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Abstract: Vestibular Migraine (VM) is a complex neurological disorder characterized by episodic 

vertigo and migraine-like symptoms and is often misdiagnosed due to overlapping features with other 

vestibular and neurological conditions. In this review, we systematically explored the efficacy of 

exogenous (e.g., repetitive transcranial magnetic stimulation (rTMS) and transient DC Stimulation 

(tDCS)) and endogenous (e.g., EEG and infra-low frequency neurofeedback) neuromodulation 

techniques in diagnosing and managing vestibular disorders and migraines, with its relevance to VM. 

Analysis of 30 selected studies demonstrated promising outcomes in symptom reduction, with notable 

effectiveness in refractory and chronic cases. Studies involving both neuromodulation techniques 

improve various symptoms of vestibular disorders and migraine, positioning neuromodulation as a 

valuable adjunct to the available standard care being employed with patients. Given the 

pathophysiological overlap between migraine and vestibular dysfunction, particularly involving 

cortical excitability, GABAergic inhibition, and hypothalamic-trigeminal dysregulation, 

neuromodulation offers a non-invasive, safe, and targeted approach for long-term VM management. 

Further high-quality clinical trials are warranted to establish standardized protocols and confirm the 

long-term efficacy of these neuromodulation modalities. 

Keywords: vestibular migraine; repetitive transcranial magnetic stimulation (r-TMS); Transcranial 

Direct Current Stimulation (t-DCS); neuromodulation; migraine episode; inhibition; exogenous; 
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endogenous  

 

Abbreviations: ABEP: Auditory Brainstem Evoked Potential; AICA: Anterior Inferior Cerebellar 

Artery; CMCT: Central motor conduction time; CSF: Cerebrospinal Fluid; CSSP: Cortical Stimulation 

Silent Period; CSD: Cortical Spreading Depression; DBS: Deep brain stimulation; DHI: Dizziness 

Handicap Index; DLFPC: Dorsolateral Prefrontal Cortex; EMG: Electromyography; ICHD: 

International Classification of Headache Disorders; MEP: Motor-evoked potentials; MdDS: Mal de 

debarquement syndrome; MIDAS: Migraine Disability Assessment Scale; MVS: Magnetic Vestibular 

Stimulation; SOC: Superior Olivary Complex; rTMS: Repetitive Transcranial Magnetic Stimulation; 

rMT: Resting motor threshold; PCS: Persistent post-concussion syndrome; Oz: Just above the occipital 

point; RCT: Randomized Controlled Trials; sTMS: Single-Pulse Transcranial Magnetic Stimulation; 

tDCS: Transcranial Direct Current Stimulation; TVS: Trigeminovascular system; TBI: Traumatic 

Brain Injury; TES: Transcranial Electromagnetic Stimulation ; TVS: Trigeminovascular system; VM: 

Vestibular Migraine; VRT: Vestibular Rehabilitation Therapy; VPN: Ventral Posteriomedial Nucleus; 

VNG: Videonystagmography; ILF: Infra-Low frequency 

1. Introduction  

The inner ear’s otolith organ senses linear motion, while the semicircular canal detects angular 

motion. Together, these organs comprise the vestibular system, which is a sensory system based on the 

principle of fusion of bilateral sensors. The vestibular system aids in maintaining body equilibrium by 

providing information on head acceleration and linear and angular motions to the individual. 

Dysfunction in the vestibular system, whether peripheral or central, can lead to clinical manifestations 

such as vertigo or dizziness, with varying onset times and episode durations, often accompanied by 

additional symptoms [1]. One prominent symptom associated with vestibular disorders is a headache 

linked to vertigo. This relationship was first explained by Dietrich and Brandt in 1999 [2]. Vestibular 

Migraine (VM) is conceptualized as a diverse constellation of neurological impairments characterized 

by episodic vertigo and associated headaches. This condition stems from asymmetrical activation and 

deactivation of vestibular neuronal pathways during an episode [2]. To rule out the possibility that the 

symptoms are not due to other factors, VM is diagnosed based on a migraine history, the severity, 

frequency, and duration of the vestibular episodes, as well as the temporal correlation of migraine 

symptoms with vestibular episodes in at least 50% of cases [3]. Based on pathophysiological and 

epidemiological observations, migraines are involved in the vestibular systems and were previously 

sub-categorized under Migraine, as Basilar Migraine [4]. However, increasing recognition of 

coexisting vestibular manifestations such as dizziness, vertigo, unsteadiness, and sensitivity to motion 

alongside classical migraine symptoms like photophobia, phonophobia, headache, and visual aura has 

led to the reclassification of these presentations of VM. This change is grounded in criteria co-

developed by the Barany Society and the International Headache Society-3 in 2018 [5]. According to 

the ICHD classification for VM, there are five episodes of moderate to severe vestibular symptoms, 

three of which last five minutes to seventy-two hours, and at least 50% of these episodes are linked to 

at least one of the three migraine features with headache. The nature of the headache may be 

characterized by unilateral location, pulsating quality, moderate to severe intensity, and aggravated by 

routine physical activities. The other symptoms included phonophobia and photophobia [5]. Even after 
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proper diagnostic criteria given by the ICDH and Barany Society, the pathophysiology of VM needs 

to be reviewed based on the variety of symptoms, thus requiring an upgraded diagnostic and treatment 

option [6]. The ambiguity of VM leads to different kinds of confusion among the professionals to 

correctly diagnose the disorder and leads to preferring the limited management options like 

Prophylactic treatments, Vestibular Rehabilitation Therapy (VRT), and modification of lifestyles, but 

the result remains inconclusive [7]. Based on the literature review, it is observed that migraine and VM 

symptoms can prevail in pediatric and younger adult demographics. One study indicates that 35% to 60% 

of children and adolescents experience dizziness with accompanying headaches [8]. Due to the 

ambiguous nature of VM and its clinical pathophysiology, it is quite challenging and remains either 

misdiagnosed or undiagnosed. 8−10% of individuals with vestibular symptoms had an anxiety or 

depression condition as the major cause of their illness, according to retrospective, cross-sectional, and 

prospective studies done over three decades [9]. Functional and mental illnesses may be primary, 

secondary, or concomitant concerns in many individuals presenting for examination of vestibular 

symptoms. Stated differently, vestibular symptoms are frequently caused, impacted, and complicated 

by psychiatric disorders. Psychiatric disorders are frequently to blame for the majority of morbidity 

and impairment, particularly in individuals who have long-term illnesses [9]. 

1.1. Neuromodulation techniques 

Rapid technological advancements have established neuromodulation techniques as a 

groundbreaking solution for assessing and managing neurological disorders. These innovative 

approaches show tremendous promise for prosthetics and therapeutic applications and advance 

research in any medical field [10]. Neuromodulation operates as a non-invasive method utilizing 

temperature-regulating elements or magnets to modulate brain activity and has shown efficacy in 

mitigating various vestibular disorders, migraine attacks, and cluster headaches. Researchers have 

further expanded the scope of neuromodulation devices, highlighting their potential in treating VMs, 

a subtype that manifests symptoms such as vertigo, dizziness, and balance difficulties. The 

neuromodulation techniques can be divided into two types, i.e., Exogenous Neuromodulation 

Techniques and Endogenous Neuromodulation Techniques. Exogenous neuromodulation involves 

external stimulation techniques to influence neural activity, whereas endogenous neuromodulation 

refers to the brain’s natural ability to regulate neural activity through biological and physiological 

mechanisms. We focus on both exogenous and endogenous neuromodulation techniques to explore the 

effectiveness of the same in diagnosing and managing vestibular disorders and migraine. Exogenous 

neuromodulation methods include repetitive transcranial magnetic stimulation (rTMS), transcranial 

direct current stimulation (tDCS), vagus nerve stimulation (VNS), and deep brain stimulation (DBS). 

The term “transcranial” in rTMS is pertinent and willful here, as it aligns with the terminology used 

for tDCS later in the article, emphasizing that both are noninvasive techniques involving stimulation 

across the skull. Endogenous neuromodulation methods, by contrast, include EEG feedback and Infra 

Low-Frequency Neurofeedback (ILF). 

1.1.1. Endogenous neuromodulation techniques 

Endogenous neuromodulation entails therapeutic methodologies that amplify the brain’s intrinsic 

competence for self-regulation by harnessing real-time data indicative of its current functional state. 
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This paradigm is operationalized in modalities such as real-time fMRI and EEG neurofeedback. From 

a systems neuroscience perspective, the brain is conceptualized as a hierarchically structured, 

dynamically integrated, unitary, and hemodynamic entity. Consequently, any perturbation—whether 

informational or otherwise—regarding its regulatory efficacy exerts a pervasive influence across the 

system. By delivering temporally precise, state-specific feedback, this approach mitigates 

informational uncertainty and expedites neuroadaptive processes. Moreover, strategically focused 

modulation enables intervention preferentially directed toward neural circuits or functional domains 

exhibiting suboptimal performance. This intervention acknowledges and engages the brain’s 

ontogenetically defined regulatory hierarchy, wherein foundational neural substrates must be stabilized 

and fortified to scaffold higher-order regulatory capacities. This ontological recapitulation facilitates 

functional restoration via a bottom-up, developmentally informed progression through successive 

regulatory strata [11]. 

Infra-Low-Frequency Neurofeedback: The principal aim of ILF neurofeedback is to bolster self-

regulatory capabilities. Secondary advantages encompass symptom alleviation and functional 

recuperation. Investigations have demonstrated that systematically diminishing the target frequencies 

produces superior outcomes for complex ailments such as bipolar mood oscillations, migraines, 

seizures, and episodes of suicidality. This methodology culminated in the identification of Optimal 

Response Frequencies (ORFs), which signify the frequencies at which training attains maximum 

efficacy for each individual. While these frequencies may fluctuate based on their locus, two consistent 

correlations persist: one that operates across the entire ILF spectrum and another that pertains to the 

EEG spectrum. During training within the ILF domain, the glial-neuronal networks tasked with 

regulating tonic and resting state modulation are stimulated [12]. 

1.1.2. Exogenous neuromodulation techniques  

a. Transcranial magnetic stimulation (TMS) 

Transcranial Magnetic Stimulation (TMS) is a non-invasive treatment that stimulates nerve cells 

using electromagnetic pulses. It may help reduce the symptoms of various neurological and mental 

health conditions. TMS can be categorized into three main types: Single Transcranial Magnetic 

Stimulation (s-TMS), Paired Pulsed Transcranial Magnetic Stimulation (pp-TMS), and Repetitive 

Transcranial Magnetic Stimulation (r-TMS). Each type has different applications based on the pulses 

delivered to targeted areas of the brain. The s-TMS uses monophasic pulses to diagnose various 

neurological and psychiatric disorders. It measures the cortical and sub-cortical functions of the brain 

through parameters such as Resting Motor Potential (r-MT), Active Motor Potential (a-MT), Motor 

Evoked Potential (MEP), Cortical Silent Period (CSP), and Central Motor Conduction Time(CMCT).r-

TMS in contrast, engages repetitive pulses with various stimulation parameters such as frequency, 

intensity, stimulation site, number of stimuli, and duration of treatment and is used to either inhibit or 

excite the targeted brain areas. It may also involve a heterogeneous sample of participants with 

differing characteristics such as age, type of depression (unipolar vs. bipolar), and level of treatment 

resistance. The r-TMS has been classified into two types, i.e., High-Frequency r-TMS (> 5 Hz) and 

Low-Frequency r-TMS (< 5 Hz). The High-frequency r-TMS excites the motor neurons, whereas the 

Low-Frequency r-TMS inhibits the motor neurons. Repeated low-frequency stimulation of a single 

neuron has been shown to cause long-term depression (LTD), a persistent inhibition of cell-cell 

communication; in contrast, repeated high-frequency stimulation can enhance cell-cell communication 
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through long-term potentiation (LTP) [13]. Approved by the FDA in 2008, TMS is primarily employed 

for depression treatment, particularly in cases resistant to standard interventions [14]. It is also used in 

neurological disorders, migraine, and the management of headaches [15]. 

The neurophysiological process involved in TMS: The human cerebral cortex harbors a densely 

packed array of neurons that preserve electrochemical gradients via an intricate network of ion 

channels and transporters, enabling the cortex to function as an effective bioelectrical conductor. When 

a pulsed magnetic field is applied transcranially using a precisely engineered coil, it induces electrical 

currents through the stratified architecture of the cortex. The coil design dictates the pulse 

characteristics, typically delivering a magnetic field intensity approaching 2 Tesla for a duration on 

the order of 10⁻⁵ seconds [16]. The degree of cortical activation is proportionally correlated with the 

intensity of the pulse. Computational simulations indicate that a 2-Tesla pulse activates a cylindrical 

volume of cortex approximately 1 cm in radius and 2 cm in height, with activation intensity exhibiting 

a steep decline from the central axis [17,18]. Low-intensity magnetic stimulation predominantly 

depolarizes neuronal axons, which exhibit a high concentration of voltage-gated ion channels. This 

depolarization precipitates action potentials that propagate along axonal pathways until they culminate 

at presynaptic terminals, where the release of neurotransmitters occurs. Most cortical neurons are 

excitatory and primarily utilize glutamate as their neurotransmitter of choice. A minority consists of 

inhibitory interneurons that secrete gamma-aminobutyric acid (GABA), which is critical in modulating 

excitatory activity and regulating circuit dynamics. Furthermore, projection neurons emanating from 

subcortical nuclei extend their axons to cortical targets, modulating neural activity by releasing 

neuromodulators such as acetylcholine, dopamine, norepinephrine, and serotonin. Consequently, even 

at relatively low stimulation intensities, transcranial magnetic stimulation (TMS) engages a 

heterogeneous array of excitatory and inhibitory neuronal populations, activating diffuse 

neuromodulatory systems. Given the extensive interconnectivity within cortical circuits, a solitary 

TMS pulse has the potential to incite a cascade of neural activity through both feedforward and 

feedback mechanisms, thereby amplifying its impact at the network level [19]. TMS shares 

methodological affinities with other brain mapping modalities, such as direct electrical stimulation, 

positron emission tomography (PET), and functional magnetic resonance imaging (fMRI), facilitating 

the exploration of specific sensory and motor cortical domains. Within this framework, TMS emerges 

as an invaluable instrument for investigating the cortical substrates implicated in VM symptomatology. 

Nonetheless, TMS is inherently constrained by limited spatial resolution, which hampers its capacity 

for fine-grained cortical mapping. Research has demonstrated that repetitive TMS (rTMS) not only 

engages neuronal pathways through axonal activation but also involves non-neuronal mechanisms that 

may elucidate the extensive range of physiological and behavioral effects observed [20,21]. At its core, 

rTMS capitalizes on neuroplastic mechanisms that promote synaptic reorganization within cortical 

networks, thereby contributing to its enduring effects on cerebral function. 

b. Transcranial direct current stimulation (tDCS) 

Transcranial direct current stimulation (tDCS) is a powerful technique for brain stimulation that 

effectively enhances or inhibits cognitive functions by modifying cortical excitability. By placing two 

electrodes on a patient’s scalp, tDCS delivers a tiny electrical current that modulates activity in targeted 

brain regions in a reversible manner. In a standard uni-hemispheric tDCS arrangement, one electrode 

serves as the target electrode while the other acts as a reference electrode. The region of interest is 

stimulated by the target electrode, whose location is dictated by the task and hypothesis. Here, the 

target location should be on the cortical surface because scalp electrodes cannot reach deep brain 
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regions. The reference electrode is placed extra-cephalically in some montages. The effects of 

stimulation on cortical excitability can be examined using tDCS in conjunction with techniques such 

as TMS, fMRI, and EEG. It is important to briefly underline that integrating these techniques may lead 

to a better understanding of the links between the brain and behavior [22]. Recognized for its 

effectiveness, tDCS aids with anxiety, depression, and symptoms associated with neurological 

illnesses like Parkinson’s disease, multiple sclerosis, stroke, and movement disorders. Major 

depression and schizophrenia are among the psychiatric symptoms that may be affected, according to 

new research [23]. It was initially developed to treat brain injuries and neuropsychiatric illnesses. 

The neurophysiological mechanisms underpinning tDCS elucidate its capacity as a 

neuromodulatory intervention with therapeutic potential in managing VM. This non-invasive 

technique exerts its effects by delivering a subthreshold, unidirectional electrical current that perturbs 

transmembrane potentials, thereby altering the excitability landscape of cortical networks. At the 

anodal site, the induced shift in extracellular potential facilitates neuronal depolarization, effectively 

lowering the activation threshold and potentiating excitatory synaptic transmission. In contrast, the 

cathodal site promotes neuronal hyperpolarization, exerting a net inhibitory influence on underlying 

neuronal populations. Anodal stimulation, by elevating cortical excitability, induces neurovascular 

coupling responses, culminating in augmented regional cerebral perfusion to meet the escalated 

metabolic demands of heightened neuronal firing. This phenomenon has been empirically validated 

using functional near-infrared spectroscopy (fNIRS), which reveals significantly increased 

concentrations of oxygenated hemoglobin in response to anodal stimulation over the prefrontal cortex, 

relative to cathodal input [24]. Merzagora et al. (2010) further corroborated these findings, 

demonstrating that such stimulation elicits discernible metabolic upregulation within the engaged 

neural substrates. Beyond electrophysiological excitation, tDCS exerts neurochemical modulatory 

effects across multiple neurotransmitter systems. Evidence suggests that dopaminergic transmission is 

susceptible to modulation by tDCS and that its efficacy is contingent upon the neurochemical milieu. 

For instance, co-administration of citalopram, a selective serotonin reuptake inhibitor (SSRI), has been 

shown to amplify the neuroplastic effects of anodal tDCS [25], while rivastigmine, a cholinesterase 

inhibitor, attenuates its neuromodulatory efficacy, likely by disrupting acetylcholine-mediated synaptic 

potentiation [26]. Given its influence on both cortical excitability and neurotransmitter dynamics, 

tDCS presents as a compelling candidate for the therapeutic modulation of multimodal integration 

hubs implicated in VM. Specifically, regions such as the temporoparietal junction (TPJ) and 

dorsolateral prefrontal cortex (DLPFC), both integral to the processing of vestibular, spatial, and 

attentional information, are well-positioned as targets for neuromodulatory intervention. Notably, a 

study employing anodal stimulation over the right DLPFC reported significant enhancements in visual 

sustained attention, spatial working memory, and visual memory accuracy, indicating a facilitative 

effect on cognitive components of vestibular processing [27]. 

2. Aim of the study  

This article presents a systematic review of existing research on vestibular disorders and migraine, 

with a focus on evaluating the potential application of neuromodulation techniques in the management 

of VM. We aim to assess the effectiveness of these techniques in alleviating clinical symptoms 

associated with both vestibular dysfunction and migraine, drawing upon findings from previously 

published studies. By critically examining the outcomes reported in the literature, this review seeks to 
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bridge existing knowledge gaps and provide meaningful insights into the broader therapeutic potential 

of neuromodulation in regulating brain activity related to vestibular and migraine conditions. 

Additionally, this work forms part of an ongoing research initiative aimed to identify the most suitable 

neuromodulation strategies for the effective treatment and long-term management of VM. 

3. Methodology 

A comprehensive search was conducted to gather relevant literature on the application of 

neuromodulation techniques for the treatment of vestibular disorders and migraines, as well as for 

assessing brain activity during migraine episodes. Databases such as PubMed, Google Scholar, 

Medscape, Embase, and Z-Library were systematically explored. Specific search phrases like 

“Neuromodulation in assessing Migraine” and “Neuromodulation in assessing and managing 

vestibular disorders” were used to identify studies focusing on both the diagnostic and therapeutic 

roles of neuromodulation in these conditions. 

To better understand the pathophysiology of VM, initial searches included the phrase 

“pathophysiology of VM”. However, the limited results prompted an expansion of the search criteria 

to include broader terms like “migraine”, which helped capture a wider and more relevant pool of 

literature. This adaptive strategy enabled the collection of diverse and valuable studies that contribute 

to both the clinical management and theoretical understanding of migraine and vestibular disorders 

through neuromodulation. 

The literature search covered publications from the inception of each database up to September 

2023, with a focused review period from July 2022 to December 2023. To ensure the inclusion of the 

most recent developments, the review process was extended through December 2024, monitoring for 

any significant advancements beyond the initial study period. 

The resulting body of literature forms the foundation of a detailed review, presented in Tables 1, 

2, and 3, offering insights into the complex neurophysiological mechanisms underlying various 

vestibular disorders and migraine subtypes. This review underscores the growing relevance of 

neuromodulation techniques in advancing both research and clinical practice in this domain. 

3.1. Selection process of studies 

A total of 209 articles were initially identified for review, including 190 obtained through database 

searches and 19 accessed via Sci-Hub. After a preliminary screening based on abstract review, 10 

articles were excluded for not meeting the relevance criteria of this study. The remaining 199 articles 

were then subjected to full-text screening by predefined inclusion criteria, resulting in the selection of 

129 studies. Following a more detailed evaluation, 99 studies were excluded, primarily those focusing 

on the use of repetitive Transcranial Magnetic Stimulation (r-TMS) and tDCS for assessing various 

cortical and subcortical functions or for therapeutic purposes unrelated to vestibular disorders and 

migraine. Ultimately, 34 studies were deemed suitable for quantitative analysis. However, 4 of these 

were excluded after applying specific inclusion and exclusion criteria, as detailed in subsequent 

sections. From the final set of 30 studies, the literature was categorized based on the area of 

investigation and type of neuromodulation techniques. Six studies focused on motor cortex activation 

through neuromodulation; four examined phosphene threshold values in the visual cortex; and three 

explored cortical silent periods in migraine. The remaining studies investigated the therapeutic role of 
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neuromodulation in migraine management. Specifically, three studies evaluated neuromodulation as a 

prophylactic treatment, two focused on pain reduction, and one explored visual cortex activation and 

inhibition in migraineurs. Additionally, seven studies addressed the application of neuromodulation in 

vestibular disorders. Furthermore, three studies involving endogenous neuromodulation techniques in 

migraine management were included, along with a single study related to the management of vestibular 

disorders using endogenous methods. A detailed flowchart illustrating the entire study selection 

process, including the applied inclusion and exclusion criteria, is presented in Figure 1. 

 

Figure 1. Flowchart depicting the various stages of selection of articles based on the 

inclusion and exclusion criteria. 



228 

AIMS Biophysics  Volume 12, Issue 2, 220−257. 

3.2. Inclusion criteria 

The inclusion criteria for this study involved a comprehensive review of clinical trials, case 

reports, and review articles that utilized neuromodulation techniques such as repetitive Transcranial 

Magnetic Stimulation (r-TMS), single-pulse Transcranial Magnetic Stimulation (s-TMS), and tDCS, 

and endogenous neuromodulation techniques such as ILF neurofeedback. These methods were applied 

to evaluate and modulate activity in cortical and subcortical brain regions in the context of vestibular 

disorders and migraines. The review encompassed various types of migraines, including menstrual 

migraines as well as chronic and acute migraine episodes, irrespective of the presence or absence of 

aura. Vestibular disorders presenting primarily with vertigo and dizziness were specifically included 

to assess the clinical effectiveness of neuromodulation interventions in alleviating these symptoms. 

Furthermore, studies that entailed neuromodulation techniques with vestibular rehabilitation therapy 

were also considered for inclusion to explore integrative treatment approaches. 

3.3. Exclusion criteria 

In this review, we intentionally delineated its scope by excluding studies about depression and 

other neurological pathologies, in order to retain a concentrated focus on vestibular disorders, with 

migraine, particularly VM, serving as the core clinical entity under investigation. This methodological 

decision was driven by the imperative to distil disorder-specific evidence and synthesize mechanistic 

and therapeutic insights that are uniquely applicable to migraine-related pathophysiology. Furthermore, 

to ensure translational relevance and maintain consistency in clinical applicability, preclinical (animal) 

studies were systematically excluded from the analysis. 

4. Neuromodulation techniques in vestibular disorders 

Besides traditional management options, recent research suggests that neuromodulation 

techniques can help reduce vestibular symptoms in vestibular disorders. A recent review study 

concluded that Neuromodulation has a promising future as a potential treatment for vestibular 

dysfunction. Techniques such as Magnetic Vestibular Stimulation (MVS), DBS, and Transcranial 

Magnetic Stimulation (TMS) represent sophisticated and customizable treatment modalities that could 

offer targeted relief for vestibular symptoms in individuals [28]. A notable study conducted by Cha et 

al. involved ten subjects (eight women) diagnosed with persistent Mal de Débarquement Syndrome 

(MdDS), with symptoms lasting between 10 to 91 months. Each participant received one session of 

rTMS across four counterbalanced protocols: Left 10 Hz (high frequency), left 1 Hz (low frequency), 

right 10 Hz, and right 1 Hz, directed at the dorsolateral prefrontal cortex (DLPFC). The results 

demonstrated that rTMS was well-tolerated among participants with MdDS, showing promising short-

term symptom alleviation [29]. Furthermore, Tarnutzer et al. reported three distinct cases of vestibular 

decompensation stemming from vestibular neuronitis. Notably, the application of Low-frequency TMS 

(LFrTMS) over the contralateral vestibular cerebellum for five consecutive days led to significant 

improvement in postural stability among these patients [30]. In another investigation by Koganemaru 

et al., the efficacy of transcranial Direct Current Stimulation (t-DCS), in conjunction with vestibular 

rehabilitation, was assessed in a cohort of 30 patients experiencing chronic dizziness due to vestibular 

dysfunction. Participants underwent rehabilitation concurrently with either 20 minutes of t-DCS or 
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sham stimulation. Findings revealed that vestibular rehabilitation augmented by t-DCS yielded 

superior outcomes than rehabilitation alone [31]. Additionally, a case study by Paxman et al. focused 

on a 61-year-old male patient who experienced chronic dizziness following mild Traumatic Brain 

Injury (TBI). To evaluate the impact of rTMS on chronic dizziness, the patient underwent 10 sessions 

of 10 Hz rTMS stimulation. Post-treatment assessments indicated a noteworthy reduction in the 

Dizziness Handicap Index (DHI) scores from 41 to 20 points. This case concluded that rTMS is a safe 

and economically viable treatment option for chronic dizziness attributable to TBI [32]. 

A pilot, randomized, double-blinded study conducted by Moussavi et al. (2019) involved 22 

participants to explore the efficacy of repetitive Transcranial Magnetic Stimulation (r-TMS) on 

persistent post-concussion syndrome (PCS). The findings indicated that r-TMS is a viable treatment 

option for individuals who have recently sustained concussions [33]. In another case study by Buard 

et al. (2020), low-frequency (1 Hz) r-TMS was administered unilaterally over two consecutive weeks 

to a 41-year-old male suffering from Mal de Débarquement Syndrome (MdDS). Post-treatment 

assessments revealed significant improvements in the Hospital Anxiety and Depression Scale (HADS) 

scores as well as balance metrics in the patient [34]. A double-blinded randomized controlled trial by 

Saki et al. (2022) involved 36 elderly individuals with chronic vestibular dysfunction who received 

vestibular rehabilitation combined with transcranial Direct Current Stimulation (t-DCS) targeted at the 

Dorsolateral Prefrontal Cortex (DLPFC) for 20 minutes. The bi-frontal t-DCS approach showed 

promise in alleviating vestibular symptoms in this demographic alongside vestibular rehabilitation [35]. 

An outline of various studies about distinct vestibular disorders and their treatments utilizing diverse 

neuromodulation techniques is comprehensively presented in Table 1.
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Table 1. Overview of studies related to vestibular disorders using different neuromodulation techniques and the outcomes. 

Sl no. Authors Vestibular disorders Neuromodulation 

Techniques used 

& site of 

stimulation 

No. of 

subjects 

Results Outcomes 

1. 

 

Cha YH et.al 

(2014) [29] 

Mal de 

Debarquement 

Syndrome (MdDS) 

rTMS 

Right 10Hz, And 

Right 1Hz over 

DLFPC 

10 subjects with 

MdDS 

rTMS well-tolerated in 

subjects with MdDS 

Promising short-term 

improvement of 

symptoms 

2. 

 

 

TarnutzerM, et 

al. 

(2017) [30] 

Vestibular 

Decompensation 

Low-frequency 

rTMS (LFrTMS) 

over the vestibular 

cerebellar network 

3 subjects with 

vestibular 

decompensation 

Improvement in postural 

instability 

Improvement in motor 

performance during 

rehabilitation 

 

3. 

Koganemaru et 

al. 

(2017) [31] 

Chronic dizziness t-DCS 30 patients with 

chronic dizziness 

Improvement with 

vestibular rehabilitation 

Improvement, along 

with vestibular 

rehabilitation and t-

DCS, was more 

effective than with 

vestibular 

rehabilitation alone. 

Continued on next page 
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Sl no. Authors Vestibular disorders Neuromodulation 

Techniques used 

& site of 

stimulation 

No. of 

subjects 

Results Outcomes 

4. 

 

 

Paxman et Al. 

(2018) [32] 

Chronic dizziness 

followed by MILD  

TBI 

Repetitive 

Transcranial 

Magnetic 

Stimulation (r-

TMS) 

1 subject (case 

study 

DHI scores improved 

post-treatment with r-

TMS 

For individuals with 

mild traumatic brain 

damage who 

experience persistent 

post-traumatic 

dizziness, r-TMS is a 

safe and economical 

treatment option. 

5. Moussavi, Z., et 

al. (2019) [33] 

Persistent Post-

Concussion 

Syndrome (PCS) 

Repetitive 

Transcranial 

Magnetic 

Stimulation(r-

TMS) 

22 subjects with 

PCS 

-Improvement in and 

with depression with 

depression, with 

improvement in postural 

instability 

Reduced mTBI 

headaches, 

-Non-invasive 

technique for mild 

traumatic brain injuries 

Continued on next page 
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Sl no. Authors Vestibular disorders Neuromodulation 

Techniques used 

& site of 

stimulation 

No. of 

subjects 

Results Outcomes 

6. Buard et Al. 

(2022) [34] 

 

 

Mal de 

Debarquement 

Syndrome (MdDS) 

 

Repetitive 

Transcranial 

Magnetic 

Stimulation (r-

TMS) 

1 subject (case 

study) 

 

-Suppression of chronic 

rocking dizziness 

improvement in the 

Dizziness Handicap 

Inventory (DHI) 

impact on anxiety and 

depression 

Reduction in rocking 

dizziness 

Improved DHI 

impact on anxiety and 

depression 

Short-term efficacy 

demonstrated 

7. Saki, N., et al. 

(2022) [35] 

Chronic vestibular 

dysfunction in the 

elderly 

Transcranial Direct 

Current 

Stimulation (t-

DCS) on DLFPC 

36 subjects with 

chronic vestibular 

dysfunction 

-Double-blind 

randomized controlled 

trial 

-Improvement in 

balance function 

Non-invasive approach 

Positive outcomes in 

balance function. 

Non-invasive approach 

Evidence from a 

double-blind 

randomized trial 
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5. Effectiveness of neuromodulation techniques on migraine 

5.1. Neuromodulation techniques to assess the activation of the motor cortex in migraine 

The complexities surrounding the pathophysiology of migraines remain somewhat obscure; yet, 

neurophysiological research over the past few decades has revealed that individuals afflicted by 

migraines display interictal anomalies in their cortical information processing frameworks. These 

functional brain irregularities are dynamically variable, oscillating cyclically until a migraine episode 

occurs, at which point the cortical responsiveness appears to revert to a normative state. This was 

evidenced by evaluations of cortical evoked potentials (EPs). The migraineur’s cerebral activity is 

frequently marked by atypical amplitude habituation of EPs in response to various sensory stimuli. 

Furthermore, the excitability of the cortex can be assessed non-invasively by applying transcranial 

magnetic stimulation (TMS) pulses to distinct cortical regions, followed by the documentation of 

evoked potential activity in these areas of the brain. In a pilot study, Maertens de Noordhout et al. 

(1992) used transcranial magnetic stimulation of the motor cortex in 10 patients with common 

migraine and 12 patients with unilateral classic migraine who experienced sensorimotor auras. In the 

case of classic migraine, they discovered that the side where auras occurred had a higher activation 

threshold by cortical stimulation than the unaffected side. Patients with common migraine, on the other 

hand, displayed typical reactions on both sides. This implies that patients with classic migraine who 

also experience sensorimotor auras have a clinical malfunction of the motor cortex [36]. Bettucci et 

al. (1992) evaluated the excitability threshold and the central motor conduction time (CMCT) in 

254 female patients diagnosed with menstrual migraine, along with 10 healthy female subjects. 

They observed a significant increase in cortical excitability values and postulated that this increase 

may be a neurophysiological correlate for migraine without aura [37]. To assess the thresholds, 

latencies, and amplitudes of motor-evoked potentials (MEPs), Kamp et al. (1996) examined ten 

patients with migraine with aura, ten patients with migraine without aura, and ten control participants. 

Later, it was concluded that both hemispheres are equally involved in the migraine process, as 

evidenced by the fact that these characteristics were unrelated to the side of the headache [38]. The 

effectiveness in treating chronic migraine was demonstrated by Brighina et al. (2004), who 

investigated whether 12 sessions of high-frequency r-TMS over the left dorsolateral prefrontal cortex 

could improve chronic migraine in 11 patients. The conclusion concluded that high-frequency r-TMS 

could reduce chronic migraine symptoms [39]. To investigate “the metaplasticity of the primary motor 

cortex in migraineurs and healthy controls”, Brighina et al. (2009) alternately administered t-DCS and 

r-TMS, which counteracted the mean MEP in both groups. They showed that between episodes, 

migraineurs’ short-term homeostatic plasticity was altered, normalizing migraine habituation and 

establishing cortical inhibition and habituation [40]. In a study by Cosentino et al. (2014), 20 healthy 

controls, 14 chronic migraineurs, 48 patients with aura, and 66 patients with migraines without auras 

were included. Motor cortical responses were assessed during the interictal, preictal, ictal, and postictal 

stages of the migraine cycle. Different responses were seen depending on the frequency of attacks 

during the interictal phase, indicating that the excitability and fluctuations of the cortical area in the 

threshold for inhibitory metaplasticity may be essential to the process of migraine transformation and 

influence the recurrence of migraine attacks [41]. 
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5.2. Neuromodulation technique to assess phosphene threshold levels during migraine 

Neuromodulation techniques, particularly transcranial magnetic stimulation (TMS), are 

instrumental in assessing cortical excitability within migraine research. A widely utilized 

neurophysiological marker in this field is the phosphene threshold (PT)—the minimal stimulation 

intensity required to induce phosphenes, or visual phenomena resembling flashes of light in the 

absence of external stimuli. As a non-invasive measure of visual cortical excitability, PT is crucial in 

migraine pathology, where a dysregulated excitatory-inhibitory balance is often observed. Reduced PT 

values indicate heightened cortical excitability, typically evident during the interictal phase in migraine 

sufferers. The application of PT as a quantifiable metric has facilitated significant advancements in 

understanding regional variations in cortical responsiveness and the mechanisms underlying sensory 

processing abnormalities in individuals with migraine. Afra (2000) conducted an integrative study 

investigating cortical excitability in migraine through multiple modalities, including biochemical 

markers, psychophysical assessments, electrophysiological recordings, and transcranial magnetic 

stimulation (TMS) [42]. Biochemical findings, such as hypomagnesemia and elevated excitatory 

amino acids, suggest a movement toward cortical hyperexcitability, whereas electrophysiological data 

often reflect functional hyperexcitability, particularly in the form of attenuated preactivation and 

deficient sensory habituation. These conflicting patterns are likely attributable to methodological 

variability, heterogeneous patient profiles, and the differential timing of assessments concerning the 

migraine cycle. Moreover, the presence of genetic heterogeneity, including mutations in genes 

encoding ion channels, further complicates the neurophysiological phenotype of migraine. TMS data 

reinforce the diverse cortical functional profiles seen across migraine subtypes, emphasizing the 

necessity for methodological standardization, precise patient stratification, and temporal specificity in 

experimental design. Gerwig et al. (2003) assessed visual cortical excitability in migraine patients 

using both single-pulse and paired-pulse TMS, focusing on the comparison between phosphene 

thresholds (PT) and motor thresholds (MT) [43]. The absence of correlation between these thresholds 

suggests that MT does not reliably index visual cortical excitability, indicating a region-specific 

regulation of excitability that may involve distinct neurophysiological mechanisms. In a study by 

Young et al. (2004), the phasic evolution of TMS-induced PT was examined across repeated 

stimulations in both migraineurs and healthy individuals [44]. Migraine patients exhibited 

progressively lower PT values, suggesting either facilitatory cortical summation or impaired inhibitory 

modulation, consistent with an underlying excitability imbalance. Chadaide et al. (2007) extended this 

research by employing tDCS to probe interictal visual cortical excitability, again using PT as the 

principal measure [45]. Their findings revealed significantly reduced PT in migraineurs compared to 

controls, implicating a deficiency in cortical inhibitory control and further supporting the hypothesis 

of a maladaptive excitatory-inhibitory balance in the migraine brain. 

5.3. Neuromodulation to assess the cortical silent period in migraineurs 

The Cortical Silent Period (CSP), a direct indicator of motor inhibition, is obtained by 

electromyography (EMG) recording on a target muscle during transcranial magnetic stimulation 

(TMS). The CSP reflects the EMG quiet that follows TMS treatment. Although its origin remains a 

topic of debate, it is believed to arise from anatomical and physiological dysfunctions in the basal 

ganglia [46]. The CSP serves as a measure of spinal and cortical inhibition, primarily depending on 
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the activity of GABA B circuits [47]. In a 1999 study, Aurora et al. used TMS to determine the Cortical 

Stimulation Silent Period (CSSP) in nine migraine sufferers with aura and nine control subjects. They 

discovered that migraineurs with aura had a shorter CSSP duration than the controls, which may 

indicate that cortical neurons are more excitable and have less central inhibition [48]. Bohotini et al. 

(2002) studied changes in visual cortex excitability using low- and high-frequency repetitive TMS (r-

TMS). The study involved 30 migraineurs and 20 healthy volunteers, focusing on the occipital cortex. 

Their findings indicated reduced habituation in migraineurs, attributed to a lower excitability level in 

the visual cortex [49]. Yuksel et al. (2021) conducted a study involving female subjects, 20 migraineurs 

with aura, 20 migraineurs without aura, and 30 healthy controls, during the pre-ovulatory phase of the 

menstrual cycle. They measured motor-evoked potentials (MEP) and resting motor thresholds (rMT) 

induced by r-TMS to evaluate cortical excitability. Their results revealed a shorter CSP in both 

migraineur groups, indicating the presence of motor hyperexcitability due to a reduction in GABAergic 

neuronal inhibition in migraineurs [50]. 

5.4. Neuromodulation technique to reduce pain and frequency of migraine episodes 

A meta-analysis conducted by Lan et al. (2017) evaluated the efficacy of transcranial magnetic 

stimulation (TMS) as a treatment for migraines. This thorough review incorporated five Randomized 

Controlled Trials (RCTs) with a total of 313 participants, comparing the TMS cohort to a control group. 

The results highlighted that TMS was significantly effective in reducing migraine symptoms. Notably, 

the stimulation dosages and frequencies varied across the studies, with findings suggesting that higher-

frequency TMS applied with a figure-of-8 coil over the left motor cortex provided optimal results, 

particularly in terms of stimulation parameters [51]. In a separate study, Narmashiri (2023) investigated 

the effects of tDCS in a cohort of 150 individuals suffering from chronic migraines. This extensive 11-

week intervention comprised 25 sessions, each featuring two consecutive montages lasting 20 minutes, 

with an intensity set at 2000 μA. The researchers concluded that tDCS is a promising modality for both 

the prophylactic and therapeutic management of chronic migraines, underscoring its potential for long-

term migraine relief [52]. 

5.5. Neuromodulation as a prophylactic treatment option 

Teepker et al. (2010) examined the effects of r-TMS on 27 migraineurs over five days. Two groups 

of subjects were assigned: One received a placebo, and the other received true r-TMS. The placebo 

group used a sham coil in the shape of a figure eight, while the verum group received two trains of 500 

pulses at a frequency of 1 kHz using a round coil. The study concluded that the verum group 

experienced a noteworthy reduction in the frequency of migraine attacks compared to the placebo 

group [53]. In a related study, Misra et al. (2013) examined a total of 25 patients, including eight with 

episodic migraines and 17 with chronic migraines, all diagnosed according to the standards set forth 

by the International Headache Society (IHS). In this study, r-TMS was administered on alternate days 

for three days, with each session consisting of 600 pulses given at a frequency of 10 Hz, while β-

endorphin levels in serum and cerebrospinal fluid (CSF) were measured. The results demonstrated 

significant post-treatment decreases in headache frequency and severity, improved functional capacity, 

reduced reliance on analgesics, and elevated β-endorphin levels [54]. Additionally, Hammad et al. 

(2021) investigated the role of low-frequency r-TMS as a preventive measure for migraine, applied 
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interictally over five consecutive days. The researchers assessed biomarkers, specifically Neurokinin 

A, and utilized the Migraine Disability Assessment Scale (MIDAS) to evaluate the biomarker before 

and after the treatment. Their findings supported the effectiveness of low-frequency r-TMS as a 

prophylactic strategy for individuals suffering from migraines, regardless of aura presence [55]. 
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5.6. To correct the lower pre-activation level and the inhibition of the visual cortex 

Brighina et al. (2005) conducted a seminal study that examined the impact of 1 Hz r-TMS on the facilitatory and inhibitory processes of the 

motor cortex in migraineurs who experienced aura. The study aimed to determine whether the abnormal excitability patterns seen in these 

individuals extend beyond the sensory cortex into the motor areas. Remarkably, when compared to control participants, the findings suggest that 

those with migraines demonstrate significantly lower levels of intracortical inhibition in their baseline states [56]. For further insights into 

neuromodulation techniques designed to alleviate migraines, refer to Table 3. 

Table 2. Exogenous neuromodulation studies on migraine exploring the assessment and management aspects. 

Serial No. Author Exogenous 

Neuromodulation 

Modality & Targeted 

Neuroanatomical Site 

Migraine Phenotype / 

Cohort 

Characteristics 

Principal Outcomes Distinctive 

Contributions 

1 Maertens de 

Noordhout et al. 

(1992) [36] 

TMS over the motor 

cortex 

10 typical, 12 

classical with aura 

Higher activation 

threshold in aura 

migraine; motor cortex 

dysfunction. 

The first study showed 

motor cortex 

hyperexcitability in 

migraine with aura. 

2 Bettuci et al. (1992) 

[37] 

TES over vertex 254 menstrual 

migraine, 10 controls 

Increased cortical 

excitability in menstrual 

migraine. 

Identifies cortical 

excitability as a potential 

biomarker for hormonal 

migraine 

Continued on next page 
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Serial No. Author Exogenous 

Neuromodulation 

Modality & Targeted 

Neuroanatomical Site 

Migraine Phenotype / 

Cohort 

Characteristics 

Principal Outcomes Distinctive 

Contributions 

3 Kamp et al. (1996) 

[38] 

TMS over the vertex 10 controls, 10 with 

aura, 10 without aura 

No difference in MEP 

parameters between 

hemispheres. 

Contradicts theories of 

unilateral cortical 

involvement in migraine. 

4 Brighina et al. 

(2004) [39] 

 

High-frequency rTMS 

over left DLPFC 

11 chronic migraines Significant symptom 

relief with rTMS. 

An early study suggested 

non-invasive 

neuromodulation as a 

migraine treatment. 

5 Bringina et al. 

(2009) [40] 

 

rTMS over the motor 

cortex 

9 with aura, 8 

controls 

Reduced cortical 

inhibition and abnormal 

habituation. 

First evidence linking 

impaired neuroplasticity 

to migraine 

pathophysiology. 

6 Cosentino et al. 

(2014) [41] 

rTMS over the primary 

motor cortex 

66 without aura, 48 

with aura, 14 chronic, 

20 controls 

Motor cortical 

excitability fluctuates 

across migraine phases. 

First study mapping 

cortical excitability 

changes throughout 

migraine cycles. 

7 Afra et al. (2000) 

[42] 

TMS over the motor 

cortex 

Review study Reduced excitability is 

linked to lower 

magnesium levels. 

Supports the role of 

magnesium deficiency in 

migraine development. 

Continued on next page 
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Serial No. Author Exogenous 

Neuromodulation 

Modality & Targeted 

Neuroanatomical Site 

Migraine Phenotype / 

Cohort 

Characteristics 

Principal Outcomes Distinctive 

Contributions 

8 Gerwig et al. (2003) 

[43] 

Biphasic rTMS over the 

primary motor cortex 

32 controls No correlation between 

MT and visual cortex 

excitability. 

Challenges the 

assumption that motor 

threshold reflects visual 

cortex changes. 

9 Young et al. (2004) 

[44] 

rTMS over occipital lobe 11 with aura, 10 

without, 9 menstrual, 

15 controls 

Lower phosphene 

thresholds in 

migraineurs. 

Reinforces the cortical 

spreading depression 

(CSD) hypothesis. 

10 Chadaideet al. 

(2007) [45] 

Biphasic TMS over 

occipital lobe (Oz) & 

tDCS 

16 migraineurs, 9 

controls 

Migraineurs have lower 

phosphene thresholds, 

indicating reduced 

inhibition. 

First study using tDCS to 

alter cortical excitability 

in migraine. 

11 Aurora et al. (1999) 

[48] 

TMS over the motor 

cortex 

 

 

9 with aura, 9 

controls 

Shortened Cortical 

Silent Period (CSSP), 

increased cortical 

excitability. 

Direct evidence of 

reduced inhibition in 

migraine with aura. 

12 Bohotini et al. 

(2002) [49] 

 

Low & high-frequency 

rTMS over the occipital 

lobe 

30 migraineurs, 20 

controls 

Reduced habituation in 

the visual cortex. 

Suggests migraine 

results from impaired 

sensory processing and 

cortical dysregulation. 

Continued on next page 
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Serial No. Author Exogenous 

Neuromodulation 

Modality & Targeted 

Neuroanatomical Site 

Migraine Phenotype / 

Cohort 

Characteristics 

Principal Outcomes Distinctive 

Contributions 

13 Yuksel et al. (2021) 

[50] 

 

 

rTMS over vertex (Cz) 20 with aura, 20 

without, 30 controls 

Motor hyperexcitability 

and reduced GABAergic 

inhibition. 

Strong evidence linking 

GABA dysfunction to 

migraine pathogenesis. 

14 Lan et al. (2017) 

[51] 

 

 

Single-pulse TMS 

(various sites) 

5 studies, 313 

migraineurs 

TMS significantly 

reduces migraine 

symptoms. 

Large-scale meta-

analysis confirming 

TMS efficacy in diverse 

migraine subtypes. 

15 Narmashiri et al. 

(2023) [52] 

 

 

 

Anodal/Cathodal tDCS 150 chronic 

migraineurs 

tDCS effective for 

prevention and 

treatment. 

Largest clinical trial 

supporting tDCS for 

chronic migraine 

management. 

16 Teepker et al. (2010) 

[53] 

 

 

Low-frequency rTMS 

over the vertex 

27 migraineurs Significant reduction in 

migraine attacks in the 

verum group. 

Sham-controlled study 

proving rTMS reduces 

migraine frequency. 

Continued on next page 
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Serial No. Author Exogenous 

Neuromodulation 

Modality & Targeted 

Neuroanatomical Site 

Migraine Phenotype / 

Cohort 

Characteristics 

Principal Outcomes Distinctive 

Contributions 

17 Misra et al. (2013) 

[54] 

 

rTMS over the left frontal 

cortex 

93 without aura, 7 

with aura 

Reduced headache 

frequency, severity, 

disability, and analgesic 

use; increased β-

endorphin. 

First study that has 

linked rTMS-induced 

pain relief to β-

endorphin increase. 

18 Hammad et al. 

(2021) [55] 

 

Low-frequency rTMS 

over the vertex 

30 without aura, 10 

with aura 

Low-frequency rTMS is 

effective as a 

prophylactic migraine 

treatment. 

Demonstrates preventive 

benefits of rTMS beyond 

symptom relief. 

19 Brighina et al. 

(2005) [56]) 

 

 

rTMS over the left-hand 

motor cortex 

9 with aura, 8 

controls 

Migraineurs showed 

lower intracortical 

inhibition. 

Suggests altered motor 

cortex excitability as a 

migraine biomarker. 
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6. Effectiveness of endogenous neuromodulation techniques on migraine 

There is a well-established reciprocal relationship between migraine and mental health conditions. 

Major depression and migraine have a strong reciprocal association, with depression predicting first-

onset migraine and migraine predicting first-onset depression [57]. The discovery that migraine is more 

frequently associated with poor sleep, anxiety, and catastrophizing thoughts raises questions about the 

idea that migraine is a sensitive brain state that can be impacted by everyday behavioral and 

psychosocial stressors [58]. One explanation for this could be the existence of particular psychological 

characteristics that, even in the absence of serious mental illnesses, fuel a vicious cycle in which 

migraine and maladaptive behavior reinforce one another [59]. According to recent research, while 

monoclonal antibodies that target the calcitonin gene-related peptide (CGRP) pathway are typically 

effective in treating patients who are difficult to treat, having an “anxious-fearful” personality 

combined with anxiety and current stressors is a poor predictor of treatment outcome [60]. By directing 

clinicians to integrate behavioral interventions, medication treatments, and stress management 

techniques to lessen migraine-related disability, a biopsychosocial model of migraine may open the 

door for an alternate therapeutic strategy. According to this concept, non-pharmacological therapies 

should be viewed as an extra therapy option for all patients rather than as a replacement for 

conventional headache management. In particular, a polymorphism in the 5-HT transporter gene and 

a particular genotype of the dopamine D2 receptor, an imbalance of serotonin neurotransmitters, and 

a disproportion between pro-inflammatory and anti-inflammatory cytokines in the hypothalamic-

pituitary-adrenal axis may be the pathophysiological pathways that cause anxiety in conjunction with 

sleep-related disturbances to be a driver for migraine development and transformation [61]. The 

hypothalamus is part of the network of vestibular, visceral sensory, and nociceptive signals in Furman’s 

VM pathophysiology model [62]. The suprachiasmatic nucleus (SCN) of the anterior hypothalamus 

contains a master precursor that is part of a complex molecular regulation mechanism that governs the 

circadian rhythm. Early circadian attack onset and induction of sleep quality were associated with a 

higher severity of VM attacks, indicating that VM patients might have a distinct endogenous 

pacemaker setup in the suprachiasmatic nucleus [63]. The SCN’s circadian clock is a complicated 

network of diverse glial and neuronal cells. The time of sleep and wakefulness is the most evident 

example of circadian-regulated production [64,65]. The hypothalamus also plays a crucial regulatory 

function in sleep control, and it’s interesting to note that several sleep-related nerve nuclei, including 

the raphe nucleus, locus coeruleus, and parabrachial nucleus, may be involved in the potential central 

pathophysiology of VM [66,67]. The hypothalamus sends signals to the locus coeruleus, which 

regulates the central and vestibular conduction pathways in VM during an episode. 

In a 2010 study, Stokes and colleagues treated 37 individuals with migraines using an average of 

40 sessions of combined neurofeedback and thermal biofeedback in an outpatient setting. All the 

patients were on some form of migraine medicine, whether it was rescue, preventive, or abortive. For 

at least two weeks before and during therapy, patients kept daily headache diaries that documented the 

frequency, intensity, duration, and the medications taken. Over an average of six months, treatments 

were administered three times per week on average. Following therapy, a formal interview was held, 

and headache diaries were reviewed. To determine the longevity of therapy effects, a formal interview 

was conducted 14.5 months after treatment on average. The study involving three types of biofeedback 

for migraine had a more robust effect size than combined studies on thermal biofeedback alone for 

migraine. All combined neuro and biofeedback interventions were effective in reducing the frequency 



243 

AIMS Biophysics     Volume 12, Issue 2, 220−257. 

of migraines with clients using the medication, yielding a more favorable outcome (70% experiencing 

at least a 50% reduction in headaches) than just medications alone (50% experiencing a 50% reduction) 

[68]. Legarda et al. (2022) explored the use of ILF neurofeedback as a nonpharmacological treatment 

for patients with refractory primary headache disorders, including chronic migraines. The authors 

hypothesized that ILF brain training influences the re-regulation of hypothalamic (and limbic) 

networks and that refractory primary headache syndromes represent a dysregulated state or chronic 

instability of hypothalamic-trigeminal connections (top-down dysmodulation). In the integrative 

treatment of refractory migraine, trigeminal autonomic cephalgia, and other primary headache diseases, 

their neurology practice views ILF Neurotherapy as a crucial tool. The study highlights the benefits of 

early ILF neurotherapy, including reduced emergency room visits, avoidance of medication overuse, 

and improved patient resilience to anesthetic procedures when surgery is necessary. This approach 

presents a promising alternative for individuals unresponsive to conventional pharmacological 

treatments [69]. 

Sasu (2022) conducted a case study on an unmedicated individual experiencing persistent 

symptoms of Persistent Postural-Perceptual Dizziness (PPPD), which had continued for three years 

following diagnosis. The individual underwent 32 sessions of Infra-Low Frequency Neurofeedback 

(ILF NF), resulting in substantial symptom abatement, not only of PPPD-related symptoms but also 

of comorbid issues such as anxiety, intrusive violent thoughts, and suicidal ideation. Improvements 

were documented through both pre- and post-treatment Continuous Performance Test (CPT) data and 

consistent session-by-session symptom tracking. ILF NF emerged as a powerful adjunct to the patient’s 

treatment plan, enabling both symptom relief and a deeper resolution of core dysregulations, 

particularly those linked to impaired arousal and excitability regulation. The study suggests this is 

possible due to the restoration of intrinsic functional connectivity within the default mode and salience 

networks—a mechanism also relevant to chronic migraine, which shares underlying neuroregulatory 

dysfunction. Although the researchers focused on PPPD, their findings strongly support ILF NF’s 

broader applicability to migraine and other chronic neurophysiological conditions, especially where 

conventional treatments fall short [70]. Another randomized, crossover sham-controlled study by Arina 

et. al (2022) evaluated the effectiveness of ILF neurofeedback in 30 patients with tension-type 

headaches (TTH). Each participant underwent ten sessions of ILF neurofeedback and ten sessions of 

sham neurofeedback. Results showed a significant decrease in headache frequency during the ILF 

neurofeedback sessions compared to the sham condition. The authors concluded that ILF 

neurofeedback holds promise as a preventive treatment for TTH [71]. 
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Table 3. The Endogenous neuromodulation technique used for migraine and vestibular disorders. 

Authors  Endogenous Neuromodulation techniques used  Migraine 

subtypes 

/headache type  

Key findings  

Stokes et al 

(2010) [68] 

 

Thirty-seven individuals with migraines received an 

average of 40 sessions of combined EEG, 

hemoencephalography (HEG), and thermal 

biofeedback in an outpatient clinical setting. 

Not mentioned  All combined neuro and biofeedback interventions were effective in reducing the frequency of 

migraines with clients using medication, yielding a more favorable outcome (70% experiencing 

at least a 50% reduction in headaches) than just medications alone (50% experiencing a 50% 

reduction) 

Legarda et. al 

(2022) [69] 

3 clinical cases involving individuals with primary 

headache disorders were treated using infralow 

frequency (ILF) neurofeedback 

Headache with 

psychogenic 

origin  

In the integrative treatment of refractory migraine, trigeminal autonomic cephalgia, and other 

primary headache diseases, neurology practice views ILF neurotherapy as a crucial tool. 

Sasu et al. (2022) 

[70] 

An individual with PPPD without any medication  PPPD with 

psychogenic 

aspects 

involved  

ILF NFB significantly reduced those symptoms while also improving other concomitant 

symptoms, such as anxiety, intrusive violent thoughts, and suicidal thoughts. 

Arina et. Al (2022) 

[71] 

30 patients with tension-type headaches (TTH) tension-type 

headaches 

(TTH) 

a significant decrease in headache frequency during the ILF neurofeedback sessions compared 

to the sham condition. 
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7. Discussion 

The vestibular system represents a rudimentary yet highly intricate neural network, characterized 

by complex interconnections between vestibular neurons within both cortical and subcortical pathways 

of the brain [72]. This study was primarily conducted to assess the utility of neuromodulation 

techniques, such as repetitive transcranial magnetic stimulation (rTMS) and transcranial direct current 

stimulation (tDCS), in addressing vestibular disorders and migraines, with a particular focus on their 

potential applicability to VM. The vestibular system is tightly integrated with the vestibulo-cerebellum, 

particularly the flocculonodular lobe, which plays a pivotal role in maintaining balance and regulating 

eye movements. This system operates through ascending pathways involving the peripheral labyrinths, 

the eighth cranial nerves, and central pathways originating from the vestibular nuclei. During basilar 

migraine attacks, transient brainstem dysfunctions can emerge, leading to significant changes in the 

pontomesencephalic brainstem. These changes often result in prolonged interwave III-V latencies as 

observed in Auditory Brainstem Evoked Potentials (ABEP), a critical diagnostic tool [73]. Additionally, 

vascular compromise to the inner ear is a noted concern in VM, given that the anterior inferior 

cerebellar artery (AICA), which supplies blood to critical structures such as the anterolateral pons, 

middle cerebellar peduncle, and cerebellar flocculus, is intricately linked to the basilar artery, which 

ensures perfusion to the brainstem and cerebellar regions [74]. The phenomenon of cortical spreading 

depression (CSD) is particularly relevant, as it signifies a slow wave depolarization that propagates 

across brain networks, leading to diminished blood and oxygen perfusion, changes in vascular tone, 

and impaired energy metabolism [75]. Importantly, these waves can extend to the vestibular cortex or 

the vestibular nuclei in the brainstem, potentially precipitating vestibular symptoms characteristic of 

VM. Further research has suggested a vasoactive connection between the cochlea and the 

vertebrobasilar system, mediated through trigeminal sensory neurons, which further elucidates the 

complex relationship between vestibular and vascular dysfunction in migraine pathophysiology [76]. 

These insights underscore the profound overlap between migraine and VM, particularly in terms of the 

shared neural pathways that mediate the clinical manifestations, which extend to the peripheral 

vestibular system. The interconnectedness of the thalamocortical network, vestibular systems, vascular 

systems, brainstem nociceptive pathways, and VM pathophysiology is visually represented in Figure 

2, offering a comprehensive view of the complex dynamics underlying VM. 
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Figure 2. Mechanism of pathogenesis in VM concerning different networks and systems 

(VM). 

The different centers and systems within the thalamocortical network can give rise to different 

types of clinical manifestations of VM. 

7.1. Factors to consider for implementing neuromodulation techniques on VM 

Neuromodulation techniques have facilitated the resolution of neuropsychiatric disorders and 

neuromotor conditions [77]. These methods have significantly contributed to the alleviation of 

migraines, with limited evidence suggesting their role as an adjunctive therapy in migraine 

management [78]. When focusing solely on the outcomes of various neuromodulation techniques, it is 

evident from the studies mentioned that these approaches have shown promising and positive results 

in resolving both vestibular disorders and migraines. Brain-derived neurotrophic Factor (BDNF) is 

broadly disseminated throughout the central nervous system, encompassing the hippocampus, 

amygdala, and hypothalamus. It is associated with the pathophysiology of migraines and can influence 

brain development, differentiation, neurogenesis, and synaptic plasticity [79]. BDNF levels are notably 

elevated in individuals experiencing migraines and are particularly heightened during migraine attacks, 

underscoring the role of neurotrophic factors in nociceptive pathways [80]. Neuronal LTD and LTP 

are induced as a result of exposure to Transcranial Magnetic Stimulation (TMS), leading to alterations 

in synaptic strength. A study highlighted that BDNF levels can be diminished through modified BDNF 

binding affinity via LTP, demonstrating that repetitive TMS fosters cortical plastic changes by 

enhancing BDNF–TrkB signaling [81]. Glutamate serves as the primary excitatory neurotransmitter 

within the CNS, and various paroxysmal neurological disorders are influenced by alterations in brain 
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excitability resulting from disruptions in glutamate homeostasis. Specifically, glutamate acts as a 

potent inducer of CSD, and an imbalance in glutamate release and clearance contributes to the onset 

of migraines [82]. Both glutamate and N-methyl-D-aspartate Receptors (NMDAR) play a pivotal role 

in the initiation of migraine aura and pain [83]. The molecular mechanisms underlying the changes 

induced by TMS are likely associated with NMDA receptors on the postsynaptic membrane. In its 

resting state, magnesium ions obstruct a cationic channel within NMDA receptors [84]. Once the cell 

membrane depolarizes, this blockage is lifted, permitting calcium ions to enter the postsynaptic neuron, 

ultimately leading to the induction of LTP [85]. Consequently, it can be inferred that rTMS may assist 

in alleviating the clinical manifestations of migraines linked to glutamate and NMDA activity. 

Additional research revealed that migraineurs exhibit diminished GABA levels in the anterior 

cingulate gyrus (ACC) and medial prefrontal cortex (mPFC) [86]. GABA also influences GABAergic 

inhibitory interneurons in visual cortices due to its dysfunction [87]. Researchers demonstrated that a 

20-minute session of inhibitory 1 Hz r-TMS increased GABA levels [88]. The resting motor threshold 

is a global indicator of excitability throughout the brain, acting as an essential parameter in single-

pulse TMS (s-TMS). The rMT and PT exhibit a correlation. Although the strength of this linear 

relationship changes depending on the TMS settings, a single TMS measure, such as PT or rMT, can 

be used as a stand-in for cortical excitability across several brain areas [89]. 

Given the overlapping pathophysiological substrates between migraine and vestibular systems, 

particularly involving the hypothalamic-trigeminal-vestibular axis, ILF neurofeedback appears to 

address the core instability in VM. By restoring balance across cortical networks and autonomic 

pathways, ILF NF not only reduces migraine frequency but also mitigates vertigo and psychiatric 

comorbidities often seen in VM. These findings, though preliminary, suggest ILF neurofeedback holds 

promise as a non-invasive, enduring treatment strategy for VM, meriting further clinical investigation. 

Hence, neuromodulation techniques provide valuable insights into brain excitability through 

assessments. The studies discussed above suggest that various factors impacting migraineurs may also 

be present in VM. Therefore, it can be postulated that the application of neuromodulation techniques 

in VM patients may yield favorable outcomes. An examination of the present study’s aim reveals that 

comparable positive outcomes have also been reported in cases of vestibular disorders. The results 

indicate that conditions such as chronic vertigo, mal de barquement syndrome, vestibular 

decomposition, and persistent post-concussion syndrome have been ameliorated through 

neuromodulation techniques. Furthermore, numerous factors linked to migraine pathogenesis have 

also been addressed through these methodologies. Upon evaluating VM, it is transparent that periodic 

diagnostic tests provide insight into the functional status of both peripheral and central vestibular 

dysfunction associated with this condition [90]. Figure 3 illustrates the interconnected 

pathophysiological mechanisms of migraine and vestibular dysfunction converging at shared central 

structures such as the hypothalamus, brainstem, and thalamocortical network. Increased cortical 

excitability, reduced GABAergic inhibition, and hypothalamic dysregulation are implicated in both 

migraine and vestibular symptoms, including vertigo and headache. Neuromodulation techniques such 

as rTMS, Transcranial Direct Current Stimulation (tDCS), and ILF Neurofeedback are shown to 

modulate these disrupted networks by restoring cortical balance, enhancing synaptic plasticity, and 

improving neurochemical regulation. These interventions result in the reduction of migraine attacks, 

improvement in vestibular function, and mitigation of associated psychiatric comorbidities, offering a 

promising, non-invasive, and targeted therapeutic strategy for long-term VM management. 



248 

AIMS Biophysics     Volume 12, Issue 2, 220−257. 

 

Figure 3. Flowchart illustrating how neuromodulation techniques may influence the 

anatomical and physiological pathways involved in Vestibular Migraine (VM) by 

addressing both migraine and vestibular systems through targeted neuromodulation. 

7.2. Possible long-term outcomes of neuromodulation techniques in VM 

The long-term efficacy of neuromodulation techniques, both exogenous and endogenous, has 

become an area of increasing interest, especially in managing chronic and refractory cases of VM. 

While evidence is predominantly short-term and focused on symptom relief, emerging studies have 

highlighted the potential of these techniques to bring about sustained neuroplastic changes and 

functional recovery over extended periods. 

7.2.1. Exogenous neuromodulation (rTMS, tDCS) 

Exogenous approaches such as rTMS and tDCS have demonstrated lasting effects by engaging 

mechanisms such as long LTP and LTD, which underlie synaptic remodeling. Repeated rTMS sessions 

have been associated with persistent reductions in headache frequency and vestibular symptoms up to 
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3–6 months post-intervention in certain cohorts. Similarly, tDCS-induced changes in cortical 

excitability have been shown to modulate pain pathways and sensory integration circuits with delayed 

but sustained improvements when used adjunctively with vestibular rehabilitation. 

7.2.2. Endogenous neuromodulation (ILF neurofeedback) 

ILF neurofeedback, a form of endogenous neuromodulation, works by enhancing the brain’s self-

regulatory capacity throughout sessions by way of adaptive and individualized protocols. Studies 

report continued symptom relief in migraine and related disorders even months after discontinuation 

of training. These benefits are hypothesized to stem from improved autonomic regulation, stabilization 

of hypothalamic-limbic activity, and recalibration of dysfunctional default mode and salience networks. 

Moreover, ILF neurofeedback offers a non-pharmacological strategy for relapse prevention, especially 

in patients with psychiatric comorbidities or poor medication tolerance. 

7.3. Limitations 

a. The limitations of this study can be articulated, including the absence of sweeping literature 

examining the usefulness of neuromodulation techniques in the treatment of VM. Furthermore, 

numerous studies present conflicting conclusions regarding the beneficial outcomes of 

neuromodulation methods in chronic migraine management, as well as the requisite protocols for 

repetitive transcranial magnetic stimulation (r-TMS) in this context. Besides, the assessment of bias 

quality and the validity of blinding in the included trials was inadequately discussed. To sufficiently 

comprehend the possible blow of various cortical and subcortical regions of the brain and their 

contributions to the embodiment of symptoms in VM, it is compulsory to establish a standardized 

procedural protocol in a large sample size. The longer follow-up time is required for neuromodulation 

techniques to observe the relapse, ensure safety monitoring, and side effects. The acceptance of 

neuromodulation techniques as a validated treatment for VM would represent a significant 

advancement in the field of vestibular sciences. This exceeds the recommended safety levels for the 

auditory system (OSHA). Although seemingly innocuous, repeated exposure to this intense sound can 

lead to acoustic trauma. To meet this demand, a study was done where quiet TMS (qTMS) device was 

introduced that combines two essential ideas: The TMS pulse sound’s primary frequency components, 

which are normally between 2 and 5 kHz, are first moved to higher frequencies that are over the upper 

threshold of human hearing, which is around 20 kHz. Moreover, the TMS coil’s mechanical and 

electrical design minimizes the amount of sound produced at audible frequencies (< 20 kHz) while 

producing suprathreshold electric field pulses. A new, multilayer coil design is used to achieve the 

improved acoustic qualities of the coil. The authors also summarized a proof-of-concept qTMS 

prototype that uses ultra-brief pulses at conventional amplitudes to reduce noise loudness by 19 dB(A) 

[91]. 

b. Seizures: While the risk of seizure from TMS was described by Rossi et al. (2009) as “very low”, 

it has never been quantified, and common assumptions, such as that single-pulse or low-frequency 

stimulation is less risky than rTMS within the recommended limits, have not been tested [92].  

c. Even with sham tDCS, the following side effects were noted: Mild tingling (70.6%), moderate 

weariness (35.3%), and light itching under the stimulus electrode (30.4%). Furthermore, skin issues 

were the most frequent side effects; however, they went away following tDCS. Insomnia (0.98%), 
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headache (11.8%), and nausea (2.9%) were recorded following tDCS [93]. Compared to repetitive 

transcranial magnetic stimulation (rTMS), the incidence of notable adverse effects, including headache, 

was much lower following tDCS (11.8% in tDCS and 23% in rTMS) [94,95]. 

8. Conclusion and future scope 

The study posits that neuromodulation techniques, owing to their promising outcomes in 

preaching vestibular disorders and migraines, represent a powerful path to the management of VM. 

When combined with prophylactic treatments, lifestyle modifications, and VRT, these techniques may 

prove to be a valuable adjunctive therapy in the comprehensive management of vestibular conditions. 

Neuromodulation could be particularly beneficial for patients with refractory VM or those who are 

contraindicated for pharmacological therapies. However, it is essential to note that the data available 

on migraines and vestibular disorders cannot be universally generalized, as most studies are RCTs. 

Despite this, the findings are promising, indicating a potential for significant relief from symptoms 

associated with these disorders. In addition, identifying the optimal candidates for non-invasive brain 

stimulation in the treatment of VM requires a deeper understanding of its pathophysiology, including 

the potential involvement of both cortical and subcortical structures within the brain. Integrating 

neuromodulation with neuroimaging-guided targeting and personalized stimulation protocols could 

substantially enhance the precision of therapeutic interventions in VM. Future clinical trials should 

incorporate neurophysiological biomarkers, such as rMT, phosphene thresholds, and GABA levels 

measured via magnetic resonance spectroscopy (MRS), to objectively monitor treatment effects and 

utilize these as potential diagnostic biomarkers for VM. Moreover, a comprehensive investigation into 

how non-invasive neuromodulation might synergize with contemporary pharmacological treatments 

for both the acute management and prevention of VM attacks is warranted. This integration could 

potentially offer a more holistic treatment strategy. Rigorous, well-controlled trials will be essential to 

establish the efficacy of neuromodulation techniques, not only as adjuncts to pharmacotherapy but 

possibly as a primary intervention for VM. Therefore, we advocate for the painstaking integration of 

neuromodulation into the assessment and management strategies for VM to optimize patient outcomes 

and augment the breadth of effective treatments. 
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