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Background: Migraine is a type of primary headache that is accompanied by symptoms such as nausea, vomiting, or sensitivity to light and sound.

Objective: The aim of this study was to conduct a systematic review on the effectiveness of non-invasive neuromodulation, auricular transcutaneous vagus nerve stimulation (at-VNS), and electro-ear acupuncture of the vagus nerve in patients with migraine headaches.

Methods: Six databases were searched from inception to 15 June 2022 for clinical trials, in which at least one group received any form of non-invasive neuromodulation of the vagus nerve for managing migraine with outcomes collected on pain intensity and related disability. Data, including participants, interventions, blinding strategy, outcomes, and results, were extracted by two reviewers. The methodological quality was assessed with the PEDro scale, ROB, and Oxford scale.

Results: The search identified 1,117 publications with nine trials eligible for inclusion in the review. The methodological quality scores ranged from 6 to 8 (mean: 7.3, SD: 0.8) points. Low-quality evidence suggests some positive clinical effects for the treatment of chronic migraine with 1 Hz with at-VNS and ear-electro-acupuncture compared with the control group at post-treatment. Some of the studies provided evidence of the relationship between chronic migraine and a possible positive effect as a treatment with at-VNS and the neurophysiological effects using fMRI. Six of the studies provided evidence using fMRI of the relationship between chronic migraine and a possible positive effect as a treatment with at-VNS and the neurophysiological effects. Regarding all included studies, the level of evidence with the Oxford scale was level 1 (11.17%), six studies were graded as level 2 (66.66%), and two studies were graded as level 3 (22.2%). With the PEDro score, five studies got a low methodological score <5 and only four got a score superior to 5, being highly methodological quality studies. For ROB, most of the studies were high risk and only a few of them received a low risk of bias. The pain intensity, migraine attacks, frequency, and duration were measured by three studies with positive results at post-treatment. And only 7% reported adverse events using at-VNS. All studies reported results at a post-treatment period in their respective main outcomes. And all studies with fMRI provided strong evidence of the relationship between the Locus Coeruleus, Frontal Cortex, and other superior brain areas with the auricular branch of the Vagus nerve with at-VNS.

Conclusion: Some positive effects regarding the effect of non-invasive neuromodulation, auricular transcutaneous vagus nerve stimulation (at-VNS), and electro-ear acupuncture of the vagus nerve on migraine is reported in the current literature, but there are not enough data to obtain strong conclusions.

Systematic review registration: This systematic review was registered in the PROSPERO database (registration number: CRD42021265126).
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Introduction

Migraine is a type of primary headache that causes disability, reduces quality of life, and affects more than 1 billion people worldwide each year. The worldwide prevalence of migraine is around 11.6% (Stovner and Andree, 2010; Vetvik and MacGregor, 2017; Woldeamanuel and Cowan, 2017), with the majority of patients being under 50 years of age, and it affects more females than males (Stovner and Andree, 2010). Globally, migraines are the second-most frequent cause of disability, responsible for 16.3% of neurological symptoms and a significant impact on daily living activities (Amiri et al., 2022).

While the actual etiology of migraines is currently unknown, one hypothesis that may explain their development is the convergence of cervical and trigeminal afferents in the trigeminal–cervical nucleus (GBD 2016 Headache Collaborators, 2018; Huang et al., 2020). There are indicators of neurogenic inflammation associated with this primary headache and a hypersensitive immune system related to central sensitization (Grassini and Nordin, 2017). There is evidence for the association of headache pain with alterations in the brainstem nuclei and cortical regions, while migraine headaches involve increased sensory processing within the peripheral and central trigemino-vascular pathways and the relationship between them (Song et al., 2022).

It is likely that the main cause of migraine is the imbalance between excitatory and inhibitory cortical–subcortical neurotransmission. This abnormal interaction between neurons has been termed the phenomenon of “Cortical Diffuse Depression (CSD)”, involving the vascular system and the release of inflammatory mediators modulating neuronal activity (de Tommaso et al., 2021).

Recently, the existence of a trigeminovagal complex has been reported as the basis for connections between the trigeminal and vagus systems, as well as its possible connection with CSD, as a possible relationship of this cranial pair with primary headaches. These findings have been confirmed with functional MRI in humans, and vagus nerve stimulation can modulate the trigeminal autonomic reflex through a complex network which includes the hypothalamus, the trigeminal spinal nuclei, the left pontine nucleus, and the parahippocampal gyrus (Henssen et al., 2019a; Möller et al., 2020).

Traditionally, abortive and prophylactic medications are first-line treatments for migraine therapy, with most migraineurs treating their headaches at the onset of symptoms. The principal treatment options are the 5-HT1F receptor, non-steroidal anti-inflammatories (NSAIDs), Calcitonin gene-related peptide (CGRP), and gepants, but these types of treatments may cause side effects with long-term use, such as gastric ulcer disease and chronic kidney diseases, which are not well tolerated and may increase the risk of medication overuse, headaches, allodynia, and dependence (Blech and Starling, 2020). The limitations of current pharmacological therapies have highlighted the need to explore alternative or integrative treatments for migraine.

One potential non-pharmacological approach to the treatment of migraine patients is auricular transcutaneous vagus nerve stimulation (at-VNS), which is commonly used in clinical practice for treating migraine, cluster headache, depression, epilepsy, and other disorders, such as atrial fibrillation, prosocial behavior, associative memory, schizophrenia, or pain (Usichenko et al., 2017; Badran et al., 2018; Kaniusas et al., 2019; Yap et al., 2020). At-VNS is a non-invasive and inexpensive therapy that involves stimulating the auricular branch of the vagus nerve (ABVN) at the outer parts of the ear, conferring autonomic benefits (Badran et al., 2018). One of the main differences between VNS and at-VNS is that patients do not require general anesthesia for its implantation, thus making at-VNS safer than VNS (Usichenko et al., 2017; Badran et al., 2018; Kaniusas et al., 2019; Blech and Starling, 2020; Yap et al., 2020).

The former method is also more expensive and riskier than at-VNS, with costs ranging from USD 30,000 to USD 50,000 (Usichenko et al., 2017; Badran et al., 2018; Blech and Starling, 2020; Yap et al., 2020). Magnetic resonance imaging (MRI) has recently shown anatomical paths for performing at-VNS, with examples including through the neck and auricula, and acupuncture points in the ear, as they are a connection between the nervous system and the external parts of the body (Rong et al., 2012; Badran et al., 2018; Kaniusas et al., 2019; Zhang et al., 2019). Although the physiological effects of at-VNS on the brain have not yet been fully elucidated, and studies are not homogeneous in their results due to the high risk of bias and unclear parameters, stimulation intensity, pulse width, waveform, or frequency and acupuncture points selection, there still exists a path between the auricular and neck branches to the superior brain areas related to at-VNS (Badran et al., 2018; Zhang et al., 2019). On the other hand, at-VNS and electro-acupuncture have analgesic effects with low frequency in various pain models in humans and rodents. Additionally, the common parameters of frequency are between 1 and 20 Hz, and have a high relevance as a treatment for migraineurs using at-VNS (Ellrich, 2006; Feng et al., 2022; Sacca et al., 2022). Other studies obtained findings about a neurophysiological effect between at-VNS and the auricular branch of the vagus nerve related to superior brain areas with the parameters 500 μs ad 25 Hz, which connects cortical effects that may provide findings for future research. However, it is necessary to understand the possible changes with the proper stimulation. In recent years, findings about the relationship between parasympathetic innervation of the vagus nerve and superior areas of the brainstem, such as the locus coeruleus, nucleus tractus solitarious, and trigeminal spinal tract, have been identified. This provides strong evidence regarding the main role of at-VNS for the management of the pathophysiology of migraine (Simon and Blake, 2017; Henssen et al., 2019b; Zhang et al., 2019). Findings have been made regarding four core areas, namely autonomic nervous system function, inhibition of cortical spreading depression (CSD), neurotransmitter regulation, and nociceptive modulation, as a complex mechanism for the treatment of migraines (Silberstein, 2020).

The growing literature and findings encourage the use of at-VNS as an effective technique for the treatment of migraine, and may have the same mechanisms as auricular acupuncture, applied in the auricular region of the vagus nerve (Usichenko et al., 2017; Hamer and Bauer, 2019).

Currently, there are no systematic reviews of non-invasive auricular vagus nerve electrical neuromodulation (at-VNS) and auricular electro-acupuncture in the treatment of chronic migraine, so the purpose of the following systematic review is to assess the efficacy and quality of studies of at-VNS and electro-acupuncture in the auricular region of the vagus nerve for the treatment of chronic migraine (He et al., 2012; Tobaldini et al., 2019).



Methods

A systematic review following the PRISMA statement (Page et al., 2021) was conducted. This systematic review was registered in the PROSPERO database (registration number: CRD42021265126).


Search strategy

The electronic databases CINALH, MEDLINE, PUBMED, PEDro, and EMBASE were searched by a reviewer up to June of 2022. Search strategies for each database were based on PICO, and eligible studies were included with a population suffering from migraine (acute or chronic) who had been treated with n-NVS, auricular Transcutaneous Vagus Nerve Stimulation (at-VNS), t-VNS, ear-electro-acupuncture, or non-invasive treatments compared with a control group, sham, or other intervention. The studies which were included were RCTs, controlled clinical trials, clinical trials, and pilot studies. The used MeSH terms and free terms included:

“Vagus Nerve”, “Auricular Vagus Nerve Stimulation”, “Transcutaneous Vagus Nerve Stimulation”, “electro-acupuncture”, “ear-electro-acupuncture”, “migraine”, and “headache”. The concepts were combined with the “AND” or “OR” operators. Additionally, the combination of Mesh terms was (“auricular vagus nerve stimulation” OR “auricular t-VNS” OR “non-invasive vagus nerve stimulation” OR “electro-acupuncture” OR “ear-electro-acupuncture”) AND (“migraine” OR “migraine” OR “headache” OR “headache”).



PICO question

This systematic review was conducted to answer the following clinical question: “Is non-invasive neuromodulation effective for the management of chronic migraine?”

Population: Adults with Chronic migraine older than 18 years of age.

Intervention: Application of auricular transcutaneous vagus nerve stimulation technique and ear electro-acupuncture.

Comparator: Acceptable comparators were any type of placebo (e.g., turning-off device), sham, or no intervention of pain, duration of symptoms, and/or adverse events, healthy subjects or those with another type of pathology.

Outcomes: The primary outcomes measured were intensity and frequency of migraine attacks.

The studies have to fully answer all these questions to be part of the acceptable or suitable studies to be included in the systematic review.



Study selection

This systematic review was limited to randomized controlled trials, clinical trials, and controlled trials. Studies were excluded if they were a series of cases, case reports, retrospective and prospective cohorts, notes to editors, chapters of books, trials on animals, or articles with only manual acupuncture as a treatment group. The intervention groups were at-VNS, n-VNS, or ear-electro-acupuncture, and the control group should receive alternative interventions to be able to compare effects (e.g., different places for intervention treatment, turn-off devices, and different treatments) and at least one outcome should be reported at the conclusion of the intervention in chronic migraine.



Data extraction and quality assessment

Data extraction was performed by two authors and the data were compiled into a standardized data extraction form in an Excel spreadsheet. Data included simple size, diagnosis, inclusion/exclusion criteria, duration of symptoms, intervention type (location, technique, and duration), main outcomes, time to outcome, and adverse events. In case of discrepancy between authors, an agreement should be achieved. If no achievement is reached, a third author should be in charge of reaching a consensus.

The methodological quality of the trials was evaluated with the PEDro (Physiotherapy Evidence Database) scale and the ROB-2 Cochrane tool independently by two authors. The RoB-2 tool includes the following items: selection bias (randomization sequence generation, allocation concealment), performance bias (blinding participants, blinding therapists), detection bias (blinding outcome assessor), attrition bias (incomplete outcome data), reporting bias (source of funding bias/selecting outcome reporting), and other bias (sample size). Each item was classified as low risk, high risk, or unclear according to the Cochrane Collaboration tool (Higgins et al., 2011). In all cases, the answer “Yes” indicates a low risk of bias, and the answer “No” indicates high risk of bias. If insufficient details are reported of what occurred during the trial, or the entry was not relevant to the study (particularly for assessing blinding and incomplete outcome data, when the outcome being assessed by the entry has not been measured in the study), the answer was “unclear” risk of bias.

The PEDro scale is based on 11 criteria, of which 10 contribute to the score, representing methodological quality. The first item is not included (but should always be fulfilled) in the score, as it relates to the external validity of the study. The PEDro scale has been shown to have fair-to-good inter-rater reliability (ICC 0.55, 95% CI 0.41–0.72). The PEDro score assessed the following items: random allocation, concealed allocation, between-groups similarity at baseline, participant blinding, therapist blinding, assessor blinding, dropout, intention-to-treat statistical analysis, between-group statistical comparison, point measures, and variability data (Luo et al., 2020). A PEDro score equal to or >5 out of 10 points determined a high-methodological-quality trial. Higher scores indicated higher methodological quality (total score from 0 to 10) (Maher et al., 2003). Trials with a PEDro score ≥5 points were considered to be of high quality. Disagreements between reviewers were resolved by a third reviewer.

Quality of evidence was rated according to the Oxford Center for Evidence-Based Medicine. Levels of Evidence evaluated included: level 1, randomized trials or systematic reviews of randomized trials; level 2, randomized trial or (exceptionally) observational study with dramatic effect; level 3, non-randomized controlled cohort/follow-up study; level 4, case series, case–control study, or historically controlled studies; and level 5, mechanism-based reasoning. Level 1 represented the likely strongest evidence, and level 5 represented the likely weakest evidence (Marx et al., 2015).




Results


Study selection and characteristics

The data search yielded a total of 1,117 articles, including duplicates. We excluded many articles based on title and abstract (n = 1064), and eleven (n = 11) because of repetition of the potential eligible articles. Forty-two (n = 42) articles were included for abstract/full-text review, of which thirty-three were excluded because of other pathologies or areas of application or another type of pathology such as cluster headache, headache, acute migraine, tinnitus, cervical area of treatment (n = 33). Finally, only nine were included in the systematic review (Vijayalakshmi et al., 2014; Yang et al., 2014; Straube et al., 2015; Zhang et al., 2019, 2021; Luo et al., 2020; Cao et al., 2021; Sacca et al., 2022; Wei et al., 2022). Figure 1 shows the flow diagram. The strategy of each database is represented in Table 1.


[image: Figure 1]
FIGURE 1
 Flow diagram of study selection. RCT, randomized controlled trial.



TABLE 1 Search strategy.
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Table 2 summarizes the studies included in the review. The total sample size consisted of 333 participants (mean age: 34.78, SD: 4.95, 41.74% women). The duration of migraine-associated symptoms was 14.61 (SD: 7.17 years) and the frequency of attacks per month was 10.8 (SD: 5.5).


TABLE 2 Summary of all included studies.
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Outcomes

We extracted the following outcomes: the Visual Analogic Scale (VAS) (Vijayalakshmi et al., 2014; Zhang et al., 2019, 2021; Luo et al., 2020; Cao et al., 2021); the frequency and duration of migraine attacks (Yang et al., 2014; Straube et al., 2015; Zhang et al., 2019, 2021; Luo et al., 2020; Cao et al., 2021); Quality-of-life Questionnaire (QoL) (Vijayalakshmi et al., 2014; Cao et al., 2021); Self-rating Depression Scale (SDS); Self-rating Anxiety Scale (SAS); Migraine-Specific Quality of Life (MSQ) (Yang et al., 2014; Straube et al., 2015; Zhang et al., 2019, 2021; Luo et al., 2020; Cao et al., 2021); Migraine Disability Assessment (MIDAS) (Vijayalakshmi et al., 2014; Straube et al., 2015) and the Headache Impact Test (HIT-6) (Straube et al., 2015); WHO Quality-of-Life BREF (Biomedical Research and Education Foundation) (Vijayalakshmi et al., 2014); HRSD-17 and HRSA-14 (Wei et al., 2022); Migraine-Specific Quality-of-Life Questionnaire; and fMRI scan (Sacca et al., 2022).

There were different post-treatment follow-up periods for respective outcomes. Zhang et al. (2019) assessed the pain intensity and frequency of migraine attacks using MSQ, SDS, and SAS at post-treatment after just a single session. Cao et al. (2021) performed all measurements, namely migraine duration, migraine attacks, average of pain intensity with VAS, and MSQ at post-treatment for all outcomes. Straube et al. (2015) assessed chronic migraine-related disability with the HIT-6 and MIDAS at 14 days, 28 days, and 56 days after starting the treatment, as well as at the end of the study 12 weeks afterwards. Luo et al. (2020) took all measurements at post-treatment (one week). Additionally, Vijayalakshmi et al. (2014) and Yang et al. (2014) took all measurements at post-treatment only.



Interventions

For the intervention group, all studies investigated at-VNS or ear electro-acupuncture. The at-VNS devices were placed for most of the studies in the left side of the cymba concha (Straube et al., 2015; Zhang et al., 2019; Cao et al., 2021), left cymba concha, and at the concha of the outer ear (Zhang et al., 2021; Sacca et al., 2022), and there were three studies that chose acupuncture points, namely TE 19 (Yang et al., 2014), ST16 (Vijayalakshmi et al., 2014) and CO11, CO14 (Luo et al., 2020), and GB8 (Wei et al., 2022). Accordingly, the area of stimulation was the auricular branch of the vagal nerve.

The parameters of electrical stimulation were poorly described, with a pulse width ranging from 150 to 200 ms. The intensity of the current was the strongest stimulation tolerable for the subjects and a frequency ranging from 1 to 20–25 Hz. The number and time of sessions were also different among studies, most of which included short periods of time between application during the migraine attack, usually 8 min (Straube et al., 2015; Cao et al., 2021; Sacca et al., 2022), whereas one study specifically applied 12 sessions of 30 min each (Luo et al., 2020), a daily application of 4 h during 12 weeks of the study, and 1 during the MRI scan session of 30 min to check the at-VNS effectivity (Cao et al., 2021). Wei et al. (2022) used a device with 2Hz and 1 mA with a continuous wave for 8 min during the fMRI scan at the GB8 acupuncture point. Sacca et al. (2022) used a device with 1 Hz in 8 min and 4 mA in the left concha (cymba and cavum) during 2 fMRI.

The usual sham at-VNS in most of the studies was the placement of the electrode in another anatomical body area, e.g., left tail of the helix (Zhang et al., 2019; Cao et al., 2021), or using a sham device without stimulation (Straube et al., 2015), at-VNS with different parameters (Straube et al., 2015; Zhang et al., 2019; Cao et al., 2021; Sacca et al., 2022), or other acupuncture points further from the ear (Vijayalakshmi et al., 2014; Yang et al., 2014), with non-vagal fibers (Luo et al., 2020) or healthy subjects (Wei et al., 2022).



Methodological quality, risk of bias, and quality of evidence

The methodological quality scores ranged from 6 to 8 (mean: 7.3, SD: 0.8) out of a maximum of 10 points (Table 3). Four studies (Straube et al., 2015; Luo et al., 2020; Cao et al., 2021; Zhang et al., 2021) obtained a high methodological quality (≥5 points) and five obtained a low methodological quality (Vijayalakshmi et al., 2014; Yang et al., 2014; Sacca et al., 2022; Wei et al., 2022). The ROB-2 Cochrane tool identified a low risk of bias for two studies (Zhang et al., 2021), one with some concerns (Cao et al., 2021), and four studies presented a high risk of bias (Vijayalakshmi et al., 2014; Yang et al., 2014; Straube et al., 2015; Luo et al., 2020; Wei et al., 2022) (Figure 2). The risks of bias identified were the following: random sequence generation (D1): 44.4% low risk, 22.2% some concerns, and 33.3% high risk; allocation concealment (D2): 55.5% low risk, 33.3% some concerns, and 11.1% for high risk; blinding of participants and researchers (D3): 66.6% for low risk, 22.2% for some concerns, and 11.1% for high risk; blinding of outcome assessment (D4): 33.3% low risk, 33.3% for some concerns and for high risk; incomplete outcome data (D5): 55.5% low risk, 33.3% some concerns, and 11.1% high risk, (D6): any of them reported the sample size calculation with a high risk of bias (100%), (D7). Some of the studies reported the clinical trial registration number, giving them a low risk of bias (55,5%) but some did not report the prospective registration, which is now a requirement of the revised Declaration of Helsinki, giving them a high risk of bias (44.4%) (Figure 3). Based on the Oxford grading of evidence, one study was graded as level 1 (11.17%) (Zhang et al., 2021), six studies were graded as level 2 (66.66%) (Vijayalakshmi et al., 2014; Yang et al., 2014; Straube et al., 2015; Luo et al., 2020; Cao et al., 2021; Sacca et al., 2022), and two studies were graded as level 3 (22.2%) (Zhang et al., 2019; Wei et al., 2022). Study characteristics are detailed in Table 2.


TABLE 3 Score of randomized clinical trials with PEDro scale.
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FIGURE 2
 ROB2 tool.
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FIGURE 3
 Graph of the ROB2.




Summary of results

We found low-quality evidence showing some positive effects on the intensity and frequency of migraine attacks. There was one protocol that compared two at-VNS groups (pulse width: 250 μs; frequency: 1 or 25 Hz; duty cycle: 30 s on/30 s off, 4 hour/day for 12 weeks) and found positive effects in the reduction of days with migraine and also HIT-6 and MIDAS after 12 weeks with at-VNS at 1 Hz, compared with the other group with 25Hz (Straube et al., 2015). Meanwhile, a completely different protocol employed two groups with different frequencies and time of at-VNS application, compared 20 Hz and 1 Hz of frequency of at-VNS with a width of 0.2 ms for 8min, and observed that at-VNS with 1 Hz might be beneficial for reducing chronic migraine pain as an alternative and safe treatment. Additionally, pre-treatment and post-treatment (4 week) VAS, MSQ, SDS, and SAS were assessed. Positive results were only seen in VAS and number of migraine attacks (Cao et al., 2021). On the other hand, three groups were compared: one undergoing electro-acupuncture with TENS (frequency of stimulation was 100 Hz, and the intensity of the electrical stimulus varied from 0.1 to 1.0 mA for 30 min) and two as a control, one with a sham acupuncture point and another from a migraineur wait-list control group in a unique session (Yang et al., 2014). This protocol had more differences in parameters, and compared two groups: one undergoing electro-acupuncture with TENS (wave pulse and a current of 0.5 mA; an output of 6–9 volts would be delivered at 10–20 Hz for 20 min) for 10 sessions, and another with drug therapy (flunarizine 20 mg OD along with tab paracetamol 500 mg SOS), both for 30 days (Vijayalakshmi et al., 2014). Only one differed in days of application at acupuncture points using at-VNS at 1 Hz and 0.2 ms of intensity in the left cymba concha, and a sham at-VNS in 7 days of stimulation of 8 min each. A decrease in migraine pain intensity, but not in the other outcomes, was identified (Luo et al., 2020).

There were four studies where the parameters in their protocols were similar enough to be able to compare the results obtained in each one. One of them used at-VNS, with 1 Hz and 0.2 ms of duration for 30 min each session during 12 sessions in total in the left cymba concha, and a sham at-VNS group where the electrodes were placed in the left tail of the helix. They discovered a positive effect on migraine days, pain intensity, and migraine attack times compared with the sham group, without difference for MSQ, SAS, and SDS (Zhang et al., 2021). The same author published another study with the parameters of 1 Hz, width 0.2 ms, and an intensity of 1.5–3 mA, and a sham at-VNS group (non-stimulation), during 8 min in one session. The study suggests some positive effects on pain and MSQ and a relation between the brain system and the modulation of pain (Zhang et al., 2019). One study compared similar outcomes within three groups: Electro-Acupuncture Group (AG), Sham Acupuncture Group (SAG), and Migraineur Wait-List Control Group (MG). For AG, the acupuncture points were the following: Shaoyang meridians, Luxi (TE19), San Yangluo (TE8), and Xi Yangguan (GB33). They used a TENS device (Electrodes) of Han's acupoint nerve stimulator (HANS; model LH 200A; TENS, Nanjing, China) with the following parameters: frequency of stimulation was 100 Hz and the intensity of the electricity stimulus varied from 0.1 to1.0 mA for 30 min. The SAG was designed to choose non-acupuncture points, and the points were the following: anterior border of the insertion of the deltoid muscle, ST 36, and ulnar side of the arm. There was only one application, and two outcomes were measured, with the VAS and PET-CT being measured pre- and post-intervention. The results obtained were the differences in each group's AG (P < 0.05) and SAG (P < 0.05), but not between them, and there was no difference in MG (P = 0.047). Additionally, the last study (Sacca et al., 2022) used two groups of at-VNS— 1 and 20 Hz, respectively—with two fMRI scans. The outcomes used in this study were the migraine duration (in years), number of migraine attacks in the last four weeks, the pain intensity measure from 0 to 100, Migraine-Specific Quality of Life Questionnaire, and fMRI scan. The results obtained were the following: with 1 Hz at-VNS, there was an increase in NTS (Nucleus of the Solitary Tract)/LC (locus coeruleus)–occipital cortex sFC (static) and a decrease in NTS-thalamus compared with 20 Hz, which was an increase in the LC–anterior cingulate cortex (ACC) both compared at baseline. Moreover, 1 Hz at-VNS greater LC-precuneus and LC–inferior parietal cortex sFC than 20 Hz and 20 Hz stimulation produced an increased LC-ACC and LC–super temporal gyrus/insula sFC in comparison with 1 Hz in static FC. In Dynamic FC 1-Hz, taVNS decreased NTS–postcentral gyrus dFC (less variability), and 20-Hz taVNS decreased dFC (Dynamic FC) of the LC–superior temporal gyrus and the LC–occipital cortex. The conclusion of these results was the relationship between the number of migraine attacks in the past four weeks and the NTS-thalamus sFC during pre-taVNS resting state. As a result, the parameters are vital to obtain an effective treatment for people who suffer from migraine.

One study used drug therapy (Group D) as a comparator group vs. the intervention group who received electro-acupuncture (Group A). Group A had 10 sessions of treatment in a 30-day period, and if there were any attacks, the patient could take a 500 mg tablet of paracetamol. Group D took two tablets—one of flunarizine 20 mg and one of paracetamol 500 mg for 30 days. The outcomes were WHO, QOL, and BREF and were measured pre- and post-treatment. The results showed that patients with migraine headaches had a lower quality of life and higher disability scores, and only two study groups showed a significant change. We could determine that the electro-acupuncture group showed better pain relief than the drug therapy group (P = 0.005–0.000) (Vijayalakshmi et al., 2014).



Pain intensity, migraine attacks, frequency, and duration

There was no difference in four studies regarding pain intensity with VAS score, the number of migraine attacks, and frequency after the stimulation using at-VNS with 1 Hz (Zhang et al., 2019; Luo et al., 2020; Cao et al., 2021; Sacca et al., 2022).

There were positive findings in two studies regarding migraine days and migraine attacks using at-VNS 1 Hz compared with the sham group, and only one study with positive findings in pain intensity using the VAS score (Yang et al., 2014; Straube et al., 2015; Zhang et al., 2021).



Imagining condition and analysis

Functional magnetic resonance imaging (fMRI) was applied in all studies to measure neuronal activity and brain structure in migraine patients treated by at-VNS and electro-acupuncture. Six studies evaluated the FC (Zhang et al., 2019, 2021; Luo et al., 2020; Cao et al., 2021; Sacca et al., 2022; Wei et al., 2022), one of which employed the sFC and dFC (Sacca et al., 2022), while the others employed the rsFC (Zhang et al., 2019) and FC (Cao et al., 2021; Zhang et al., 2021; Sacca et al., 2022).



Brain data image

Brain imaging data were reported in seven studies as shown in Table 2.

There were three studies that employed similar protocols of frequency with 1 Hz in the intervention group, but differed in number of sessions and time of the at-VNS application. As a result, there were some similarities in the stimulated brain areas, but there were also differences, one of which being that the fRMI signal was increased in the bilateral putamen, right caudate, right pallidum/anterior insula, right thalamus, and left frontal operculum, along with a decrease in the bilateral precuneus/posterior cingulate cortex (PCC)/hippocampus/precentral gyrus/medial prefrontal gyrus (mPFC)/anterior cingulate cortex (ACC), bilateral LC, left SN, right RN/PBN, left posterior insula, and bilateral superior/middle frontal gyrus during real at-VNS, compared to the baseline. The comparison between at-VNS and the sham group showed an important deactivation in the at-VNS group at the bilateral LC. The rsFC provided LC rsFC with the right temporoparietal junction, and the left secondary somatosensory cortex (S2) significantly increased compared to the sham group (Zhang et al., 2019). Meanwhile, in another study with a similar protocol of at-VNS with 1 Hz and 8 minutes of intervention, the fRMI scan indicated that FC decreased during at-VNS between the left amygdala and left middle frontal gyrus (MFG), left dorso lateral superior frontal gyrus, right supplementary motor area (SMA), bilateral paracentral lobules, bilateral postcingulum gyrus, and right frontal superior medial gyrus, as did the FC of the right amygdala and left MFG (Luo et al., 2020). Additionally, the last study reported the following related to at-VNS with 1 Hz: the fMRI signal was increased along with the connectivity between the motor-related thalamus subregion and anterior cingulate cortex/medial prefrontal cortex, and there was a decrease in connectivity between the occipital cortex-related thalamus subregion and postcentral gyrus/precuneus (Zhang et al., 2021).

On the other hand, there were two studies that employed two groups using different frequencies, but the last one used two sessions instead of a unique session. The study with one session reported, using an fMRI scan, that an increased signal in the following brain areas produced a significant increasing functional connectivity between the PAG and the bilateral middle cingulate cortex (MCC): right precuneus, left middle frontal gyrus (MFG), and left cuneus with 1 Hz. Additionally, comparing 1 vs. 20 Hz, 1 Hz at-VNS increased PAG connectivity with the MCC, right precuneus/posterior cingulate cortex, left insula, and anterior cingulated cortex (ACC) (Cao et al., 2021). In addition, another study consisting of two sessions reported that in sFC and Fc, comparing 1 Hz and 20 Hz at-VNS showed that 1 Hz at-VNS produced a greater LC–precuneus and LC–inferior parietal cortex sFC than 20 Hz. Additionally, dFC 1-Hz at-VNS decreased NTS–postcentral gyrus dFC (less variability), while 20-Hz at-VNS decreased dFC of the LC–superior temporal gyrus and the LC–occipital cortex (Sacca et al., 2022).

There was only one study which compared healthy people with migraine patients and provided a comparison between electro-acupuncture at GB8 compared with the sham group using an fRMI scan, and there was an increase in FC between the PI (posterior insula) and the left precuneus in the electrical acupuncture group at the baseline, as compared with the sham group and intervention group post-intervention. There was a decreased FC between dAI and the right postcentral gyrus found in the baseline intervention group, compared to the sham group and post-intervention group. Additionally, increased FC between the PI and left precuneus was found in the baseline intervention group, compared to the sham group and post-intervention group. The correlation analysis showed that the FC value of the right postcentral gyrus in the baseline intervention group was negatively correlated with the scores of the Hamilton Rating Scale for Depression and Hamilton Rating Scale for Anxiety. The FC value of the left precuneus in the baseline intervention group was positively correlated with the visual analog scale score (Wei et al., 2022).

A study unique in its protocol employed three groups in order to avoid risk of bias and better mask the true effect of at-VNS than others, and reported the scan imaging with an increase in the PET signal in the middle frontal gyrus, postcentral gyrus, precuneus, parahippocampus, cerebellum, and middle cingulate cortex (MCC), and a decrease in the left hemisphere of the Middle Temporal Cortex (MTC) in the acupuncture group compared with the migraine group. Additionally, an increase in the PCC, insula, inferior temporal gyrus, MTC, superior temporal gyrus, postcentral gyrus, fusiform gyrus, inferior parietal lobe, superior parietal lobe, supramarginal gyrus, middle occipital lobe, angular, and precuneus, and a decrease in cerebellum and parahippocampus vs. the sham group was observed (Yang et al., 2014).

The fMRI Scan outcome provides us with some strong evidence regarding the effectiveness, effect, and relationship between Auricular Vagus Nerve Branches (AVNB); using at-VNS or electro-acupuncture with 1 Hz at the left concha had some positive effects in the Frontal Cortex (FC) of the brain and some other areas, such as the periaqueductal gray (PAG), bilateral MCC, right precuneus/posterior cingulate cortex, left MFG, left cuneus, left insula, and ACC (Cao et al., 2021). The at-VNS at GB8 within 1 Hz could improve the right insula subregions and parietal lobe, specifically the right dAI and right postcentral gyrus, as well as the right PI and left precuneus (Martelletti et al., 2018). Another study, in its protocol, also used at-VNS within 1 Hz at the left cymba concha to provide fMRI evidence of the effect in the occipital thalamic seed and the bilateral PoG (Zhang et al., 2021). The signal in the fMRI FC Improved, left amygdala, left MFG, right SMA, left dorsolateral superior frontal gyrus, bilateral paracentral lobules, bilateral post-cingulum gyrus, right frontal superior medial gyrus, and left FC and right SMA with 1 Hz in 8 min of at-VNS stimulation frequency/time in migraine over 4 weeks (Luo et al., 2020). The last study protocol employing at-VNS with 1 Hz in the left cymba concha had better results in fMRI than sham at-VNS, with a greater deactivation at the bilateral LC, rsFC, right temporoparietal junction, and left secondary somatosensory cortex (Zhang et al., 2019). There was only one protocol with three groups using electro-acupuncture in TE8, TE19, and GB33, which obtained better results compared with the migraine group and sham group. The PET-CT proved that the signal was increased in the middle frontal gyrus, postcentral gyrus, the precuneus, parahippocampus, cerebellum, and middle cingulate cortex (MCC), and decreased in the left hemisphere of the Middle Temporal Cortex (MTC) (Yang et al., 2014).

We divided all therapies/interventions and their efficacy into different groups for each study, as shown in Table 4.


TABLE 4 Summary of the efficacy of the interventions.
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The first group was at-VNS vs. another group of at-VNS, but with different parameters to compare which frequency was more effective. Additionally, the efficacy was improved in the at-VNS group to 1 Hz, while the pain of migraine attacks was not; a relationship between brain connectivity and the peripheral branch of the vagus nerve in the auricula with superior areas of the brain was shown, such as MCC, right precuneus, left middle frontal gyrus (MFG), left cuneus, PAG, and AC.

The next group was at-VNS compared with sham group studies, where the sham group was the stimulation or vagal fever of the vagus nerve compared to no stimulation. Additionally, the efficacy that we could extract clearly showed that at-VNS had a greater effect on pain relief and migraine attacks compared with the sham group and the brain activity and connectivity in pain modulation with higher brain areas, such as the left amygdala and left middle frontal gyrus (MFG), left dorso lateral superior frontal gyrus, right supplementary motor area (SMA), bilateral paracentral lobules, bilateral postcingulum gyrus, and right frontal superior medial gyrus, as did the FC of the right amygdala and left MFG.

The last group was at-VNS compared with another treatment or technique, such as drug therapy or manual acupuncture. The results showed that at-VNS was superior compared to drug therapy alone and manual acupuncture or acupuncture in distal points.



Adverse events

There was only one study of the seven which showed side effects; 7% of patients were reported to have dropped out due to the side effects of t-VNS (Straube et al., 2015). The other six studies reported no adverse events or side effects of neuromodulation (t-VNS, at-VNS, ear-electro-acupuncture) (Vijayalakshmi et al., 2014; Yang et al., 2014; Zhang et al., 2019, 2021; Luo et al., 2020; Cao et al., 2021; Wei et al., 2022) (Table 2).




Discussion

The aim of this systematic review was to determine the effects of at-VNS for managing chronic migraine-associated symptoms. The results suggest that application of at-VNS may have some positive effects at post-treatment on the frequency and intensity of chronic migraine attacks with 1 Hz of application, as compared with the control group. However, because each study exhibits some differences, more studies are required in order to obtain a good protocol with the exact parameters for finding the best treatment option for these patients.

This study reinforces that our theory is an effective and low-cost treatment option (Platzbecker et al., 2020) compared with pharmaceutical treatments which are available but expensive (Martelletti et al., 2018).

Even the latest publications on acupuncture alone for treating migraine have shown the same results as the current review, thus demonstrating that follow-up for this pathology must be applied effectively to determine the presence of a positive or long-term effect (Naguit et al., 2022). Another finding was the small number of studies of high relevance included in the final screening. Moreover, for at-VNS, we excluded two studies which applied it in the neck area; in the auricula application area, only eight studies were found.

Previous systematic reviews included neuromodulations such as transcranial magnetic stimulation (TMS), non-invasive vagal nerve stimulation (nVNS), non-painful remote electrical stimulation (NRES), and external trigeminal nerve stimulation (e-TNS) (Clark et al., 2022; Naguit et al., 2022), as well as transcranial direct current stimulation (tDCS) (Moisset et al., 2020). All reviews suggest a potential positive but small effect for the treatment of migraine (Martelletti et al., 2018; Cai et al., 2021; Moreno-Ajona et al., 2022). One difference between previous reviews and the current one is that most previous reviews focused on acute migraine, whereas our review focused on chronic migraine (Martelletti et al., 2018). Only one other review also targeted chronic migraine, but used tDCS treatment, which is very different from at-VNS (Cai et al., 2021). The outcomes in two studies were similar in the measurement of pain intensity and number of migraine attacks or duration. As a conclusion for the clinical results, there are many different n-VNS for the treatment of migraine; whether acute or chronic, there are positive effects of the different n-VNS applications which must be taken into consideration to ensure a safe treatment choice (Moisset et al., 2020; Cai et al., 2021; Clark et al., 2022; Naguit et al., 2022).

Some publications have investigated the common pathways of tinnitus and migraine, and the underlying mechanisms as to how n-VNS could work through the vagus nerve for proper management of them. They were focused on applying stimulus to the peripheral nervous system (PNS) through the central nervous system (CNS) to higher brain areas, such as the hippocampus, amygdala, anterior cingulate cortex, and hypothalamus (Moisset et al., 2020; Cai et al., 2021; Clark et al., 2022; Naguit et al., 2022).

Meanwhile, this publication specifically focuses on the auricula area to treat chronic migraine through the vagus nerve. One of the publications on n-VNS referred to neck application, which differs from our work and shows different results. The network could represent a relationship between the peripheral nervous system and the CNS related to the gate control as a primary pain relief, as well as with the calcitonin gene-related peptide (CGRP) and its role in the descending pain modulatory system (DPMS) (Marx et al., 2015; Straube et al., 2015; Zhang et al., 2019, 2021; Luo et al., 2020). Additionally, in some studies, at-VNS had effects on the peripheral nervous system which, through the central nervous system, reached higher brain areas, such as the anterior cingulate cortex (ACC), periaqueductal gray (PAG), prefrontal cortex (PFC), cingulate gyrus, supplementary motor area (SMA), amygdala, and thalamus (Martelletti et al., 2018; Moisset et al., 2020; Cai et al., 2021; Clark et al., 2022; Moreno-Ajona et al., 2022; Naguit et al., 2022). Based on the recent literature and the results of this systemic review, there are no clear mechanisms regarding the role of the n-VNS and at-VNS using acupuncture points to treat chronic migraine and their relationship with the peripheral vagus nerve branches and the ANS. However, there are positive results that encourage more studies with better methodology to be conducted in order to extract strong conclusions to clarify the pathways and the relationship that exists between them.

On the other hand, the results from the studies included in this and another review which used fMRI scanning provide a possible relationship between the at-VNS and positive effects in migraine patients and the brainstem. As a result, it could be linked to an influence in the brainstem, such as in the dorsoposterior insula, low medullary brainstem, medial thalamic, ACC, posterior insula, lower medullary brainstem, and medial thalamic/ACC deactivation with the use of at-VNS/n-VNS. These findings provide a convergence of preliminary evidence supporting the relationship between peripheral areas of the branch of the vagus nerve and superior areas of the brain previously demonstrated (Moulton et al., 2008; Lerman et al., 2019). Neuroanatomical findings support the evidence of the relationship between NTS and the following sites: parabrachial area, locus coeruleus, dorsal raphe, periaqueductal gray, thalamus, amygdala, insula, nucleus accumbens, and bed nucleus of the stria terminalis through the left cymba. Moreover, anti-noception is well referenced with the stimulation of the brain areas such as periaqueductal gray, dorsal raphe, and locus coeruleus, each of which activates descending inhibitory pathways to the spinal cord dorsal horn (Frangos and Komisaruk, 2017), even though the anti-depressive and anti-convulsion have similar effects in some similar areas, such as the amygdala, accumben, and hippocampus, and dorsal raphe and locus coeruleus, respectively. Then, based on our included studies—which show abnormalities of these areas compared to those in healthy humans—there are enough findings that support the relationship between AVNB (ear, concha) with the brainstem (ACC, NTS, LC, etc.) in migrainous and healthy people. However, more clinical trials are required to support the evidence for the best parameters of treatment with at-VNS/n-VNS.

Additionally, there are findings that support the relationship between the superior areas of the brainstem and acupuncture points using fMRI. The areas of the brain which were involved were the following: PAG, ACC, left PCC, insula, limbic/paralimbic, and precuneus (Lerman et al., 2019). Moreover, there is further evidence providing results related to other pathologies, such as low back pain, tinnitus, and the connectivity of the network between the brain and peripheral acupuncture points (Cheng et al., 2020). The areas of stimulation in the brain for low back pain were: PFC (prefrontal cortex), insula, cerebellum, SI (secondary somatosensory cortex), and ACC. For tinnitus, similar areas were involved, such as the right MTG (middle temporal gyrus). As we highlighted previously, there is a relationship between peripheral branch nerves and acupuncture points linked to superior brain areas with a change using at-VNS/n-VNS through fMRI.


Recommendations and future studies

Future research is required to clarify some important points, not least the effectiveness of the technique. Additionally, for future systematic reviews, studies must be published with high-quality research, such as true randomized controlled trials with adequate control groups, to be able to compare the data derived from them. In terms of quality assessment, they have to follow methodology scales, such as high PEDro or GRADE scores. If they are able to reach those, then future meta-analyses will receive high scores in GRADE as well. Additionally, a recent publication regarding CONSORT included more items, reinforcing the need to improve the research quality of future studies. At the same time, the inclusion criteria should include similar protocols of treatments with parameters such as frequency, intensity, time, number of sessions of treatment, and follow up(s) of the same or similar main outcomes. In conclusion, this systematic review summarizes the main points to improve the quality of future studies with scales and homogeneity in the study design to be able to extract conclusions with similarities and low risk of bias (Butcher et al., 2022).

Additionally, it is important, as a recommendation for future research, that portable devices for at-VNS are promoted. This would be an important advancement in terms of self-treatment at any place and any time for the onset of migraine. It would be really helpful for giving patients who suffer from these sudden attacks the possibility of management. A report was previously published regarding the cost and effectiveness and the role of sequence strategies in migraine attacks. The conclusions were that a portable and effective device could change the quality of life of these patients, providing a low-cost option for most of them in terms of treating the onset of a sudden attack (Mwamburi et al., 2018). If this is compared with traditional methods, the low cost, ease of use, improvement of quality of life and social engagement, and the effectiveness of treatment are the main points underlying the advantages of new models vs. traditional ones. It is well reported that new models, such as NEMOS® or gammacore®, are safer and more tolerable than traditional ones, such as with a surgical implant because of AEs (Ben-Menachem et al., 2015; Mwamburi et al., 2018).



Limitations

We should recognize some limitations of the current review. First, most studies had some concerns regarding their methodological quality (Martelletti et al., 2018), even if the results were slightly positive, and low pain intensity increased the risk of bias and affected quality. For these reasons, we cannot obtain any firm conclusion regarding the effectiveness of at-VNS and ear-electro-acupuncture for managing chronic migraine.

The inconsistency of the follow-up periods and the difference between study protocols, as well as the small number of trials available for systematic review, did not permit us to perform a meta-analysis. Furthermore, the study protocols regarding the same parameters, times of application, measurements, and electro-acupuncture points must be similar, even including the same pathology if there is an acute or chronic migraine, for the same reason previously highlighted for strong conclusions, while also following the guidelines and standards from STRICTA (STandards for Reporting Interventions in Clinical Trials of Acupuncture) (MacPherson et al., 2010).




Conclusions

The current systematic review found low-quality evidence supporting the idea that at-NVS or ear electro-acupuncture may have some positive effects in the treatment of chronic migraine post-treatment in terms of reducing the frequency and intensity of migraine attacks. Additionally, positive effects were shown in fMRI scans and the relationship between peripheral vagus nerve branches with the superior brainstem. The small number of RCTs and the heterogeneity in the data did not permit us to pool data.
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