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ABSTRACT

Electrical stimulation and electrophysiological signal analysis have proven to be key tools in
biomedical research and the development of therapeutic devices. Various studies have
explored their application in the modulation of nervous system activity, the treatment of
pathologies such as migraines and arrhythmias, and the identification of neuronal biomarkers
through EEG. In this context, non-invasive electrical stimulation devices have been
developed with the ability to vary key parameters such as frequency, current, and pulse width,
allowing personalized adaptation for the research and treatment of conditions related to the
vagus nerve. A system has been designed to correct arrhythmias by means of
bioelectromagnetic stimulation of the sinus node and cervical sympathetic ganglia,
demonstrating a promising response in heart rhythm regulation. Likewise, studies have been
conducted on the relationship between brain activity and migraines through the analysis of
EEG signals. Interactive games have been designed to induce states of concentration and
activate specific brain regions, providing a possible electrophysiological biomarker of
migraines. In addition, a neuromodulation device has been developed for the simultaneous
stimulation of the vagus and trigeminal nerves, evaluating its effect on pain reduction and
cognitive activity by recording EEG signals from the prefrontal lobe. These advances reflect
the potential of biomedical technology in the exploration of the nervous system and the
development of alternative therapies for various pathologies, offering new perspectives in

the research and treatment of neurological and cardiovascular diseases.



1. INTRODUCTION

The vagus nerve plays a central role in the parasympathetic nervous system, contributing to
the regulation of vital functions such as heart rate, digestion, and mood [1, 2]. Building on
this physiological relevance, non-invasive electrical stimulation of the vagus nerve has
emerged as a promising tool in modern medicine. Several studies have demonstrated its
effectiveness in treating conditions such as epilepsy, migraines, and depression [1], as well
as other disorders related to the autonomic nervous system, including cardiac arrhythmias.
This therapeutic approach is particularly valuable for patients in whom conventional
pharmacological treatments have proven insufficient.

In the context of cardiac arrhythmia, electrical stimulation of the vagus nerve and magnetic
stimulation of the cervical sympathetic ganglia have been proposed as noninvasive methods
to correct cardiac rhythm disturbances. Vagus nerve stimulation helps reduce heart rate in
patients with tachycardia, while magnetic stimulation of the sympathetic ganglia can increase
heart rate in cases of bradycardia [3, 4]. These advances offer patients a less invasive
therapeutic alternative with fewer side effects compared to conventional drug treatments,
thus improving their quality of life [1, 5].

Furthermore, research on simultaneous stimulation of the vagus and trigeminal nerves has
gained relevance, especially in the treatment of migraines. Electrical stimulation of these
nerves has shown positive effects when applied independently [6, 7]. However, the goal of
some current studies is to combine these techniques into a single device, which would allow
for more efficient interventions in migraine treatment. This device also incorporates EEG
signal monitoring, allowing for the evaluation of the effects of stimulation on brain activity,
particularly in the left prefrontal lobe, an area associated with cognitive processes such as
concentration and meditation [8]. This research aims not only to improve migraine symptoms
but also to generate new knowledge about the interaction between electrical stimuli and brain

activity in real time [9, 10].

In parallel with the study of electrical stimulation, tools such as interactive games designed
to induce states of concentration are being explored, allowing for the evaluation of brain

oscillations, such as gamma and beta waves, which are related to cognitive functions and the



management of emotional states such as stress and anxiety [8, 11]. Games such as "buzz

wire" are useful for inducing changes in brain activity, also functioning as indicators of
neurological responses to applied electrical stimulation [9]. Advances in this field suggest
that modulating these oscillations could be crucial for the treatment of neurological disorders
such as Alzheimer's disease and schizophrenia, offering hope for patients.

In conclusion, the combination of noninvasive electrical stimulation devices and brain signal
monitoring using EEG promises to revolutionize the treatment of various neurological
pathologies, improving patients' quality of life and expanding the understanding of the brain

mechanisms involved in these diseases [1, 2].

2. STATEMENT OF THE PROBLEM

The challenge lies in understanding and controlling electrical and magnetic stimulation
focused on the cervical sympathetic ganglia and the vagus and trigeminal nerves, in order to
develop potential treatments for patients with cardiac and neurological conditions. This type
of practice has shown significant advances in neuromodulation; therefore, the present
investigation aims to contribute to this field of research by deepening the understanding of
physics associated with the design and construction of devices useful in the treatment of
conditions such as migraines and cardiac arrhythmia. Initially, the lack of understanding of
the physical principles underlying the electronic control of electric and magnetic fields, as
well as their application to the nervous system and the resulting physiological responses, is

considered a limitation in the development of effective treatments.

Research Question

How can we generate and apply energy in the form of electric and magnetic fields to stimulate
cervical sympathetic ganglia and the vagus and trigeminal nerves, to find potential treatments

for patients with cardiac and neurological conditions?
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3. THEORETICAL FRAMEWORK

3.1 Transcutaneous electrical stimulation applied to nerves

It consists on the application of pulsed electrical current through the skin using a pair of
electrodes located on the outer surface of the epidermis [12]. The parameters used in
stimulation are adjusted through programming, and different physiological effects are
produced depending on the settings [12]. Stimulation is usually applied using varying
frequencies, intensities, and pulse widths. The stimulation frequency is typically classified
as high frequency if it is above 50 Hz or low frequency, if it is below 10 Hz; the intensity is

generally determined by the patient's sensitivity[13].

The physical foundations that explain the behavior of noninvasive electrical stimulation of
nerves begin with the fact that human tissue can be modeled as a heterogeneous conductive
medium. The Ohm's law (Equation 1) describes how electrical current flows through the skin,
subcutaneous tissue, and nerves. Tissue impedance depends on the signal frequency. At
frequencies below 1 kHz, the skin's impedance can vary between tens and hundreds of kilo-
ohms (kQ) [14], At low frequencies, impedance increases due to the capacitance of the cell
membrane. Subcutaneous tissue generally has a lower impedance than the skin but higher
than that of nerves and muscles. In this sense, nerves have a relatively low impedance
compared to skin and subcutaneous tissue due to their high ionic conductivity.

V =1IR ¢y
Regarding the movement of electrical charges along the nerve, it can be stated that a potential
difference between the electrodes in contact with the skin produces an electric field in the
nerves, which, in turn, generates an electric current in the nerve axons. The electric field

present in tissues can be represented according to Gauss's law (Equation 2):

iE-dAzg )

Moreover, nerves can be modeled as an electrical cable according to the Hodgkin-Huxley

cable equation or its simplified version (Equation 3):
av _p oV vV 3
ox  0x? 1 ®



where D is the diffusion coefficient of the potential and 7 is the membrane time constant.

The external current generated by electrical stimulation depolarizes the nerve membrane,
causing the opening of ion channels and generating an action potential that propagates
through the nerve. The generation of an action potential is possible as long as the stimulus

exceeds the activation threshold.

3.2 Magnetic Stimulation

When a magnetic field comes into contact with the human body, it is possible to induce
electrical currents in the nervous system. For the generation of electrical currents in nerves
to occur, the magnetic field must be time-varying. Depending on the intensity, frequency,
and duration of magnetic stimulation, neuronal activity may be modulated, either by exciting
or inhibiting neurons in a specific region. Magnetic stimulation directed toward peripheral
nerves is based on Faraday's Law (Equation 4), which states that a time-varying magnetic

field induces an electrical current in a conductor[15].

VXE= 0B 4

If the induced current in the tissue is sufficient to depolarize neuronal membranes, the
generation of action potentials in neurons becomes possible. To describe this, it is appropriate
to combine electrodynamic principles with nerve conduction models, such as the Hodgkin-
Huxley model, which describes the dynamics of the transmembrane voltage V,,(t) of a

neuron (Equation 5):

%
dt
If the induced current I,,; is large enough, the transmembrane voltage 1}, will reach the

Cm = Iyt — (INa+IK +IL)- ®)

activation threshold (= —55 mV), generating an action potential. For magnetic stimulation
to trigger neuronal firing, the induced current must exceed the threshold required to open
sodium channels:

Iext > Ithreshold
where the threshold depends on:

o The duration of the magnetic pulse (nerve recruitment time law),

o The resistance of nervous tissue,
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e The orientation of the nerve is related to the induced field.

An approximate model for estimating the minimum current required is:

oc

m
Ithreshold ~ T (Vthreshold - Vrest)
m

where 6 is a shape factor that depends on the geometry of the electric field, and t,, is the
membrane time constant. This approach allows for the design of effective stimulation
protocols for therapeutic and experimental applications.

When optimizing application methods, it is important to recognize that various parameters,
structures, and techniques affect the efficiency of magnetic field delivery to the body. These
include the shape of the coil, the distance between the coil and the nerve, and the frequency

and intensity of the magnetic pulses.

3.3 Induced Current in Nervous Tissue

Nervous tissue has o electrical conductivity and € permittivity. The density of induced current
in the nerve is given by:

J = oFE + £ (0E/0t)
Where:

o ] is the density of induced current (4/m?),
e ¢ is the conductivity of the nervous tissue (S/m),
e gis the electrical permittivity of the tissue (&,&p)

. o a . .
For low frequencies, the contribution of sa—f It is small, and the Eddy current is

approximately:
J = oF

This means that the current induced in the nerve is directly dependent on the induced
electric field and the conductivity of the tissue.

3.4 The Vagus Nerve

The vagus nerve is the longest of the cranial nerves and is involved in the endocrine, immune,
gastrointestinal, respiratory, cardiovascular, and autonomic systems. Also known as the

pneumogastric nerve, the tenth cranial nerve is the most important anatomical structure of

10
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the parasympathetic system and innervates several organs, primarily those located in the
thoracic and abdominal regions. Through its diverse innervations, the vagus nerve regulates
nutrition, respiration, airway diameter, vascular resistance, blood pressure, and heart

rate [16].

3.5 Electrical Stimulation of the Vagus Nerve

This technique involves applying electrical impulses to the vagus nerve. Stimulation can be
performed in two ways: invasive and noninvasive. The invasive method involves implanting
a device connected to a cable that wraps around the vagus nerve in the neck, while the
noninvasive method is performed transcutaneously in the auricular or cervical region.
Electrical stimulation of the vagus nerve is believed to contribute to the modulation of
neurotransmitters, increase cerebral blood flow, help stabilize abnormal electrical activity

patterns in the brain, and promote anti-inflammatory processes.

There are a variety of conditions that could be treated or investigated through vagus nerve
electrical stimulation. Listed below are some of the conditions that have been treated with
his form of therapy. It can start with hiccups, which can be stopped by this type of stimulation.
Persistent hiccups can become a serious problem, particularly in patients requiring artificial
ventilation in intensive care units. In such cases, the use of transcutaneous vagus nerve

stimulators becomes vital [17].

11
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Figure 1. Structure and innervations of the vagus nerve [17].

Another condition is epilepsy, a disease for which medication has been essential. However,
there are times when drug treatments are insufficient, and in these cases, electrical stimulation
of the vagus nerve has proven to be an effective treatment for epileptic patients with drug
resistance[ 18—21]. Similarly, in cases of migraine, when pharmacological treatments are not

sufficient, electrical stimulation of the vagus nerve has shown favorable results[7, 22].

12



Furthermore, electrical stimulation of the vagus nerve has been found to impact mood states,

offering hope for depressed patients who have benefited from this type of treatment [23, 24].
Additionally, its potential application for patients with Parkinson’s disease has been
proposed. Although the use of vagus nerve stimulation as a new therapy for Parkinson’s
patients is still preliminary, initial results are promising and ongoing investigations are

underway [25].

Diseases associated with dementia and serious mental disorders, such as schizophrenia and
Alzheimer’s disease, have also been evaluated in the context of vagus nerve stimulation. In
schizophrenic patients, stimulation has been well tolerated; although a total improvement in
symptoms has not been achieved, variations in symptom patterns suggest that further research
is warranted [26]. In Alzheimer’s disease, it is believed that the cognitive dysfunction caused
by the condition may be counteracted by vagus nerve stimulation, and upcoming clinical
trials are expected to provide valuable information about its potential benefits[27].
Finally, it is important to highlight the significant role that electrical biostimulation has

played as a potential solution for cardiac [28—31] and even digestive [32] disorders.

3.6 Trigeminal Nerve

The trigeminal nerve is identified as the fifth cranial nerve. Its main function is to provide
sensory innervation to the face. This nerve divides into three branches: the ophthalmic,
maxillary, and mandibular nerves, which converge at the trigeminal ganglion. The
ophthalmic nerve is responsible for sensory innervation to the face and skull above the
palpebral fissure, as well as the eye and parts of the nasal cavity [33], The maxillary nerve
serves as a crucial pathway for sensory perception in the midface and associated structures,
having no direct motor function related to facial muscles or mastication. Finally, the
mandibular nerve is essential for mastication, sensation in the lower face and tongue, and
some functions related to hearing and the temporomandibular joint. Its mixed nature
distinguishes it from the other two branches of the trigeminal nerve, which are purely

sensory [34].

13
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Figure 2. Distribution of the trigeminal nerve [35].

3.7 Cervical Sympathetic Ganglia

They are part of the sympathetic structure for the autonomic nervous system and form a
bilateral ganglionic chain located on either side of the neck, following the pathway of the
sympathetic trunk, see Figure 3. The cervical sympathetic ganglia are divided into three: the
upper cervical, middle cervical, and the lower cervical, which in turn joins the first thoracic
ganglion to form the stellate ganglion [35].

The general functions of the cervical sympathetic ganglia include participation in autonomic
system actions such as increased heart rate, pupillary dilation, and vasoconstriction in
response to fight, flight, or stress events. The cervical sympathetic ganglia also contribute to
the coordination of autonomic functions to maintain homeostasis under stress conditions. The
postganglionic fibers that emerge from these ganglia innervate various structures in the head,
neck, and thorax. In addition to the functions mentioned above, these ganglia contribute to
the control of sweat and salivary glands, participate in the formation of the cardiac plexus,

and innervate the thyroid gland [36].
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Figure 3. Cervical sympathetic ganglia.

The superior cervical ganglion is the largest and is located adjacent to the C1-C3 vertebrae, the middle cervical
ganglion is smaller and is located near the C6 vertebra, the inferior cervical ganglion is located near the C7
vertebra and the first rib[17].

3.8 Migraine

Migraine is a common neurological condition, affecting approximately 10 % of the world's
population [37]. It is a disabling disease that reduces productivity and negatively impacts the
quality of life of those affected, as well as those close to them. Migraine cases occur more
frequently in women,; it is estimated to affect one in five women and one in sixteen men.
Unfortunately, migraine usually occurs during the most productive stage of life, negatively
impacting several aspects: it complicates adequate school dynamics, deteriorates personal
relationships, hinders family integration, challenges mental health, and impedes professional
development [38].

It is a headache generally characterized by being unilateral and throbbing. The intensity of
the pain experienced by patients ranges from moderate to severe, and physical activity can
influence its severity [39]. Migraine is an episodic headache with certain associated

characteristics, particularly sensitivity to light, sound, odors, and head movement [40].
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This type of neurological disorder is characterized by multiple phases: premonitory or

prodrome, aura, headache, and postdrome. The premonitory phase can begin up to three days
before the headache and allows for early identification of the onset of migraine [41]. The
most common symptoms during this particular phase are fatigue, noticeable mood swings,
food cravings, yawning, muscle tenderness, and photophobia [42].

A second phase is characterized by the aura, although it does not strictly precede the
headache, as it does not occur in all individuals. It is important to recognize that the most
common type of aura is visual, characterized by flashes of light, zigzag lines, or other changes
in vision. The aura can also manifest through other sensory neurological events that affect
speech, motor function, or cause tingling in the hand or face[39].

The third phase of migraine is the most critical because it constitutes the pain stage, which
can last from 4 h to 72 h. Finally, during the postdrome or final stage, sensory and
gastrointestinal symptoms and general malaise occur, which can prevent the resumption of
daily activities. The most reported symptoms during this phase include neck stiffness,

difficulty concentrating, fatigue, sensitivity, irritability, pallor, and nausea [43].

3.9 Common Migraine Treatments

An important way to treat migraines is to educate the patient so they can learn to live with
the condition. It is advisable to review the patient's lifestyle, with recommendations including
regular physical activity, avoiding excess weight, and maintaining a consistent sleep pattern.
It is crucial for the patient to identify their specific triggers to help prevent an attack. These
triggers are usually individual, and there is no universal cause; for some, triggers might
include noise, odors, certain foods, or stress. However, not all patients can tolerate or control
migraines through lifestyle management alone, which is when treatment becomes necessary.
One of the initial approaches to treating attacks is through the use of analgesics, often
combined with sedatives. However, regular use of analgesics can exacerbate migraines.
Overuse of analgesics can produce the opposite effect, increasing the excitability of pain-
related neurons while inhibiting the activity of neurons that reduce pain. It is estimated that
73 % of patients with chronic migraines overuse analgesics, which significantly worsens the

severity of the disease [44].
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Various medications are available as preventive measures for migraines, including beta-

blockers, neuromodulators, antidepressants, calcium channel antagonists, and even
nutraceuticals. Each of these treatments is effective in approximately two out of three
patients, but they are not without adverse effects, even at low doses. The existence of side
effects is evident, and the lack of efficacy and adverse effects can cause patients to abandon
treatment [44].

In addition to medications, non-pharmacological treatments exist. One such method is the
use of botulinum toxin (BOTOX), which is administered through injections. This treatment
reduces inflammation in sensitive areas, thereby decreasing pain sensitivity. Although
BOTOX has adverse effects, they are generally temporary, and its use is restricted in pregnant
women. Another novel treatment involves the use of monoclonal antibodies, which have been
shown to be both safe and effective. However, further studies, including more prospective
variables, are needed to draw generalized conclusions about their efficacy [45]. Medicinal
plants, such as Butterbur (Petasita), acupuncture, massage, and physical therapy, have also
been reported to reduce the frequency of attacks. However, no definitive conclusions can be
drawn regarding the effectiveness of these treatments [44].

Despite the technological advances that have led to therapeutic medications for migraine
patients, many people find these treatments ineffective due to intolerance, contraindications,
or drug-drug interactions. Research on migraine pathophysiology has advanced, leading to
the development of novel neuromodulation techniques based on electrical stimulation for
migraine treatment [46]. The growing popularity of neuromodulation treatments is largely
due to their effectiveness and minimal risks to patients [47]. Historically, neuron stimulation
was often performed invasively through electrode implantation, which posed significant
challenges. However, new devices have overcome these obstacles, allowing for noninvasive
neuromodulation, a process that involves the excitation of groups of neurons through the

application of electrical pulses.

3.10 Physiological Aspects of Vagus Nerve Stimulation in Migraine Patients

Some research indicates that vagus nerve afferents can activate ascending nociceptive
pathways in the gray matter and raphe nuclei of the brainstem. The importance of this lies in

the fact that the literature also indicates that circuits between the thalamus and cortex play an
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important role in mediating pain perception, and that functional and anatomical alterations in

thalamocortical circuits are involved in the development and maintenance of migraines [7].
Finally, preliminary studies suggest that the thalamus occupies a relevant perspective in
understanding cutaneous allodynia, central sensitization, and photophobia in migraines [48].
On the other hand, other studies have found that other structures such as the locus ceruleus,
the nucleus of the solitary tract, and the spinal trigeminal tract are considered to be
responsible for the pathophysiology of migraine, and something relevant here is that the
vagus nerve can modulate these areas [47].

The rationale behind the use of electrical stimulation of the vagus nerve in patients with
headaches is based on the fact that when it is stimulated, specific nerve fibers are activated,
among which are some afferent ones that are responsible for the transmission of pain. These
specific fibers promote synapses in the zona postrema, in the spinal trigeminal nucleus, as
well as in the nucleus of the solitary tract, from where projections emerge towards the locus
ceruleus and the periaqueductal gray matter. On the other hand, as previously mentioned,
some important projections of the vagus nerve establish a connection with the thalamus, and
it is precisely the thalamus, together with the periaqueductal gray matter, that have been
described as important agents in the pathophysiology of migraine [46].

Neurostimulation of the vagus nerve has been performed mainly in the auricular and cervical
areas. For cases of migraine, studies have been reported in which some transcutaneous
neurostimulators are shown where favorable results are presented in patients. These
neurostimulators have been designed to contact the vagus nerve through its auricular branch.
The regions innervated by this branch are the concha, internal tragus and external auditory
canal [1].

In previous works on electrical stimulation of the vagus nerve in patients with migraine, the
use of a frequency of 1 Hz stands out. Stimulation performed at this frequency has been safe
and efficient. In one of the reviewed works, the efficacy of the treatment was reported after
12 weeks of treatment [6]. In another reported study, functional magnetic resonance imaging
shows the comparison between the changes evoked by stimulation performed at a frequency
of 1 Hz applied to the cymba of the concha, in contrast to a sham in the helix of the ear that
is not innervated by the vagus nerve. There it is concluded that through transcutaneous

stimulation of the auricular branch, it is possible to modulate the pain modulation networks,

18



the activity of the locus ceruleus and the functional connectivity in the resting state, which

once again highlights the importance of vagus stimulation performed at 1 Hz in patients with

migraine [49].
3.11 Electrical Stimulation of the Trigeminal nerve in Patientes with Migraine

The trigeminal pathway plays an integral role in the pathophysiology of migraine, with the
ophthalmic branch of the trigeminal nerve being particularly involved. This branch is
innervated by the anterior superior cephalic region, which is a common area for migraine
pain distribution [50].

Electrical stimulation of the ophthalmic branch of the trigeminal nerve has been shown to
significantly reduce the frequency of migraine attacks [51]. After electrical stimulation,
significant hypometabolism was observed in the frontotemporal areas of the brain,
particularly in the orbitofrontal and rostral anterior cingulate cortices, in patients with
migraine. This hypometabolism was found to decrease further after three months of
stimulation, and the reduction in hypometabolism was associated with a significant decrease
in the frequency of migraine attacks [51].

Several studies have reported the effectiveness of neuromodulation applied to the trigeminal
nerve in patients with migraine. In particular, the use of 60 Hz frequencies has been

highlighted in experimental tests [50-53].

3.12 EEG Signal Potentials in Migraine

Electroencephalograms (EEG) are not routinely used to diagnose migraine; however, they
can be very useful for investigating cortical alterations in the brain [54]. For an EEG study
in patients with migraine to yield relevant conclusions, it must go beyond the traditional
visual analysis of the trace, which often shows abnormal recordings. Instead, a quantitative
analysis is required, involving the use of computers and power spectrum analysis, typically
obtained through a Fourier transform. This approach allows power to be quantified and
changes to be verified as a function of frequency [55].

Several studies have provided valuable insights through EEG analysis in migraine patients.

One approach involves the analysis of event-related potentials, which has led to important
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findings suggesting difficulties in neural processes of inhibition and excitation [55],

Additionally, studies using evoked potentials have allowed for the classification of
migraines, assessment of the impact of electrical stimulation on the brain, and even
identification of cognitive impairments in patients.

Evoked potentials refer to changes in brain electrical activity produced by stimuli perceived
through the senses or cognitive functions. These stimuli are transmitted as nerve impulses
from sensory organs to the brain, where they are interpreted using brain activity. Various
electroencephalographic signal analysis techniques, including Fourier transform and digital
filtering, enable the use of EEG potential measurements as a valuable biomarker for studying
migraine patients. For instance, signals generated from somatosensory stimuli can distinguish
migraine patients in ictal and interictal states from healthy controls [56].

Compared to healthy individuals, migraine patients show abnormalities in visual evoked
potentials, particularly in the amplitude values recorded in the signal, which are found to be
higher in patients [57, 58]. Other studies have shown that non-invasive stimulation of the
vagus and trigeminal nerves in migraine patients can influence laser-evoked potential. This
is evidenced by a reduction in cortical potentials evoked by ipsilateral trigeminal stimuli,
areas that are affected by electrical stimulation [59, 60]. Regarding cognitive potentials, it
has been demonstrated that patients with migraine exhibit anomalies in the generation of
P300, a potential known for its high sensitivity to detect alterations in cognitive functioning.
This suggests that people with migraine may experience a decline in cortical regions involved
in cognitive functions [61].

Considering the above, it can be concluded that studying EEG signal potentials in migraine
patients exposed to electrical stimulation of the vagus and trigeminal nerves could provide a
valuable tool for understanding the mechanisms of action of the stimulation or gaining more

insight into brain activity in migraine patients.

4. METHODOLOGY
Instrumentation, as a fundamental tool in the development of physics, involves the design,
construction, and application of instruments that enable precise measurement and control of

physical variables, as well as controlled interaction with systems. The history of medicine,
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in turn, has been shaped by physics and its methods, in which instrumentation plays a crucial

role. The methodology used in this work aligns with this context. Accordingly, one section
of the methodology described below presents the process used in the construction of each
device. A second section outlines the measurement protocol employed during the

implementations carried out on both healthy individuals and patients.

4.1 Device for vagus nerve stimulation capable of parameter adjustment and
physiological variable recording

The main objective of the first device was to develop an efficient method for transcutaneous
electrical stimulation of the vagus nerve. The aim was to design and build a novel tool with
characteristics like those of devices currently on the market, particularly regarding
stimulation parameter values accepted by healthcare professionals. In addition to providing
stimulation, the device integrates a set of sensors that allow continuous monitoring of

physiological variables associated with vagus nerve activity.

Procedure used in the construction of the device

a) Identification of the different methods, signals, variables, and parameters frequently
used by healthcare professionals and the scientific community when performing non-
invasive electrical stimulation of the vagus nerve. To carry out this part of the work,
a review of the work was conducted, which is summarized in the table 1.

b) Design and construction of the device for stimulation and obtaining physiological

signals.

The diagram shown in Figure 4 illustrates how the device's components interact. Using the
NXP-MKLO05Z32VLC microcontroller, it is possible to program a PWM signal that allows
the amplitude, period, and pulse width to be adjusted. Next, there is an H-bridge similar to
that used in a motor, which seeks to maintain the positive and negative portions of the signal.

After the H-bridge, there is a transformer that increases the voltage value.
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Table 1. Previously performed work using biphasic signal [62].

Autor Intensity [mA] Frequency [Hz] Pulse width Time Object of
study or
condition of
interest

Aihua Liu[20] It starts with 4 mA, 10 200 sec 20 minutes three Refractory

then increases times a day for Epilepsy
2 mA k
mAper week, 6 months
until the patient
cannot tolerate it
Hermann Selected by the 10 300 us 1 hour in the morning, Epilepsy
Stefan[21] patient according 1 hour at noon and
to tolerance another hour in the
afternoon for 9
level
months
William 0.1-0.4 10 or 30 100 or 250 us Pulse trains of 11 Observe
L. Schuerman[63] seconds, followed by cortical
a rest period of 8 activity
seconds, for 10 during
minutes stimulation

Charlotte 0.2-2 6, 24 or 25 1,4 and 10 ms 4 different protocols Measurement

Keatch[64] were carried out, each of the brain

lasting 10 minutes ~ response to
electrical
stimulation
of the vagus
nerve

Petteri 0.5 25 500 us 6 minutes Tinnitus

Hyviérinen[65]

Peder S. 2.5 10 200 and 250 us 60 seconds Reduction of

Olofsson[66] tumor
necrosis in
endotoxemia,

test in mice
and rats

An ESP32 microcontroller, a NEXTION 3224T024 touchscreen, a power supply, and sensors
for heart rate, skin conductivity, and electromyography are added to the board assembly. The
complete device is illustrated in Figure 5. The objective of integrating a new ESP32
microcontroller device is to read and process the signal from each of the sensors.
Furthermore, with the ESP32, it was also possible to establish communication via UART
between the NEXTION screen and the NXP-MKL05Z32VLC microcontroller. From the

screen, it is possible to adjust the frequency, pulse width, and stimulation time.
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Figure 5. Device for stimulation of the auricular branch of the vagus nerve.

c¢) Recording physiological variables in real time.

Due to the influence of the vagus nerve on heart rate [5], the need to include a record of this
physiological variable was considered during this work. To this end, the AD8232 sensor was
used, which allows measurement of the heart's electrical activity. This is done by locating
three electrodes on the person's body. The electrodes can be positioned according to any of
the configurations associated with Einthoven's triangle. However, test measurements were
performed with electrodes placed on the upper extremities of the thorax and lateral

abdomen[62].

Furthermore, electrical stimulation of the vagus nerve has a certain relationship with the

neuromodulation of cognitive processes related to noradrenergic activity, and the acoustic

23



startle response constitutes an interesting biomarker. This variable can be recorded by

electromyographic recording of the orbicularis oculi muscle [67]. To obtain this signal, it
was necessary to use a sensor to record electrical muscle activity and place three electrodes

in the orbicularis oculi region.

Another variable of interest associated with electrical stimulation of the vagus nerve is
cutaneous conductance [67—-69]. To measure this variable, a sensor that detects the galvanic
response of the skin was chosen. As for the appropriate location for detection, a pair of

electrodes were placed on two fingers of the same hand.

Once the physiological variables were defined, as well as the instrumentation necessary to
make the recordings, it was necessary to build a graphical interface that would allow the data
obtained using the sensors to be received and graphed through the ESP32. The process of
presenting dynamic signals in a graphical interface begins with the acquisition of analog
signals through the sensors, then a digital and analog low pass filtering of each of the signals

is performed independently [62].

4.2 Arrhythmia correction device

The proposal is based on anatomical, physiological, physical, and electronic foundations.
This interdisciplinary approach focuses on the use of electrical and magnetic stimulation to
stabilize heart rate in people experiencing arrhythmia episodes. The device presented here

embodies this proposal. Each component of the device is described in detail below.

Arrhythmia Detector

This section of the work focuses on the interaction of light with biological tissues, specifically
with blood. The intensity of the light reflected or absorbed by the blood depends on volume
changes in the capillaries responsible for their transport. These volume changes occur due to
variations in blood pressure generated by heartbeats. This principle is directly related to a
technique that involves positioning a light-emitting source to target peripheral blood vessels

and placing a photodetector in front of the tissue to detect changes in the intensity of the light
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reflected by the blood. This measurement technique is known as photoplethysmography, and
the arrhythmia detector is based on this method [70].

The arrhythmia detector uses the MAX30102 sensor, see Figure 6, which not only performs
photoplethysmography but also includes the electronics necessary for signal amplification,
filtering, and a 16-bit ADC. In addition, the sensor has an internal temperature sensor to
compensate for the effects of temperature on the measurement. The sensor is placed on the
earlobe, which offers two advantages: good blood perfusion and the ability to keep the sensor
in a fixed position, minimizing motion artifacts that could interfere with the measurement.

During testing, movement of the sensor or the measurement area could induce errors.

Figure 6. MAX30102 sensor attached to an adjustable headband that allows the sensor to remain in position.

The obtained photoplethysmography signal is characterized by points representing systole,
the phase of the cardiac cycle in which the heart contracts and pushes blood through the
circulatory system. An algorithm detects systolic peaks and the time between consecutive
peaks, allowing the heart rate to be calculated. The ESP32 microcontroller is used to control
the sensor and execute the algorithm. If the heart rate exceeds or falls below a stable range,
an alert is triggered, and communication is established with the automatic discerner described

in the next section.
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Electric Stimulator

Currently, vagus nerve stimulation has become a common practice with positive results in
the treatment of various conditions. Its significant impact on parasympathetic activity has
been shown to influence autonomic parameters, such as heart rate variability. As a result of
stimulation, heart rate may decrease, which is believed to be related to the activation of
parasympathetic nerve fibers affecting the sinoatrial and atrioventricular ganglia. This
stimulator works based on these physiological principles [70]. The effects of stimulation on
heart rate have been observed under specific stimulation parameters. It is known that the
frequency should be around 20 Hz and the pulse width approximately 500 uS. The developed

instrumentation allows electrical stimulation to be delivered within these parameters, see

Figure 7.
PWM
Signal
ESP32-S - MOSFET - Inductor
AUt el g e . Electrodes - Current Sensor
Vagus Nerve

Figure 7. Flowchart illustrates the general structure of the electrical stimulator.

The device incorporates several electronic components that condition the signal and generate
stimulation. The most relevant components are described below, in Figure 8. The ESP32-S
microcontroller generates a PWM signal with a fixed frequency of 20 Hz, which is
transmitted to an inductor through a MOSFET that acts as a switch to control the current
flow. The inductor stores and releases energy based on the PWM duty cycle, allowing for

stable voltage and current output [70].
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Figure 8. Electronic card containing the electrical stimulator.

To generate a pulse signal at the circuit output that aligns with the stimulation characteristics
reported in the literature, a couple of simulations were performed in Simulink, see Figure 9,
to guide the circuit design, the arrangement of components, and the conditioning of

magnitude values for each circuit element.
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Figure 9. Simulaciones de circuitos en Simulink.
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Figure 9a. Simulaciones de circuitos en Simulink.

The selection of the body part for stimulation was carefully considered in the design of the
stimulator, see Figure 10. After an anatomical review, it was found that the vagus nerve has
a branch that reaches the auricular area, innervating parts of the ear such as the inner surface
of the tragus, the concha, and the external auditory meatus. Previous studies have performed

vagal stimulation in these areas with favorable results.

Ieady Sample based T=0.500

Figure 10. Signal generated theoretically from the simulation, (voltage versus time).

To establish a connection with the areas innervated by the vagus nerve in the auricular region,
a pair of electrodes was designed, see Figure 11. These electrodes feature a clip that attaches

to the concha of the ear and a cone that is inserted into the ear canal, ensuring constant contact

28



UNIVERSIDAD DE
GUANAJUATO

with the inner walls of the tragus and the ear canal. The cone-shaped electrode is coated with

conductive silver paint on its surface to ensure efficient electrical charge transfer.

Figure 11.The probe is illustrated with the pair of electrodes and their location in the auricular area.

Magnetic Stimulator

It is possible to influence the sympathetic system using magnetic stimulation to increase heart
rate. Tests in both humans and animals have shown that this type of stimulation can increase
heart rate. In magnetic stimulation studies, short pulses of 100-300 mS are typically used,
although the exact duration can vary depending on the experimental protocol. To induce a
physiological response, the magnetic field must be strong enough to activate sympathetic
nerve fibers. With this device, the stimulation is intended to be applied progressively until
the desired effects on heart rate are achieved. Furthermore, precise placement of stimulation
in the ganglia is essential to influence cardiac activity [70].

The ESP32-S3, see Figure 12 is programmed to generate a PWM signal with the values
necessary to activate sympathetic nerve fibers 100300 uS. An H-bridge and a coil are then
connected to the ESP32-S3. The H-bridge allows the direction of the current passing through
the coil to be changed. By controlling the PWM signal applied to the H-bridge, the strength
of the magnetic field can be adjusted, since an increase in the duty cycle results in a larger

average current flowing through the coil, which in turn generates a stronger magnetic field.

Coil 1

ESP32-53 — DRV8833

i

Figure 12. Flowchart illustrates the general structure of the magnetic stimulator.
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In this configuration, two 12.3 mH air-core coils were used, coupled to a DVR8833 driver
containing two H-bridges, see figure 13. The components are mounted on an electronics
board held by an adjustable base around the neck, with leather and foam terminals acting as

the field applicator.

Figure 13. Magnetic field applicator.

Automatic Discerner

This is part of the code loaded into Microcontroller 1 of the arrhythmia detector, which is
responsible for activating the electrical stimulator or adjusting the stimulation intensity based
on data from the arrhythmia detector. This section of code also communicates with the
magnetic stimulator, allowing the arrhythmia detector to interact with this second stimulator

and activate stimulation as needed.

4.3 Electrical stimulator for the vagus and trigeminal nerves

Previously developed devices for vagus nerve stimulation are a fundamental pillar for the
construction of this third device. However, the stimulation parameters vary, as does the
instrumentation that complements the device. For this implementation, two stimulators are
required, one acting on the trigeminal nerve and the other directed toward the vagus nerve.

Each of these stimulators is described below:

30



UNIVERSIDAD DE
GUANAJUATO

Electrical stimulator for the vagus nerve, aimed at patients diagnosed with migraine

Based on the positive results obtained, stimulation is performed at 1 Hz, 2 mA, and (0.2-0.3)

mS with instrumentation similar to that used in the arrhythmia correction device.

Electrical stimulator for the trigeminal nerve: It has a structure similar to that of the vagus

nerve, but some changes are made to the inductor and a PID is built to ensure that the current
is always the same. This is also characterized by its soft start.
A current sensor was used to ensure that the same current was always delivered. Because

human impedance varies, the incorporation of this sensor was necessary and key to the PID.

Figure 14. Electrodes for vagus and trigeminal nerve stimulation.

Description of the buzz wire

The buzz wire game involves guiding a small-diameter conductive ring along an irregular
path defined by a conductive wire connected to a voltage source. The objective of the game
is to avoid contact between the wire and the ring, which is connected to the opposite terminal
of the source. If contact occurs, a buzzer connected in series is activated. The game aims to
stimulate brain areas associated with concentration, motor activity, and visual and auditory
processing. Adjustments have been made to the game, including changes to its dimensions,
route regularity, and stability, to increase its difficulty and ensure replicability. Figure 15

illustrates the assembly.
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Figure 15. The buzz wire game.

Figure 16 illustrates the dimensions used in constructing the assembly. The curves follow
ellipsoidal trajectories and, analogous to the model of a transverse wave, the setup consists
of six valleys and five crests. The power supply provides 9 V, the conducting wire has a
diameter of 1.25 mm, and the buzzer operates at a frequency of 3,600 Hz with a sound
intensity of 75 dB. The ring has a diameter of 0.8 cm, and the wire length from the buzzer to

the handle's base is 70 cm, facilitating maneuverability.

35¢cm

Source

J U UG

Ring

Insulating handle

Support

Figure 16. Dimensions of the game.
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4.4 Device Implementation

Based on the findings to date, three stimulation devices and three measurement systems were
developed:

1) A device for electrical stimulation of the vagus nerve, with adjustable parameters,
integrated into a physiological variable monitoring system. This device was tested on four
healthy volunteers. Details of this study—aimed at validating the efficacy and safety of
controlled vagus nerve stimulation—are presented in the Results chapter.

i1) A device designed for both magnetic and electrical stimulation to control arrhythmias,
integrated with an arrhythmia detection system. This device has not yet been tested on
patients due to associated risks. However, the Results and Analysis chapter describes the
planned steps for future validation.

i11) A device for electrical stimulation of the vagus and trigeminal nerves, intended for
patients diagnosed with migraine. A separate system is available for recording
electroencephalographic (EEG) signals during a concentration task, although it is not directly
connected to the stimulation device. This device has been tested in patients, and the

methodology and protocol are described below.

Methodological Design for Implementation of Electrical Stimulation of the Vagus and
Trigeminal Nerves in Migraine Patients

This section of the methodology demonstrates the procedure used to obtain data for analyzing
potential changes in brain activity, as well as the effectiveness of noninvasive and
simultaneous electrical stimulation of the vagus and trigeminal nerves in migraine patients.
This approach is based on questionnaires using a VAS scale and analysis of EEG signals

obtained from the left prefrontal lobe during concentration activities.

Inclusion Criteria:

- Adult patients aged 18 to 50 years with a history of migraine meet the diagnostic criteria
listed in ICHD-III, excluding complicated migraine cases such as hemiplegic migraine,

migraine with brainstem aura, ophthalmoplegic migraine, migraine infarction, and basilar
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migraine. Patients with pain are also excluded from the trial; in the frontal, retro- or

periorbital regions, on one or both sides.

- Migraine must have occurred in the individual for a period of 12 months or more.

Exclusion Criteria:

- Complicated cases of migraine such as hemiplegic migraine, migraine with brainstem aura,
ophthalmoplegic migraine, migraine infarction, or basilar migraine. Cases of pain in the
frontal, retro-, or periorbital regions, on one or both sides, are also excluded from the trial.

- Pregnancy, breastfeeding, or planned pregnancy.

- Treatment with neurotoxins, for example, botulinum toxin in the head, in the previous 4
months.

- Supraorbital or auricular nerve block in the previous 4 months.

- Diagnosis of other primary or secondary headache disorders, excluding medication overuse
headache.

- Headache located solely in the temporal or occipital region.

- Intolerance to supraorbital or auricular neurostimulation.

- Previous cerebrovascular events or neurosurgical interventions.

- Having experienced brain or facial trauma within the previous 3 months.

- Skin lesions or inflammation at the electrode site.

- Drug abuse or alcoholism (2 alcohol equivalents).

- Implantation of metallic or electrical devices in the head, not including dental implants.

- Use of a cardiac pacemaker or implanted or portable defibrillator.

- Diagnosis of epilepsy, personality disorder, somatoform disorder, or other severe
neurological or psychiatric disorder.

- Intracranial lesions or severe headaches.

- In women, it is important that the attacks are not related to the menstrual cycle.

Procedure:

Eleven patients diagnosed with migraine who met the inclusion criteria were included. One
of them also had a diagnosis of gastritis and colitis.
The eleven patients received stimulation three times a week for one month in 30-minute

sessions, completing a total of 12 sessions. At the beginning, before the first application, and
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at the end of the 12th session of treatment, a concentration challenge using The Buzz Wire
game was performed, and EEG potential signals were recorded for 3 minutes.

A clinical history was taken regarding the patient's current migraine health status, using the
pain scale illustrated in Figure 17 as a reference. Patients were also asked about the frequency
of attacks experienced during the previous month.

The objective of these questions was to identify the initial pain intensity experienced during
a migraine attack before undergoing the stimulation experience. Similar questions were asked
at the end of treatment, and the same questions were followed up with one and two months

after the completion of treatment.

Visual Analog Scale

Rate your pain or point to the face that describes how you are feeling

00 00 o0 00
Y — © WU

01 2 3 4 56 7 8 910

Moderate Severe Very severe  Most pain

N i Mild
0 pen discomfort pain pain possible

Figure 17. Visual pain scale (https://www.etsy.com/es/listing/1699498673/).

Electrical Stimulation:
a) Patients receive stimulation in a quiet and comfortable location, free from noise and
extreme electromagnetic pollution.
b) Electrical stimulation is performed using two devices connected to the patient via two
pairs of electrodes: one pair is located on the forehead and the other pair is placed on
the ear. The devices are lightweight and comfortable to wear. Table 2 illustrates the

parameters used during stimulation.
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Table 2. These data are based on references from previous work on electrical stimulation of

the vagus and trigeminal nerves.

Stimulation Parameters

Nerves Frequency | Current | Pulse Width | Place of stimulation

Trigeminal | 60 Hz [4]mA | [0.2-0.3]mS | Frontin supraorbital and supratrochlear nerves.
Vagus 1 Hz [2]mA | [0.2—-0.3] mS | Cymba, tragus and internal auditory canal.

Performing simultaneous stimulation of both the vagus and trigeminal nerves offers the
potential to optimize treatment, as they are two sources of stimulation, and in terms of the
amount of net charge transferred, the values used in treatments designed for 3 or even 6
months can be achieved. Furthermore, it is important to highlight that 12 sessions over a
period of one month is the minimum period reported in the literature with favorable results.

c) At the end of the electrical stimulation, the electrodes and the device are removed.

Figure 18. Device for stimulation.
The device consists of two parts, each contained in a box. The first part establishes a
connection with the vagus nerve through a pair of electrodes connected to the cymba and
internal auditory canal. The second part connects to the trigeminal nerve through two
electrodes attached to an adjustable swing that allows contact to be established with the

supraorbital nerve, which is innervated by the trigeminal nerve.

Concentration test and EEG potential recording

This test is performed twice (baseline and final): at the beginning before receiving electrical

stimulation and at the end after the entire treatment has been completed.
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Once the measuring instrument is placed, the patient is asked to practice with the pulse test,
while simultaneously recording EEG signals associated with concentration stimuli.

EEG recording is performed using a single channel using the Neurosky Mindwave sensor,
which is attached to a comfortable and lightweight headband that simultaneously allows
contact between an electrode and the left prefrontal lobe. Two reference nodes are also

maintained with gentle pressure clamps located in the auricular area.

Figure 19. Headband for recording EEG potentials.

During the measurement, two recordings of 2 minutes each are made.

The procedure is as follows:

- First recording: In this measurement, the person being measured is not performing any
relaxation exercises or concentrating on anything in particular.

- Second recording: The person in charge of the measurement explains the pulse game

instructions to the patient, and then, while the patient uses the game, the signal is recorded.

5. RESULTS

5.1 Results of vagus nerve stimulation in healthy people

Trial 1: This trial is carried out without electrical stimulation. It consists of placing the
detectors on the person's body and then proceeding to monitor the physiological variables.
Figure 20, illustrates the corresponding signals with the three variables recorded in a basal

state and in response to stimuli.
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Trial 2. Electrical stimulation is performed on four healthy male volunteers aged 24, 26, 29,
and 30, respectively.
The parameters were as follows:
v Frequency (Hz): [21, 22, 23, and 24]
v" Current: Values less than ImA, without reaching the pain threshold
v" Pulse width: 100 ms
Procedure: Detectors are placed to record physiological variables in addition to the electrodes

used for stimulation. The test completion time is 28 minutes, as illustrated in Table 3.

Table 3. Sequence of applied stimulation, from 21 Hz to 24 Hz

Time (min) Frequency (Hz)
1 No stimulation
6 21
1 No stimulation
6 22
1 No stimulation
6 23
1 No stimulation
6 24

The idea of this trial was to identify the response in the records of physiological variables
based on frequency variations. To evaluate the changes, a break was made between frequency
changes so that the stimulation for each frequency started from a basal state. The stimulation
was initiated gradually, ensuring that volunteers remained unaware of the onset of changes.
Volunteers described their perception as a subtle, occasionally fleeting tingling sensation.
Each participant was informed of the 28-minute duration of stimulation but remained
unaware of the specific moments and variations. The intensity was systematically increased
from low to high, facilitating adaptation to incremental changes in frequency.

Figure 20 shows the graphical interface of the device through which it is possible to view the
monitoring of physiological variables: heart rate, skin conductivity and electromyography of
the orbicularis oculi muscle.

During stimulation at different frequencies, the following results were obtained:
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Heart Rate: Throughout the stimulation process, the heart rate was observed to exhibit

minimal variation, remaining constant within the predefined ranges as described below:

Figure 20. Physiological variable signals in basal state.

In (a), The recording is made as a result of a couple of deep inhalations, and
in (b), the signal is shown as a result of two strong voluntary blinks.
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Volunteer 1: [78-83], Volunteer 2: [83-86], Volunteer 3: [63-67], Volunteer 4: [63-75]. This
could be an indication that the system is safe, as it does not drastically alter heart rate.

Skin Conductance: Figure 21 illustrates how conductance values decrease as frequency

increases during stimulation, showing an upward trend. This result is consistent with the
general finding that vagus nerve stimulation can cause a temporary decrease in skin
conductance due to activation of the parasympathetic nervous system, which can induce a
relaxation response in the body. However, it is important to note that the GSR response is

variable, and not all individuals showed the same response pattern.

Volunteer 1 Volunteer 2
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Figure 21. The distribution of values is inverse with the conductance.

Electrical activity of the orbicularis oculi muscle: Table 4 shows that increases in frequency

are related to decreases in voltage, indicating a decrease in muscle electrical activity. This
decrease is associated with the action of the vagus nerve, which is part of the autonomic

nervous system and regulates involuntary functions such as muscle contraction.
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5.2 Results of the implementation carried out in patients diagnosed with migraine

Data processing and results obtained in the implementation of patients diagnosed with
migraine:

Initially, the EEG signal illustrated in Figure 22 is obtained from the frontal lobe and is a
noisy signal.

Table 4. Voltage expressed in mV as a function of frequency

Frequency (Hz) Volunteer 1 Volunteer 2 Volunteer 3 Volunteer 4
21 442.0 443.0 456.3 442.9
22 441.9 441.6 442.2 441.8
23 441.7 441.5 443.1 442.6
24 441.9 441.4 442.5 442.5

=

Figure 22. The EEG signal.

The signal is made up of signals from different areas of the brain that oscillate at different
frequencies. After applying the Fourier transform, it is possible to decompose the signal into
its frequency components. This allows the data to be classified by bands, as illustrated in
Table 5.

After data extraction, a signal distribution diagram is constructed by frequency, showing the
percentage of signal distribution for each band. Figure 23 illustrates, as an example, what this
distribution looks like for one of the patients in a baseline state, which is associated with a

resting state in which individuals are not receiving major stimuli.
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delta

26839
707638
156297
314463
150658
179566
25085
1683845
262634
1637633

16160
3129
15702
24660
1302
4572

23121
6337
14348

3245
12437

16752445

Table 5. Signal decomposition into bands.

15302

16763447

14227

9198
4119
9946
3967
1309
11476
12469
9910
2774

A21 15862
2040 32263
1704 95411
3518 127641

787 12867
2527 16758980¢
3663 16745421
6136 656578

836 20135
2650 144306

Table 5 shows a representative sample of the data collected during the measurements. It

should be noted that the total amount of data recorded for each band was considerably higher,

as the sensor operates at a sampling rate of 512 Hz.

m high_alpha ® high_beta

low_alpha

% low_beta

Patient reference

Figure 23. Patient reference.

low_gamma

Distribution of the EEG signal by signal percentage,

0.05 %

mid_gamma theta

where 100 % of the signal is observed distributed among the different frequency bands.
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For each subject, there were two types of data: the first were baseline data without experience
with the pulse game and recorded brain activity in a baseline state. The second showed
ongoing brain activity superimposed on that induced through practice with the pulse game.

The measurements taken are illustrated in Table 6.

Table 6. Measurements made on healthy people and patients before and after receiving electrical stimulation.

Pearson diagnosed | Using the pulse
Measurement Healthy person
with migraine game

Baseline or reference state without the use
of pulse set and without electrical X X
stimulation. (initial records)
Baseline state + buzz wire game induced
activity without electrical stimulation.

X X X
(final records)
Baseline or reference state without use of
the pulse set and after electrical -
stimulation treatment. (initial records)
Baseline state + buzz wire game induced
activity following electrical stimulation X X
treatment. (final records)

For each of the measurements illustrated in Table 4, a band decomposition was performed
by applying the Fourier transform as shown in Table 3. After separating the signal into
frequency bands, a percentage distribution calculation is made as illustrated in Figure 24.
The magnitude of each percentage depends on the amplitude of the signal for each frequency
and represents the preponderance of each oscillation over the total EEG signal obtained.

Figure 25 shows the behavior for one of the bands in relation to the participants.
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Theta
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Figure 24. It shows the percentage distribution of the signal for the theta band in patients before receiving
electrical stimulation and in a basal state without using the pulse set.

For each frequency band, patients are compared with healthy subjects from the perspective
that generates the two possible states of brain activity: the baseline state and that induced by
the pulse pattern. An example of these comparisons is illustrated in Figure 25.

Figure 26 allows us to compare the difference between reference states and induced EEG
activity for healthy and patients for the theta band.

Table 7 presents the results obtained from the comparison between healthy subjects and
patients diagnosed with migraine without electrical stimulation. It can be observed that for
some bands, the activity in people with migraine tends to remain the same, decrease or
increase with respect to healthy people. The variations recorded in Table 5 are statistically
supported by Student t tests that allowed comparing means between healthy subjects and
patients for each of the bands. The value representing the level of variation is obtained from

the difference: 0.05 — P(T < t).
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Figure 25. Comparison of results for the theta band.

Theta
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Figure 26. Patients vs Healthy.

There is an increase in theta oscillations, while in healthy individuals the activity for

this band tends to decrease.

Table 8 presents the results obtained from the comparison between healthy subjects and
patients diagnosed with migraine after the application of electrical stimulation treatment. It

can be observed that for the low alpha, low beta and high beta bands, there are no statistically
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significant changes compared to those observed before the patients received electrical

stimulation treatment.

Table 7. Statistically significant changes for the bands 6,6, a, 8, Y.

Delta (0.1-3)Hz INCREASE 0.04924202 *xxkkx
Theta (4-7)Hz INCREASE 0.04900521 *#kx+
Low Alpha (8-9)Hz DECREASES 0.00454146 *
High Alpha (10-12)Hz EQUIVALENT -0.03033059
Low Beta (13-17)Hz DECREASES 0.03546246 **
High Beta (18-30)Hz DECREASES 0.03910792 ***
Low Gamma (31-40)Hz DECREASES 0.04708995 ****
Mid Gamma (40-60)Hz EQUIVALENT -0.22329867

Table 8. Effects of stimulation.

Band Heglthy pa}tients wi.thout ‘electri‘cal stimulation vs. Level of variation
patients with electrical stimulation treatment

Delta (0.1-3)Hz Increase 0.040632505
Theta (4-7)Hz Increase 0.044860091
Low Alpha (8-9)Hz Equivalent -0.56141002
High Alpha (10-12)Hz Equivalent -0.185218689
Low Beta (13-17)Hz Equivalent -0.20771627
High Beta (18-30)Hz Equivalent -0.161028
Low Gamma (31-40)Hz Decreases 0.040378109
Mid Gamma (40-60)Hz Equivalent -0.063471152
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Each of the patients who participated in the treatment was given a two-question test at
different times: before the treatment, after the treatment, and one and two months after
receiving the electrical stimulation treatment. Figures 27 and 28 illustrate the responses
provided by the patients.

The boxplot in figure 27 illustrates the distribution of migraine attack frequency among 11
patients across four time points. A marked reduction in both the median number of attacks
and the variability is evident immediately after treatment. At 1 and 2 months, the median
remains low, indicating sustained therapeutic benefit. One outlier appears at 2 months,
suggesting variability in long-term individual responses.

The figure 28 illustrates the distribution of pain intensity reported by 11 patients before
treatment, immediately after treatment, and at one and two months of follow-up. A clear
reduction in median pain intensity is observed after the intervention, with most patients
reporting lower pain levels that remained relatively stable during the follow-up period.
Despite some variability among patients, the overall trend indicates a sustained decrease in
perceived pain following treatment.

Distribution of Migraine Attacks Before and After Treatment

14 o]
12

10t —

Number of migraine attacks per month

of L 1

i

Before After 1 Month 2 Months

Figure 27. Answers to the question: How many migraine attacks have you had this month?
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Distribution of Pain Intensity Before and After Treatment
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Figure 28. Responses to a question using an analog scale about the intensity of

pain experienced during crises experienced this month.

6. RESULTS AND DISCUSSION

6.1 Arrhythmia detector analysis

Given the difficulty and risk associated with this type of treatment, trials in controlled in vitro
or animal settings, followed by human testing, remain the subject of ongoing research and
debate. Initially, interventions are planned in pigs and/or canines due to their anatomical
similarities with humans. For example, when comparing nervous structures, both species
have an auricular branch of the vagus nerve. Similarly, vagus nerve stimulation in pigs can
induce a decrease in heart rate. Furthermore, the cervical sympathetic ganglia in both humans
and canines share similarities, and, as in humans, stimulation of these ganglia can
significantly increase heart rate.

The objective of this work was to inform the scientific community about the development of
a device designed to help restore heart rhythm in individuals experiencing an arrhythmia
episode. The use of two stimulators, combined with the ability to automate stimulation using
an arrhythmia detector, supports a novel approach with anatomical and physiological

foundations that have not been implemented in other devices to date. It is anticipated that the
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described methodology will establish the device as an effective tool for managing arrhythmia

episodes.

6.2 Analysis of electrical stimulation results in people diagnosed with migraine

The treatment applied to patients diagnosed with migraine proved generally effective: 9 out
of 11 patients experienced a reduction in either the frequency or intensity of attacks. To assess
the effects of the stimulation on brain activity, electroencephalographic (EEG) recordings
were analyzed.

Delta:

During the tests performed, the increase in intensity in the delta band in patients diagnosed
with migraine was evident, delta waves are the result of an interaction between cortical and
subcortical networks, mainly in the cerebral cortex and thalamus[71]. In previous studies
performed on migraine patients, it was found for example that during attacks with disturbed
consciousness and hemiplegic migraine, people presented abnormal activity of the delta
waves. These results may offer valuable information about the underlying mechanisms of

these specific types of migraine [72].

In another investigation [73] it was found that the increase in delta power in the frontocentral
region is significant and a correlation was found between delta power and migraine severity,
which highlights the importance of understanding how alterations in brain activity can
influence the experience of pain. The frontocentral area is associated with pain perception,
from the correlation presented with migraine severity it is possible to suggest that delta
activity may be a marker of pain intensity in these patients, and may even have implications
for the treatment and management of migraine [73]. In another work carried out previously
[74], it was found that during migraine attacks the EEG pattern presents an increase for the
delta band. This may be related to neuronal excitability and dysfunction in brain networks.
These findings are important to understand the underlying mechanisms of migraine and could
also have implications in the treatment and management of the disease [74]. In an
electroencephalographic study focusing on bioelectrical abnormalities observed in migraine
patients it was also found that there was an increase in delta activity during attacks [75], the
findings of the study indicate that a significant percentage of migraine patients have

abnormalities in their EEG recordings. This suggests that migraine may be associated with
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changes in brain activity that are detectable through electroencephalography. Identifying

these abnormalities is crucial to better understand the pathophysiology of migraine and its

relationship to other neurological disorders [75].

On the other hand in [76] the observed relationship between delta activity and headache
severity suggests that changes in brain activity may reflect migraine intensity. This could
have implications for treatment, as clinicians could use delta activity as an indicator of
migraine severity and adjust treatment accordingly. This relationship also highlights the
importance of a personalized approach in migraine management [76]. Finally, in a study that
investigated broadband EEG findings in migraine patients, analyzing their correlation with
clinical variables. It was observed that EEG may be a useful biomarker to understand

migraine pathology, highlighting the importance of sub delta and delta focal slow waves [77].

Theta:

During the tests performed, the increase in intensity in the theta band in patients diagnosed
with migraine was evident, these waves are generated mainly in the hippocampus [78],
medial prefrontal cortex [79] and in other areas that are part of the limbic system [80]. The
intrinsic oscillatory properties of hippocampal neurons are fundamental for the generation of
theta oscillations. These properties allow neurons to synchronize and generate rhythmic
activity patterns. Understanding these properties is essential to unravel the mechanisms
underlying brain activity.

Alterations in theta oscillations have been linked to several neurological disorders, which is
why the implications of research on theta oscillations are significant for the understanding of
neurological disorders. As research progresses, it is expected that new therapeutic strategies
based on the modulation of theta oscillations will be identified [78].

A similar behavior to that obtained with the pulse game for the theta band was found in [75]
where it was found that there was an increase in theta activity during attacks. Increased
activity in the theta band during migraine attacks indicates a change in neuronal excitability.
These changes may reflect the complexity of the mechanisms underlying migraine and how

the brain responds to painful stimuli [75].
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In another work, theta activity observed in migraine patients and its relationship with the

absence of visual disturbances suggests that this type of brain activity could be associated
with specific characteristics of migraine. This highlights the need to further investigate how
theta activity relates to migraine symptoms and whether it can be used as a marker to predict

the onset of certain symptoms, such as visual disturbances [76].

Low Alpha:

During the tests performed, the intensity of the low Alpha band decreased in patients
diagnosed with migraine. These waves are generated mainly in the occipital and parietal
cortex, although they are also observed in other cortical areas, such as the frontal lobe. In the
absence of other studies that allow validating the conclusions in [81], a correlation was found
between the increase in alpha power and the intensity of pulsating pain. The synchrony
observed between alpha power oscillations and pulsating rhythm indicates that there is a
dynamic relationship between brain activity and the experience of pain. The idea that
pulsating pain has a neurophysiological representation is a significant advance in the
understanding of pain [81].

In [82] the differences in visual perception between migraine and control groups are
explored, focusing on alpha band oscillations in a resting state. Differences in alpha band
activity between migraine and control groups are examined there and the implications of
these findings for understanding hypersensitivity to visual stimuli in migraine patients are
discussed. The results indicating that the migraine group showed greater power in the low
alpha band are significant, as they suggest that brain oscillations may be altered in these
patients. This greater power may be related to a longer temporal integration of visual

information, which could contribute to hypersensitivity to visual stimuli [82].

High y Low Beta

During the tests carried out, an increase in the intensity in the beta band was observed for
both high and low frequencies. When consulting with other experiences carried out in which
the behavior of the beta band is evaluated, it was found that in [83] the relationship between

the patent foramen ovale (PFO) and brain activity in patients with migraine is explored,
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analyzing how the PFO can alter cortical excitability and functional connectivity, which

could influence the severity of migraine episodes. The work emphasizes the complexity of
understanding the relationship between the PFO and migraine and highlights the need for
more research. However, interesting results are obtained for the beta band because greater
activity was presented in people with PFO who also a diagnosis of migraine have compared
to those people who do not have these two diagnoses together. Finally, in this work carried
out, it was found that the power spectral density for the beta band correlates with the severity
of the migraine [83].

In another work consulted [84], cyclic fluctuations in sensory processing in migraine patients
were examined, using beta event-related desynchronization (beta-ERD) measurements
through electroencephalography (EEG). Differences in cortical activity during the preictal,
ictal, and interictal phases were analyzed, revealing an increase in cortical excitability before
migraine attacks [84].

The increase in beta-ERD in the preictal phase suggests that the brain of migraine patients
becomes more reactive to sensory stimuli before an attack. This finding is significant because
it indicates that there are changes in cortical excitability that may predispose patients to

experience headache [84].

7. CONCLUSIONS

The results of these studies demonstrate the promising potential of non-invasive
neurostimulation techniques, specifically, electrical stimulation of the vagus and trigeminal
nerves, as well as magnetic stimulation of the cervical sympathetic ganglia, for therapeutic
and research applications. Non-invasive vagus nerve stimulation (nVNS) has been
consistently shown to be safe and well-tolerated, with encouraging outcomes across a range
of clinical conditions. The present research supports its utility in both therapeutic and
experimental contexts, highlighting the importance of responsible parameter adjustment and
the use of conductive gel to ensure effective stimulation. Researchers and clinicians are
advised to consult the relevant literature when defining stimulation protocols and to suspend
stimulation if unexpected physiological responses occur.

Additionally, a novel device for the management of cardiac arrhythmias has been introduced,

integrating dual-site stimulation and automated triggering based on arrhythmia detection.
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This approach offers a new physiological and anatomical strategy for restoring heart rhythm,

with potential clinical applications not yet explored in existing literature.

Finally, the combined electrical stimulation of the vagus and trigeminal nerves has shown
favorable preliminary results in the treatment of migraine. Simultaneous charge delivery to
both sites may reduce the number of treatment sessions required. Optimal outcomes are
associated with patient-tailored stimulation based on individual impedance and pain
thresholds. This underscores the need for future development of automated, adaptive
stimulation systems to personalize and enhance therapeutic efficacy.

Together, these studies contribute to the growing evidence base supporting bioelectronic
medicine and emphasize the importance of individualized, parameter-sensitive approaches
in neuromodulation therapies.

The work conducted with migraine patients was where the most progress was made. The
most relevant conclusions are presented below. It is important to note that these
generalizations are preliminary so far due to the small number of patients treated.

Clinical effectiveness:

The electrical stimulation treatment produced a significant clinical improvement in most
patients diagnosed with migraine, as evidenced by a reduction in both the frequency and
intensity of attacks in 9 out of 11 participants. These findings suggest that the applied
stimulation protocol effectively modulates neural activity involved in migraine generation
and maintenance.

EEG markers of cortical modulation:

The analysis of EEG recordings revealed characteristic changes in brain oscillatory activity
after treatment. In particular, alterations in delta, theta, alpha, and beta bands indicate a
modulation of cortical and subcortical circuits, possibly reflecting reduced cortical
hyperexcitability—a hallmark of migraine pathophysiology.

Delta and theta activity as indicators of migraine severity:

The observed increase in delta and theta power before or during migraine episodes aligns
with previous evidence linking these bands to pain perception, cortical-thalamic
dysregulation, and neuronal excitability. The correlation between delta power and pain
intensity supports the hypothesis that slow-wave activity may serve as a neurophysiological

marker of migraine severity.
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Alpha desynchronization and sensory hypersensitivity:

The decrease in low-alpha activity after treatment may be related to improved cortical
inhibition and reduced hypersensitivity to sensory stimuli. Since alpha oscillations are known
to regulate thalamocortical excitability, their reduction could reflect a normalization of neural
dynamics associated with visual and somatosensory processing.

Beta-band modulation and cortical excitability:

The increase in beta activity observed after treatment may represent compensatory
mechanisms linked to enhanced sensorimotor integration and cortical regulation. Given that
preictal beta desynchronization has been associated with increased cortical excitability, these
results could indicate a shift toward a more stable excitatory—inhibitory balance following
stimulation.

Neurophysiological implications:

Overall, the combined clinical and electrophysiological evidence supports the view that
electrical stimulation induces beneficial modulation of brain networks implicated in
migraine. The EEG findings highlight potential biomarkers (particularly in the delta and beta
ranges) that could guide future optimization of stimulation protocols and individualized

therapeutic strategies.
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