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1 Introduction

Human pain is a complex and multifaceted phenomenon (1) that is controlled by
multiple systems in the human body (2). These systems work together to process,
interpret and respond to pain (3).

The International Association for the Study of Pain defines pain as “an unpleasant
sensory and emotional experience associated with, or resembling that associated with,
actual or potential tissue damage” (4). This experience evokes an integrated response
from the various systems associated with pain.

This integrated response to the phenomenon of pain occurs in a more complex way at
the level of the cortex where pain is consciously perceived, such as the primary
somatosensory cortex, the primary motor cortex and supplementary motor cortex, the
secondary somatosensory cortex, the insular cortex, the anterior cingulate cortex and
the thalamus (5, 6). Also at an unconscious level, but more central, is the emotional
regulation of pain, which is linked to the limbic system, where the experience of pain
acquires an individual component linked to the emotions and experiences of the
individual themselves, such as memory and fear in the amygdala, hippocampus and
subcortical structures, including the basal ganglia (6, 7).

In addition, there are some systems that are particularly important in pain regulation,
namely the immunological system, the endocrine system and the descending
noradrenergic system.

Despite today’s deeper understanding of pain mechanisms, there is still a lack of
solutions for more complex conditions. The role of the autonomic nervous system
(ANS) in pain modulation with the different systems involved in pain, such as the
immunological system, the endocrine system and the descending noradrenergic system,
is becoming increasingly clear and there is an urgent need to develop solutions for
effective modulation of the ANS with a focus on pain (9). From this perspective,
neuromodulation of the ANS appears to be a potentially supportive solution for the
modulation of pain, in particular non-invasive neuromodulation of the autonomic
nervous system NESA, which has been shown to be effective for pain in chronic
pathologies such as multiple sclerosis (8).

The need arises for effective non-pharmacological treatments, based on electrical
neuromodulation, and backed by scientific evidence to support their use for pain. In
this sense, previous studies have shown that microcurrent technologies for prefrontal
and primary motor cortex modulation such as transcranial stimulation (tDCS)
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combined with peripheral stimulation (9) or vagal stimulators
(VNS) (
of pain, headaches, chronic pain in diverse populations (11).

) have demonstrated benefits on different aspects

However, science is advancing and other types of specific
microcurrent are emerging for autonomic modulation targets
that are more comfortable for the patient, with no side effects
and an easier application, such as non-invasive neuromodulation
NESA (12). It is therefore necessary to explore the field of work
of NESA microcurrents so that they can be used to modulate
pain through the autonomic nervous system.

The immune system influences the release of substances such
as pro-inflammatory cytokines, which sensitize pain receptors
and pathways and thus increase the perception of pain (13). The
immune system also plays a role in reducing pain levels in the
process of tissue recovery (14). The regulation of the immune
system, pain and inflammation is largely mediated by the
ANS and its different divisions such as the sympathetic,
parasympathetic and enteric branches (15).

This deregulation can be observed in autoimmune diseases
such as rheumatoid arthritis, systemic lupus erythematosus and
multiple sclerosis, where changes in the ANS are associated with
of these
inflammatory levels, there is a dysfunctional interaction between
the ANS and the gut microbiota with direct effects on the
). A study with individuals
with rheumatoid arthritis showed a strong correlation between

increased inflammation. As a result increased

homeostasis of inflammation (14,

the increase in sympathetic activity due to muscle sympathetic
nerve activity and the painful symptoms of these patients (16).
The endocrine system also has an influence on pain regulation
The
hypothalamic-pituitary-adrenal axis (HPA axis) and cortisol is an

via hormones that influence pain perception (17, 18).

important hormonal regulatory system that is also of great
importance for the regulation of pain by regulating cortisol levels.
Elevated cortisol levels following acute stress can facilitate the
consolidation of fear-based emotional memories and cause a
sensitized physiological response to stress. However, prolonged
stress or situations of constant or exaggerated physical pain can
increase sympathetic and neuroendocrine activity, decrease cortisol
levels, and perpetuate generalized pain and inflammation (19). The
increase in cortisol levels is accompanied by an increase in
adrenaline levels associated with acute pain or stress, which can
transiently alter pain perception (14). This type of response is often
associated with the “fight or flight”

temporarily reduce pain sensitivity (20).

response, which can
However, prolonged
chronic stress leads to a functional change in the ANS that
impairs pain regulation, such as in fibromyalgia (21, 22) and
central sensitization (23).

Pain modulation also depends on an important system such as
the descending noradrenergic system, its relationship with the
periaqueductal gray matter (PAG) and the reticular formation of
the brainstem (24). The PAG is also involved in risk assessment

and threat response and contributes to defensive behaviors related
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to negative events. These pathways lead to learned aversive
behaviors through the involvement of sympathetic responses,
motor responses, and emotional responses characteristic of acute
and chronic pain (25). Some structures are particularly important
for the
hyperalgesia in nerve tissue damage, such as the noradrenergic

development and maintenance of allodynia and
neurons in the locus coeruleus and their terminals in the dorsal
reticular nucleus, medial prefrontal cortex, dorsal horn of the
spinal cord and spinal caudal trigeminal nucleus (26).

The brainstem, in particular the various nuclei of the reticular
formation such as the locus coeruleus and the serotonergic nuclei
of the raphe, play a fundamental role in the modulation of pain,
but also in the regulation of sleep together with the ANS.
Wakefulness and sleep are behaviors characterized by different
levels of engagement with the external environment. Accordingly,
there is a consistent remodulation of ANS activity during the
transition from wakefulness to sleep (27). Recent qualitative
analyzes of longitudinal and micro-longitudinal studies suggest a
stronger and more consistent unidirectional effect of sleep on pain
exacerbation of pain in adult patients, particularly in experimental
and acute pain models (28-32). For example, it has been
shown that sleep deprivation can elicit hyperalgesic responses
(i-e., abnormally increased pain sensitivity) in healthy individuals
that correlate with electrophysiologic measures (e.g., decreases in
laser-evoked potentials) (33) and that some of these responses can
be reversed by a nap or short sleep regardless of vigilance status (34).

The

modulation of pain and the ANS is becoming clearer as its

relationship between the central and peripheral
mechanisms of action deepen. Although the main function of the
ANS is not to directly regulate pain, it can influence the
experience of pain and alter the perception of pain by activating
). For

example, acute pain increases an autonomic response such as

the sympathetic nervous system during stress (35,

respiratory rate, leads to muscle tension, increases electrodermal
activity and dilates the pupils (37). Similarly, activation of the
parasympathetic nervous system via the vagus nerve and
). At the

central level, pain experiences link the low frequencies of heart

the inflammatory reflex can reduce pain levels (38—

rate variability to the brain connectivity of some important areas
in the perception and modulation of pain, such as the PAG and
the dorsal anterior cingulate cortex (41).

The vagus nerve is a mixed nerve consisting of sensory, motor
and parasympathetic fibers and contains approximately 80%
afferent fibers and 20% efferent fibers (42). Of the three types of
fibers belonging to the vagus nerve, namely the A fibers
(myelinated) and the B fibers (preganglionic innervation), the
unmyelinated C fibers (which make up about 70% of all vagus
fibers) are responsible for the transmission of visceral information
of various visceral organs, which have shown a modulating effect
). Due to the
importance of the vagus nerve in the modulation of pain, various

on the pain produced by the vagus nerve (43,

approaches to the treatment of chronic pain have been considered,
which can be divided into invasive and non-invasive methods.
The latter have prevailed because they are more convenient to use
and involve fewer risks in handling and consequently fewer
clinical complications (10, 45).
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Although the vagus nerve is an extremely important nerve, it is
just another part of a truly complex and global system. Therefore,
there is an urgent need to develop solutions that allow
neuromodulation of the ANS to restore its normal function and
thus its pain modulation.

The modern era of neuromodulation began with the publication
of a study by Benabid et al. in 1987, in which deep brain stimulation
was used to suppress tremor in Parkinson’s disease (46). However,
the use of electricity to treat neurological disorders dates back to
the earliest antiquity (47). As early as the 1st century BC, the
physician Scribonius Largus recommended shocks with the
torpedo fish marmorata to the Emperor Claudius to treat his
headaches and ailments (48). Advances in neuroimaging with the
advent of magnetic resonance imaging and functional imaging,
together with improved surgical techniques, have contributed to a
significant development of these techniques and greater precision
in their application (49). A better understanding of the neural
circuitry involved in various neurological, psychiatric, cognitive
and behavioral disorders has led to an expansion of the
application of neuromodulation techniques to a considerable
number of nervous system disorders (50, 51).

Especially for pain, neuromodulation can be divided into
invasive, minimally invasive and non-invasive methods, with the
focus on electrical stimulation. the three types of neuromodulation
are effective in the treatment of pain, but due to the potential risks
and complications of invasive or minimally invasive procedures,
non-invasive interventions have been presented as the first choice
for pain management (52, 53). Until a few years ago, two types of
non-invasive neuromodulation were known and researched:
peripheral and central (54-57) in which different types of electrical
generators were used and are still being investigated. The use of
microcurrents as a non-invasive neuromodulation in the treatment
of pain has proven to be increasingly successful and is being used
more and more frequently as a therapeutic tool in different centers
specializing in acute or chronic pain (58-60). The vast majority of
microcurrent devices are applied locally, which is a limitation in
polyarticular or systemic conditions. Nowadays, the most studied
and traditional (non-invasive) neuromodulation technologies for
pain are direct tDCS, which is a central neuromodulation, and
peripheral vagal neuromodulation (9, 10). Although both use

10.3389/fpain.2025.1410808

electrical microcurrents and are applied transcutaneously, neither
focuses specifically on autonomic modulation. On the other hand,
they cover only one input target, central or peripheral. NESA
microcurrents go one step further. It is a neuromodulation that
has a global capacity (central and peripheral). This means that
modulatory actions such as orthodromic impulses that activate
descending inhibitory pathways, afferent and efferent regulatory
mechanisms of neuromodulatory systems and neurotransmitters,
and finally the modulatory capacity of the ANS can be generated
systemically using the control component (56, 61, 62).

Non-invasive neuromodulation with NESA is a superficial
treatment that provides a highly comfortable experience for the
patient (50). The effect of the electrical microcurrent is amplified
as it is delivered through multiple pathways covering the entire
body via limb electrodes and a directing electrode. The NESA
technique uses 24 coordinated electrodes to modulate the
autonomic nervous system (ANS) through ultra-low-frequency
electrical signals.

These signals range from 1.4 Hz to 14.28 Hz, depending on the
program, with pulse intensities between 0.1 and 0.9 milliamperes
and a potential difference of +3 V. The current is distributed in
sequences (100-130 ms per program) with biphasic and
monophasic alternations, activating different polarities over the
course of the session (12).

Unlike local muscle or nerve stimulation, NESA microcurrents
produce a systemic effect due to the distributed -electrode
placement and the extremely low electrical parameters. The
24 limb, with
specialized gloves for the wrists and anklets for the ankles—

technique utilizes semi-electrodes—six per
delivering synchronized stimulation. This coordinated electrical
input effectively modulates the ANS while remaining entirely
non-invasive, as it is applied only to the body’s surface (12)
(see Figure 1).

3 Discussion

Based on the evidence and clinical experience to date, non-
invasive neuromodulation NESA can also be a complementary
treatment to other therapies. Two types of treatment modalities

FIGURE 1

Graphical representation of the position of the NESA microcurrent electrodes.
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can be described: passive and active treatment. Passive treatment
modulates the autonomic nervous system, while the application
of our therapies improves the treatment. It is also a way to
familiarize the patient with the technology and see what the
potential is. In active treatment, doctors can combine different
therapies with the electrical modulation of the ANS through
NESA non-invasive neuromodulation. Treatment with NESA
microcurrents begins with the patient’s medical history. The
collection of all information enables the definition of short,
medium and long-term goals. The programming of the device
focuses on the first target, and once this first target is achieved, it
is programmed to treat the second target. As a general
parameter, a low voltage application is recommended, based on
the latest studies (63-65).

The treatment times are set at one hour. The recommended
frequency of application is dependent on the profesionals clinical
reasoning and the patient’s necessity. Exist treatment protocols
with twice (64), three (63, 65) during the whole treatment, in
addition, what have been demonstrated is that at least in
necessary 10 sessions (63-65). NESA treatment is considered as a
middle-long treatment in order to modulate the ANS. If the
course of treatment is favorable, the sessions can be carried out
at longer intervals or more frequently, always depending on the
clinical reasoning (12).

The technology may be a useful and effective tool in high-level
players to optimize recovery and content with exercise stressors
(64). In addition, non-invasive neuromodulation has been shown
to be a safe technique for children, with any adverse effect
registered, that is easy to apply and shows clinically relevant
results in autonomic systems such as sleep and constipation (63)
or cognitive function and sleepiness in dementia patients (65) as
well as promising results in chronic diseases. In line with these
findings, studies in recent years have explored new possibilities
for the treatment of pain and sleep quality in patients with
chronic pain, such as multiple sclerosis (8), with positive results
in pain reduction and sleep quality. In all published studies the
authors describe that no adverse effects are recorded, this is
probably due to the characteristics of microcurrents which are
usually a very patient-friendly treatment. Based on these results,
some clinical trials are currently being conducted in others
diseases such as fybromialgia sindrome (clinical trial registration
NCT05648695), stroke sequeales (clinical trial registration
NCT058539529), in patients with long covid (clinical trial
registration NCT056814559), in pain after surgery (clinical trial

References

1. Raja SN, Carr DB, Cohen M, Finnerup NB, Flor H, Gibson S, et al. The revised
international association for the study of pain definition of pain: concepts, challenges,
and compromises. Pain. (2020) 161(9):1976-82. doi: 10.1097/j.pain.0000000000001939

2. McMahon SB. Wall and Melzack’s Textbook of Pain. 6th ed. Philadelphia, PA:
Elsevier/Saunders (2013). p. 1153. (ClinicalKey). Available online at: http://site.
ebrary.com/id/10675905 (citado November 26, 2023).

3. Chapman CR, Tuckett RP, Song CW. Pain and stress in a systems perspective:
reciprocal neural, endocrine, and immune interactions. J Pain. (2008) 9(2):122-45.
doi: 10.1016/j.jpain.2007.09.006

Frontiers in Pain Research

10.3389/fpain.2025.1410808

registration NCT05207943) or even in complex regional
syndrome (Sudeck) (clinical trial registration NCT05052736).

Although future research needs to be conducted in a variety of
settings and patients, with larger sample sizes, and even in studies
comparing groups with different neuromodulation techniques
and NESA technology. It could demonstrate a way to treat
symptoms such as pain from the perspective of targeting the
patient’s autonomic nervous system. There is still work to do
but a very interesting line of research and clinical practice has
been initiated based on a new view of treating pain from the
perspective of targeting the patient’s autonomic nervous system.
Perhaps NESA microcurrents can help us to change the
approach to pain management.

Author contributions

NA: Writing - original draft, Writing - review & editing.
RM-R: Writing - original draft, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the Fundagdo para a Ciéncia e Tecnologia
(FCT) through R&D Units funding (UIDB/05210/2020).

Conflict of interest

NA and RM-R are trainer’s in non-invasive neuromodulation
NESA®, a NGS Health and Mind SL company.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

4. Terminology | International Association for the Study of Pain. International
Association for the Study of Pain (IASP). Available online at: https://www.iasp-pain.
org/resources/terminology/ (Accessed May 09, 2024).

5. Garland EL. Pain processing in the human nervous system: a selective review of
nociceptive and biobehavioral pathways. Prim Care. (2012) 39(3):561-71. doi: 10.
1016/j.pop.2012.06.013

6. Martucci KT, Mackey SC. Neuroimaging of pain: human evidence and clinical
relevance of central nervous system processes and modulation. Anesthesiology.
(2018) 128(6):1241-54. doi: 10.1097/ALN.0000000000002137

frontiersin.org


https://doi.org/10.1097/j.pain.0000000000001939
http://site.ebrary.com/id/10675905
http://site.ebrary.com/id/10675905
https://doi.org/10.1016/j.jpain.2007.09.006
https://www.iasp-pain.org/resources/terminology/
https://www.iasp-pain.org/resources/terminology/
https://doi.org/10.1016/j.pop.2012.06.013
https://doi.org/10.1016/j.pop.2012.06.013
https://doi.org/10.1097/ALN.0000000000002137
https://doi.org/10.3389/fpain.2025.1410808
https://www.frontiersin.org/journals/pain-research
https://www.frontiersin.org/

Azevedo and Medina-Ramirez

7. Murray I, Bhanot G, Bhargava A. Neuron-glia-immune triad and cortico-limbic
system in pathology of pain. Cells. (2021) 10(6):1553. doi: 10.3390/cells10061553

8. Medina-Ramirez R, Contreras-Polo M, Teruel-Hernandez E, Vilchez Barrera M,
Baez-Sudrez A, Alamo-Arce D. Rehabilitation in sleep, pain, and bladder symptoms of
NESA neuromodulation application in multiple sclerosis patients: a innovative
treatment. CPQ Med. (2023) 15(1):01-11.

9. Pacheco-Barrios K, Cardenas-Rojas A, Thibaut A, Costa B, Ferreira I, Caumo W,
et al. Methods and strategies of tDCS for the treatment of pain: current status and
future directions. Expert Rev Med Devices. (2020) 17(9):879-98. doi: 10.1080/
17434440.2020.1816168

10. Shao P, Li H, Jiang J, Guan Y, Chen X, Wang Y. Role of vagus nerve stimulation
in the treatment of chronic pain. Neuroimmunomodulation. (2023) 30(1):167-83.
doi: 10.1159/000531626

11. Nascimento RMD, Cavalcanti RL, Souza CG, Chaves G, Macedo LB.
Transcranial direct current stimulation combined with peripheral stimulation in
chronic pain: a systematic review and meta-analysis. Expert Rev Med Devices.
(2023) 20(2):121-40. doi: 10.1080/17434440.2022.2039623

12. Medina-Ramirez RI, Bdez Sudrez A, Alamo Arce DD, Molina Cedrés F. Nesa
non-invasive neuromodulation; a new frontier of treatment of the Autonomous
nervous system in physiotherapy. CPQ Orthopaedics. (2021) 5(4):1-4.

13. Totsch SK, Sorge RE. Immune system involvement in specific pain conditions.
Mol Pain. (2017) 13:1744806917724559. doi: 10.1177/1744806917724559

14. Ren K, Dubner R. Interactions between the immune and nervous systems in
pain. Nat Med. (2010) 16(11):1267-76. doi: 10.1038/nm.2234

15. Bellocchi C, Carandina A, Montinaro B, Targetti E, Furlan L, Rodrigues GD,
et al. The interplay between autonomic nervous system and inflammation across
systemic autoimmune diseases. Int ] Mol Sci. (2022) 23(5):2449. doi: 10.3390/
ijms23052449

16. Adlan AM, Paton JF, Lip GY, Kitas GD, Fisher JP. Increased sympathetic nerve
activity and reduced cardiac baroreflex sensitivity in rheumatoid arthritis. J Physiol
(Lond). (2017) 595(3):967-81. doi: 10.1113/JP272944

17. Tennant F. The physiologic effects of pain on the endocrine system. Pain Ther.
(2013) 2(2):75-86. doi: 10.1007/s40122-013-0015-x

18. Zouikr I, Karshikoff B. Lifetime modulation of the pain system via
neuroimmune and neuroendocrine interactions. Front Immunol. (2017) 8:276.
doi: 10.3389/fimmu.2017.00276

19. Hannibal KE, Bishop MD. Chronic stress, cortisol dysfunction, and pain: a
psychoneuroendocrine rationale for stress management in pain rehabilitation. Phys
Ther. (2014) 94(12):1816-25. doi: 10.2522/ptj.20130597

20. Greenberg EN. The consequences of chronic pain. J Pain Palliat Care
Pharmacother. (2012) 26(1):64-7. doi: 10.3109/15360288.2011.650359

21. Kingsley JD. Autonomic dysfunction in women with fibromyalgia. Arthritis Res
Ther. (2012) 14(1):103. doi: 10.1186/ar3728

22. Vincent A, Whipple MO, Low PA, Joyner M, Hoskin TL. Patients with
fibromyalgia have significant autonomic symptoms but modest autonomic
dysfunction. PM R. (2016) 8(5):425-35. doi: 10.1016/j.pmr;j.2015.08.008

23. Hazra S, Venkataraman S, Handa G, Yadav SL, Wadhwa S, Singh U, et al. A
cross-sectional study on central sensitization and autonomic changes in
fibromyalgia. Front Neurosci. (2020) 14:788. doi: 10.3389/fnins.2020.00788

24. Martins I, Tavares I. Reticular formation and pain: the past and the future. Front
Neuroanat. (2017) 11:51. doi: 10.3389/fnana.2017.00051

25. Terpou BA, Harricharan S, McKinnon MC, Frewen P, Jetly R, Lanius RA. The
effects of trauma on brain and body: a unifying role for the midbrain periaqueductal
gray. ] Neurosci Res. (2019) 97(9):1110-40. doi: 10.1002/jnr.24447

26. Taylor BK, Westlund KN. The noradrenergic locus coeruleus as a chronic pain
generator. ] Neurosci Res. (2017) 95(6):1336-46. doi: 10.1002/jnr.23956

27. Zoccoli G, Amici R. Sleep and autonomic nervous system. Curr Opin Physiol.
(2020) 15:128-33. doi: 10.1016/j.cophys.2020.01.002

28. Andersen ML, Araujo P, Frange C, Tufik S. Sleep disturbance and pain: a tale of
two common problems. Chest. (2018) 154(5):1249-59. doi: 10.1016/j.chest.2018.07.
019

29. Finan PH, Goodin BR, Smith MT. The association of sleep and pain: an update
and a path forward. J Pain. (2013) 14(12):1539-52. doi: 10.1016/j.jpain.2013.08.007

30. Lautenbacher S, Kundermann B, Krieg JC. Sleep deprivation and pain
perception. Sleep Med Rev. (2006) 10(5):357-69. doi: 10.1016/j.smrv.2005.08.001

31. Lavigne GJ, Sessle B]. The neurobiology of orofacial pain and sleep and their
interactions. J Dent Res. (2016) 95(10):1109-16. doi: 10.1177/0022034516648264

32. Schuh-Hofer S, Wodarski R, Pfau DB, Caspani O, Magerl W, Kennedy JD, et al.
One night of total sleep deprivation promotes a state of generalized hyperalgesia: a
surrogate pain model to study the relationship of insomnia and pain. Pain. (2013)
154(9):1613-21. doi: 10.1016/j.pain.2013.04.046

33. Schuh-Hofer S, Baumgirtner U, Treede RD. Effect of sleep deprivation on the
electrophysiological signature of habituation to noxious laser stimuli. Eur ] Pain.
(2015) 19(8):1197-209. doi: 10.1002/ejp.698

Frontiers in Pain Research

10.3389/fpain.2025.1410808

34. Babiloni A H, De Koninck BP, Beetz G, De Beaumont L, Martel MO, Lavigne GJ.
Sleep and pain: recent insights, mechanisms, and future directions in the investigation
of this relationship. J Neural Transm. (2020) 127(4):647-60. doi: 10.1007/
500702-019-02067-z

35. Schlereth T, Birklein F. The sympathetic nervous system and pain.
Neuromolecular Med. (2008) 10(3):141-7. doi: 10.1007/s12017-007-8018-6

36. Wyns A, Hendrix J, Lahousse A, De Bruyne E, Nijs J, Godderis L, et al. The
biology of stress intolerance in patients with chronic pain—state of the art and
future directions. J Clin Med. (2023) 12(6):2245. doi: 10.3390/jcm12062245

37. Kyle BN, McNeil DW. Autonomic arousal and experimentally induced pain: a
critical review of the literature. Pain Res Manag. (2014) 19(3):159-67. doi: 10.1155/
2014/536859

38. Koopman FA, Chavan SS, Miljko S, Grazio S, Sokolovic S, Schuurman PR, et al.
Vagus nerve stimulation inhibits cytokine production and attenuates disease severity
in rheumatoid arthritis. Proc Natl Acad Sci U S A. (2016) 113(29):8284-9. doi: 10.
1073/pnas.1605635113

39. Martins DF, Viseux FJF, Salm DC, Ribeiro ACA, da Silva HKL, Seim LA, et al.
The role of the vagus nerve in fibromyalgia syndrome. Neurosci Biobehav Rev. (2021)
131:1136-49. doi: 10.1016/j.neubiorev.2021.10.021

40. Pavlov VA, Tracey KJ. The vagus nerve and the inflammatory reflex—linking
immunity and metabolism. Nat Rev Endocrinol. (2012) 8(12):743-54. doi: 10.1038/
nrendo.2012.189

41. Hohenschurz-Schmidt DJ, Calcagnini G, Dipasquale O, Jackson JB, Medina S,
O’Daly O, et al. Linking pain sensation to the autonomic nervous system: the role
of the anterior cingulate and periaqueductal gray resting-state networks. Front
Neurosci. (2020) 14:147. doi: 10.3389/fnins.2020.00147

42. Rajendran PS, Hadaya J, Khalsa SS, Yu C, Chang R, Shivkumar K. The vagus
nerve in cardiovascular physiology and pathophysiology: from evolutionary insights
to clinical medicine. Semin Cell Dev Biol. (2024) 156:190-200. doi: 10.1016/j.
semcdb.2023.01.001

43. Alkubaisi A, Dong CCJ, Honey CR. The location of the parasympathetic fibres
within the Vagus nerve rootlets: a case report and a review of the literature. Stereotact
Funct Neurosurg. (2023) 101(1):68-71. doi: 10.1159/000528094

44. Chang YC, Cracchiolo M, Ahmed U, Mughrabi I, Gabalski A, Daytz A, et al.
Quantitative estimation of nerve fiber engagement by vagus nerve stimulation using
physiological markers. Brain Stimul. (2020) 13(6):1617-30. doi: 10.1016/j.brs.2020.09.002

45. Chakravarthy K, Chaudhry H, Williams K, Christo PJ. Review of the uses of
vagal nerve stimulation in chronic pain management. Curr Pain Headache Rep.
(2015) 19(12):54. doi: 10.1007/s11916-015-0528-6

46. Benabid AL, Pollak P, Louveau A, Henry S, de Rougemont ]. Combined
(thalamotomy and stimulation) stereotactic surgery of the VIM thalamic nucleus
for bilateral Parkinson disease. Appl Neurophysiol. (1987) 50(1-6):344-6. doi: 10.
1159/000100803

47. Tynan A, Brines M, Chavan SS. Control of inflammation using non-invasive
neuromodulation: past, present and promise. Int Immunol. (2022) 34(2):119-28.
doi: 10.1093/intimm/dxab073

48. Tsoucalas G, Sgantzos M. Electric current to cure arthritis and cephalaea in
ancient Greek medicine. Mediterr ] Rheumatol. (2016) 27(4):198-203. doi: 10.
31138/mjr.27.4.198

49. Haseli S. Neuromodulation in the age of modern neuroimaging technologies. In:
Neurostimulation and Neuromodulation in Contemporary Therapeutic Practice.
Intechopen (2020). p. 1-13. doi: 10.5772/intechopen.92737

50. Val-Laillet D, Aarts E, Weber B, Ferrari M, Quaresima V, Stoeckel LE, et al.
Neuroimaging and neuromodulation approaches to study eating behavior and
prevent and treat eating disorders and obesity. Neuroimage Clin. (2015) 8:1-31.
doi: 10.1016/j.nicl.2015.03.016

51. Langguth B, Schecklmann M, Lehner A, Landgrebe M, Poeppl TB, Kreuzer PM,
et al. Neuroimaging and neuromodulation: complementary approaches for identifying
the neuronal correlates of tinnitus. Front Syst Neurosci. (2012) 6:15. doi: 10.3389/fnsys.
2012.00015

52. Yu K, Niu X, He B. Neuromodulation management of chronic neuropathic pain
in the central nervous system. Adv Funct Mater. (2020) 30(37):1908999. doi: 10.1002/
adfm.201908999

53. Guzzi G, Della Torre A, Bruni A, Lavano A, Bosco V, Garofalo E, et al.
Anatomo-physiological basis and applied techniques of electrical neuromodulation
in chronic pain. J Anesth Analg Crit Care. (2024) 4(1):29. doi: 10.1186/
$44158-024-00167-1

54. Alam MJ, Chen JDZ. Non-invasive neuromodulation: an emerging intervention
for visceral pain in gastrointestinal disorders. Bioelectron Med. (2023) 9(1):27. doi: 10.
1186/s42234-023-00130-5

55. Bhattacharya A, Mrudula K, Sreepada SS, Sathyaprabha TN, Pal PK, Chen R,
et al. An overview of noninvasive brain stimulation: basic principles and clinical
applications. Can J Neurol Sci. (2022) 49(4):479-92. doi: 10.1017/cjn.2021.158

56. Costa B, Ferreira I, Trevizol A, Thibaut A, Fregni F. Emerging targets and uses of
neuromodulation for pain. Expert Rev Neurother. (2019) 19(2):109-18. doi: 10.1080/
14737175.2019.1567332

frontiersin.org


https://doi.org/10.3390/cells10061553
https://doi.org/10.1080/17434440.2020.1816168
https://doi.org/10.1080/17434440.2020.1816168
https://doi.org/10.1159/000531626
https://doi.org/10.1080/17434440.2022.2039623
https://doi.org/10.1177/1744806917724559
https://doi.org/10.1038/nm.2234
https://doi.org/10.3390/ijms23052449
https://doi.org/10.3390/ijms23052449
https://doi.org/10.1113/JP272944
https://doi.org/10.1007/s40122-�013-�0015-�x
https://doi.org/10.3389/fimmu.2017.00276
https://doi.org/10.2522/ptj.20130597
https://doi.org/10.3109/15360288.2011.650359
https://doi.org/10.1186/ar3728
https://doi.org/10.1016/j.pmrj.2015.08.008
https://doi.org/10.3389/fnins.2020.00788
https://doi.org/10.3389/fnana.2017.00051
https://doi.org/10.1002/jnr.24447
https://doi.org/10.1002/jnr.23956
https://doi.org/10.1016/j.cophys.2020.01.002
https://doi.org/10.1016/j.chest.2018.07.019
https://doi.org/10.1016/j.chest.2018.07.019
https://doi.org/10.1016/j.jpain.2013.08.007
https://doi.org/10.1016/j.smrv.2005.08.001
https://doi.org/10.1177/0022034516648264
https://doi.org/10.1016/j.pain.2013.04.046
https://doi.org/10.1002/ejp.698
https://doi.org/10.1007/s00702-�019-�02067-�z
https://doi.org/10.1007/s00702-�019-�02067-�z
https://doi.org/10.1007/s12017-�007-�8018-�6
https://doi.org/10.3390/jcm12062245
https://doi.org/10.1155/2014/536859
https://doi.org/10.1155/2014/536859
https://doi.org/10.1073/pnas.1605635113
https://doi.org/10.1073/pnas.1605635113
https://doi.org/10.1016/j.neubiorev.2021.10.021
https://doi.org/10.1038/nrendo.2012.189
https://doi.org/10.1038/nrendo.2012.189
https://doi.org/10.3389/fnins.2020.00147
https://doi.org/10.1016/j.semcdb.2023.01.001
https://doi.org/10.1016/j.semcdb.2023.01.001
https://doi.org/10.1159/000528094
https://doi.org/10.1016/j.brs.2020.09.002
https://doi.org/10.1007/s11916-�015-�0528-�6
https://doi.org/10.1159/000100803
https://doi.org/10.1159/000100803
https://doi.org/10.1093/intimm/dxab073
https://doi.org/10.31138/mjr.27.4.198
https://doi.org/10.31138/mjr.27.4.198
https://doi.org/10.5772/intechopen.92737
https://doi.org/10.1016/j.nicl.2015.03.016
https://doi.org/10.3389/fnsys.2012.00015
https://doi.org/10.3389/fnsys.2012.00015
https://doi.org/10.1002/adfm.201908999
https://doi.org/10.1002/adfm.201908999
https://doi.org/10.1186/s44158-�024-�00167-�1
https://doi.org/10.1186/s44158-�024-�00167-�1
https://doi.org/10.1186/s42234-�023-�00130-�5
https://doi.org/10.1186/s42234-�023-�00130-�5
https://doi.org/10.1017/cjn.2021.158
https://doi.org/10.1080/14737175.2019.1567332
https://doi.org/10.1080/14737175.2019.1567332
https://doi.org/10.3389/fpain.2025.1410808
https://www.frontiersin.org/journals/pain-research
https://www.frontiersin.org/

Azevedo and Medina-Ramirez

57. Zhang S, Qin Y, Wang J, Yu Y, Wu L, Zhang T. Noninvasive electrical
stimulation neuromodulation and digital brain technology: a review. Biomedicines.
(2023) 11(6):1513. doi: 10.3390/biomedicines11061513

58. lijima H, Takahashi M. Microcurrent therapy as a therapeutic modality for
musculoskeletal pain: a systematic review accelerating the translation from clinical
trials to patient care. Arch Rehabil Res Clin Transl. (2021) 3(3):100145. doi: 10.
1016/j.arrct.2021.100145

59. Koopman JSHA, Vrinten DH, van Wijck AJM. Efficacy of microcurrent therapy
in the treatment of chronic nonspecific back pain: a pilot study. Clin J Pain. (2009)
25(6):495-9. doi: 10.1097/AJP.0b013e31819a6f3¢

60. Shetty GM, Rawat P, Sharma A. Effect of adjuvant frequency-specific microcurrents
on pain and disability in patients treated with physical rehabilitation for neck and low
back pain. ] Bodyw Mov Ther. (2020) 24(4):168-75. doi: 10.1016/j.jbmt.2020.07.013

61. Mendell LM. Constructing and deconstructing the gate theory of pain. Pain.
(2014) 155(2):210-6. doi: 10.1016/j.pain.2013.12.010

62. Zeng H, Pacheco-Barrios K, Cao Y, Li Y, Zhang J, Yang C, et al. Non-invasive
neuromodulation effects on painful diabetic peripheral neuropathy: a systematic

Frontiers in Pain Research

06

10.3389/fpain.2025.1410808

review and meta-analysis.  Sci (2020) 10(1):19184. doi: 10.1038/

541598-020-75922-9

Rep.

63. Béez-Suarez A, Padron-Rodriguez I, Castellano-Moreno E, Gonzalez-Gonzélez
E, Quintana-Montesdeoca MP, Medina-Ramirez RI. Application of non-invasive
neuromodulation in children with neurodevelopmental disorders to improve their
sleep quality and constipation. BMC Pediatr. (2023) 23(1):465. doi: 10.1186/
512887-023-04307-4

64. Garcia F, Ferndndez D, Vézquez-Guerrero J, Font R, Moreno-Planas B, Alamo-
Arce D, et al. Recovery of the physiological status in professional basketball players
using NESA neuromodulation treatment during different types of microcycles in
season: a preliminary randomized clinical trial. Front Physiol. (2022) 13:1032020.
doi: 10.3389/fphys.2022.1032020

65. Teruel-Herndndez E, Lopez-Pina JA, Souto-Camba S, Baez-Sudrez A, Medina-
Ramirez R, Gémez-Conesa A. Improving sleep quality, daytime sleepiness, and
cognitive function in patients with dementia by therapeutic exercise and NESA
neuromodulation: a multicenter clinical trial. Int ] Environ Res Public Health.
(2023) 20(21):7027. doi: 10.3390/ijerph20217027

frontiersin.org


https://doi.org/10.3390/biomedicines11061513
https://doi.org/10.1016/j.arrct.2021.100145
https://doi.org/10.1016/j.arrct.2021.100145
https://doi.org/10.1097/AJP.0b013e31819a6f3e
https://doi.org/10.1016/j.jbmt.2020.07.013
https://doi.org/10.1016/j.pain.2013.12.010
https://doi.org/10.1038/s41598-�020-�75922-�9
https://doi.org/10.1038/s41598-�020-�75922-�9
https://doi.org/10.1186/s12887-�023-�04307-�4
https://doi.org/10.1186/s12887-�023-�04307-�4
https://doi.org/10.3389/fphys.2022.1032020
https://doi.org/10.3390/ijerph20217027
https://doi.org/10.3389/fpain.2025.1410808
https://www.frontiersin.org/journals/pain-research
https://www.frontiersin.org/

	Pain and the autonomic nervous system. The role of non-invasive neuromodulation with NESA microcurrents
	Introduction
	Subsections relevant for the subject
	Discussion
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


