, Apr. 2013.

Majid, Electroceuticals: Advances in Electrostimulation Therapies. Cham, Switzerland: Springer, 2017.

Y. Tufail, A. Matyushov, N. Baldwin, M. L. Tauchmann, J. Georges, A. Yoshihiro, S. I. H. Tillery, and W. J. Tyler,
"Transcranial Pulsed Ultrasound Stimulates Intact Brain Circuits," Neuron, vol. 66, no. 5, pp. 681-694, June 2010.
K. Deisseroth, "Optogenetics," Nature Methods, vol. 8, no. 1, pp. 26-29, Jan. 2011.

Guleyupoglu, P. Schestatsky, F. Fregni, and M. Bikson, "Methods and Technologies for Low-Intensity
Transcranial Electrical Stimulation: Waveforms, Terminology, and Historical Notes," in Textbook of
Neuromodulation, H. Knotkova, D. Rasche, Eds. New York, NY: Springer, 2015, pp. 7-16.

P. Bailey and F. Bremer, "A sensory cortical representation of the vagus nerve: with a note on the effects of low
blood pressure on the cortical electrogram," Journal of Neurophysiology, vol. 1, no. 5, pp. 405-412, Sept. 1938.

O. Aquilina, "A brief history of cardiac pacing,” Images in Paediatric Cardiology, vol. 8, no. 2, pp. 17-81, Apr.
2006.

P. A. Merton and H. B. Morton, "Stimulation of the cerebral cortex in the intact human subject,” Nature, vol. 285,
no. 5762, p. 227, May 1980.

Reato, A. Rahman, M. Bikson, and L. C. Parra, "Low-intensity electrical stimulation affects network dynamics by
modulating population rate and spike timing,” The Journal of Neuroscience, vol. 30, no. 45, pp. 15067-15079,
Nov. 2010.

M. B. Hoppa, G. Gouzer, M. Armbruster, and T. A. Ryan, "Control and plasticity of the presynaptic action potential
waveform at small CNS nerve terminals,” Neuron, vol. 84, no. 4, pp. 778 789, Nov. 2014.

J. Edwards, M. Cortex, S. Wortman-Jutt, D. Putrino, M. Bikson, G. Thickbroom, and A. Pascual-Leone,
"Transcranial Direct Current Stimulation and Sports Performance,"”, Frontiers in Human Neuroscience, vol. 11,
243 (4pp), May 2017.

L. Marshall, H. Helgadéttir, M. Mélle, and J. Born, "Boosting slow oscillations during sleep potentiates memory,"
Nature, vol. 444, no. 7119, pp. 610-613, Nov. 2006.

G. L. Sahlem, B. W. Badran, J. J. Halford, N. R. Williams, J. E. Korte, K. Leslie, M. Strachan, J. L. Breedlove, J.
Runion, D. L. Bachman, T. W. Uhde, J. J. Borckardt, M. S. George, "Oscillating square wave transcranial direct
current stimulation (tDCS) delivered during slow wave sleep does not improve declarative memory more than
sham: a randomized sham controlled crossover study," Brain Stimulation, vol. 8, no. 3, pp. 528- 534, May 2015.
T. Eggert, H. Dorn, C. Sauter, M. A. Nitsche, M. Bajbouj, and H. Danker-Hopfe, "No effects of slow oscillatory
transcranial direct current stimulation (tDCS) on sleepdependent memory consolidation in healthy elderly
subjects,” Brain Stimulation, vol. 6, no. 6, pp. 938-945, Nov. 2013.

Santarnecchi, T. Muller, S. Rossi, A. Sarkar, N. R. Polizzotto, A. Rossi, and R. C. Kadosh, "Individual differences
and specificity of prefrontal gamma frequency-tACS on fluid intelligence capabilities," Cortex, vol. 75, pp. 33-43,
Feb. 2016.

A. Ulett, S. Han, and J.-S. Han, "Electroacupuncture: mechanisms and clinical application," Biological Psychiatry,
vol. 44, no. 2, pp. 129-138, July 1998.

S. Quiroz-Gonzalez, S. Torres-Castillo, R. E. Lopez-Gomez, and |. Jiménez Estrada, "Acupuncture Points and
Their Relationship with Multireceptive Fields of Neurons,"Journal of Acupuncture and Meridian Studies, vol. 10,
no. 2, pp. 81-89, Apr. 2017.

Gafarov GA. Acupuncture research methods. Journal of Applied Biotechnology and Bioengineering: 2020;7(6):
276-278.

Howell B, Mcintyre CC. Feasibility of interferential and pulsed transcranial electrical stimulation for
neuromodulation at the human scale. Neuromodulation: Technology at the Neural Interface. 2021 Jul 1;24(5):843-
53.

Fertonani A, Miniussi C. Transcranial electrical stimulation: what we know and do not know about mechanisms.
The Neuroscientist. 2017 Apr;23(2):109-23.

Pirulli C, Fertonani A, Miniussi C. The role of timing in the induction of neuromodulation in perceptual learning by
transcranial electric stimulation. Brain stimulation. 2013 Jul 1;6(4):683-9.

Parkin BL, Bhandari M, Glen JC, Walsh V. The physiological effects of transcranial electrical stimulation do not
apply to parameters commonly used in studies of cognitive neuromodulation. Neuropsychologia. 2019 May
1;128:332-9.

Saiote C, Turi Z, Paulus W, Antal A. Combining functional magnetic resonance imaging with transcranial electrical
stimulation. Frontiers in human neuroscience. 2013 Aug 5;7:435.

Angelakis E, Liouta E. Transcranial electrical stimulation: Methodology and applications. Journal of Neurotherapy.
2011 Oct 1;15(4):337-57.



19. Wansbrough K, Tan J, Vallence AM, Fujiyama H. Recent advancements in optimising transcranial electrical
stimulation: reducing response variability through individualised stimulation. Current Opinion in Behavioral
Sciences. 2024 Apr 1;56:101360.

20. Brighina F, Curatolo M, Cosentino G, De Tommaso M, Battaglia G, Sarzi-Puttini PC, Guggino G, Fierro B. Brain
modulation by electric currents in fibromyalgia: a structured review on non-invasive approach with transcranial
electrical stimulation. Frontiers in Human Neuroscience. 2019 Feb 11;13:40.



