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Abstract: This narrative review aims to summarize evidence regarding the current utilization and future
applications of neuromodulation in patients with headaches, with special attention paid to migraine and
chronic cluster headache. We performed a narrative review of the literature to identify studies that detail the
effectiveness of neuromodulation therapies in the treatment of headache syndromes. The literature was refined
to predominantly focus on systematic reviews published in the last year that have the most robust reporting of
research done on this topic. Patients with headache face several challenges, including medication overuse, cost
burden, non-compliance to medications due to inability to tolerate side effects, or treatments that are
ineffective. Neuromodulation is an emerging field that encompasses implantable and non-implantable
technologies that intervene on the signaling and perception of pain. In recent years, this technology has been
used as an analgesic, and has been shown to be effective for treatment-resistant headache, particularly when
used in patients with migraine and chronic cluster headache.
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1. Introduction

Headaches compose nearly 3% of all chief complaints in the emergency room, posing
significant burden on both the healthcare system and those who suffer from them.:» Unlike many
other chronic diseases which tend to present in the later decades of life, sufferers of headaches span
all ages with a large proportion being young, female, and otherwise healthy.» Headaches are defined
as pain in any area of the head and can be categorized into three groups as defined by the
International Classification of Headache Disorders (ICHD-III): 1) Primary being a headache without
an identifiable cause, including tension, migraine, and cluster; 2) Secondary being a headache with
an identifiable cause, including potentially life threatening causes such as vascular disorders or
traumatic brain injuries; and 3) Cranial neuropathies.z+s The focus of this review will be on migraine
and chronic cluster headaches (CCH), to reflect the headache types for which neuromodulation has
been the most well studied.

Migraines encompass a diverse clinical profile, characterized by symptoms that may include
headaches, auras, prodromal manifestations, and sensory disturbances. Generally, episodes manifest
as a unilateral pulsating headache that persists between 4 and 72 hours, exhibiting variation in
frequency and intensity.c Presently, there is no definitive cure for migraine episodes, rather,
therapeutic interventions aim to enhance the patient’s quality of life. From a non-pharmacological
perspective, the aim is to recognize and avoid triggers. This aim often necessitates lifestyle
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adjustments, with emphasis on establishing routines to ensure quality of sleep, consistent exercise,
and the prevention of prolonged fasting.” Conversely, pharmacological approaches can be
categorized into abortive, prophylactic,c and specialized treatments overseen by neurologists.
Abortive treatments primarily consist of non-steroidal anti-inflammatory drugs (NSAIDs). These
have a strong evidence base and function by suppressing cyclooxygenase (COX) isoforms 1 and 2,
leading to a reduction in the production of inflammatory agents such as prostaglandins.: For
moderate to severe migraines, triptans are the primary therapeutic option. These are serotonin
agonists targeting the 5-hydroxytryptamine [5-HT] B and D serotonin receptors, suppressing the
secretion of vasoactive peptides (VP), substance P (SP), and calcitonin gene-related peptide (CGRP).
These compounds have been identified as neuroinflammatory precipitators, stimulating nociceptors
affiliated with the trigeminal nerve and transmitting pain signals via the thalamus to the cerebral
cortex. Ergot alkaloids are second line and similarly interact with [5-HT] receptors but are non-
selective regarding receptor subtypes.s

However, these pharmacological agents are not devoid of limitations. NSAIDs are inadvisable
for individuals on anticoagulant therapy, or those with peptic ulcer disease or renal disorders. Given
their vasoconstrictive nature, triptans and ergot alkaloids pose risks to patients with coronary artery,
peripheral vascular, and cerebrovascular diseases. Furthermore, a critical challenge both clinicians
and patients face is ensuring abortive medications are not excessively employed, as this can culminate
in medication overuse headaches.: The gepants, another emerging class of drugs, antagonize the
CGRP receptor directly and have proven efficacy against migraines when compared to placebo;
however, further research is needed to evaluate the long-term efficacy and safety profile, as well as
comparing the gepants against other established migraine therapies.»n

Numerous medications have undergone rigorous research for their role in preventing episodic
migraines. Importantly, approximately 38% of patients experiencing episodic migraines report
positive outcomes from such preventive treatments.: The most widely utilized class of drugs in
prophylactic treatment are the beta blockers, of which propranolol predominates given the
substantial evidence from research trials highlighting its therapeutic efficacy. Limitations to its use
include patients with obstructive lung diseases, atrioventricular conduction defects, and peripheral
vascular disease, and it can cause various other behavioral effects as well. Anticonvulsants such as
valproic acid and topiramate and tricyclic antidepressants (TCA) such as amitriptyline also play a
prominent role in prophylactic migraine therapy. However, their widespread use is limited by the
notable risk of adverse reactions associated this class of drugs. For the anticonvulsants topiramate
and divalproex sodium, which are the only two FDA approved anti-epileptic drugs for migraine
prevention, careful follow-up testing is required due to risk of pancreatitis, liver failure,
teratogenicity, and thrombocytopenia among various other adverse effects. Additionally, the only
TCA that has demonstrated to have significant evidence affirming its efficacy is amitriptyline which
can be highly sedating and possesses anti-muscarinic and anti-adrenergic properties, among other
intolerable effects.» In addition, for chronic headaches, OnabotulinumtoxinA (Botox®) injections
have also proven effective and a randomized double blind trial comparing Botox to topiramate
demonstrated superior tolerability. »= The main limitations to its use are cost since it must be
administered by a specialist and requires repeat injections every 3 months.

While CCH affects about 0.1% of the population, their clinical course is difficult to predict and
troublesome to treat. Unlike other headache subtypes, cluster headaches tend to predominantly affect
Caucasian males, and are thought to be mediated by irritation of the trigeminal nerve.«” Cluster
headache attacks are described by patients to be excruciating, earning their nickname “suicide
headaches,” and tend to be unilateral orbital, retro-orbital, or temporal pain, with cranial autonomic
activation causing lacrimation, eye discomfort, nasal congestion, flushing, and throat swelling,
amongst other symptoms.« These attacks can include physical agitation or irritation, and last from
a few minutes to hours without treatment, though patients may experience a number of episodic
attacks at a time, called bouts. These bouts are cyclical, meaning that patients will experience one or
two attacks in a week, followed by nearly daily attacks, before the headaches enter a period of
remission.” The cyclical nature of these headaches makes them difficult to treat, as medications need
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to be adjusted to account for the changing attack frequency.” Therapies include inhalation of 100%
oxygen during acute attacks, or the subcutaneous administration of sumatriptan, which has been
shown to be the most effective therapy in randomized control trials.7s Sumatriptan is a drug in the
triptan class previously described for migraines, and remains the first-line treatment for chronic
cluster headaches.» Prophylactic therapies include the calcium-channel blocker verapamil, which is
the first-line prophylactic therapy, or the mood-stabilizer lithium, which has a larger side effect
profile including potential nephrotoxicity.” Some evidence supports the use of other drugs including
gabapentin, steroids, and melatonin, though these medications are used less often for CCH.»

Ultimately, though non-pharmacologic and pharmacological treatments exist, headache remains
a difficult to treat chronic condition for many people. Neuromodulation is an emerging field of
biomedical and bioengineering that encompasses implantable and non-implantable technologies,
electrical or chemical, for the purpose of improving quality of life and functioning of humans as stated
by the international neuromodulation society. » Though the applications of neuromodulation are
broad, it continues to prove to be a useful and novel approach for managing migraine and chronic
cluster headaches in particular, especially for patients who do not respond well to pharmacological
interventions or who experience significant side effects from pharmacologic approaches.» Research
on the use of neuromodulation for the treatment of headache conducted in the last decade has
predominantly focused on three neuromodulation techniques: peripheral nerve stimulation (PNS),
transcranial magnetic stimulation (TMS), deep brain stimulation (DBS), and spinal cord stimulation
(5CS). Though other reviews have focused predominantly on the use of this technology in the context
of cluster headaches,»= this study elucidates the efficacy of these therapies with special attention to
migraine and CHH, and provides updates on a rapidly changing field.

2. Materials & Methods

In consultation with an expert research librarian at the University of Wisconsin School of
Medicine and Public Health Ebling Library, a search was conducted in PubMed in August of 2023 to
survey the current literature on neuromodulation for the treatment of headache. The search included
terms related to headaches, neuromodulation, or electro-modulation, and was refined to human
research in the English language. In total, the search yielded 1989 results, which were further filtered
to include only systematic reviews published in the past year (2022-2023) to capture the most up to
date and comprehensive research on this topic. These papers were used to guide the following result
sub-topics which each focus on a different type of neuromodulation technique, along with any
statistically significant data to support their utilization for headache management. The citation lists
of these articles were reviewed to find additional research on neuromodulation and supplement the
results presented in this paper.

3. Results

3.1. Peripheral Nerve Stimulation (Occipital Nerve Stimulation [ONS]; Vagus Nerve Stimulation [VNS],
Trigeminal Nerve Stimulation [TNS])

Peripheral nerve stimulation (PNS) is a broad and noninvasive category of neuromodulation
that stimulates various peripheral nerve targets in the face.» This therapy was first introduced in the
late 1960s and involved the surgical placement of a battery, but was later modified to a percutaneous
approach in the early 2000s.> The analgesic benefits of PNS depend on the frequency, pulse width,
and intensity modulation; stimulation of the sensory fibers acts to decrease pain perception
depending on the placement of the lead in relation to the target area.

The most well-studied form of PNS is occipital nerve stimulation (ONS).= ONS is an invasive
neuromodulation technique and includes the placement of electrodes near the orbital bones, which
are connected to a battery powered pulse generator implanted subcutaneously in the abdomen or in
the gluteal region. » According to one systematic review, of the 45 studies on neuromodulation as
preventive treatment for chronic cluster headache (CCH), ONS was the most thoroughly researched.>
They found that when comparing ONS with DBS, ONS had a better safety profile and was overall a
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better treatment for recurrent CCH.» One study included in this review further found that of 65
patients with CCH treated with ONS, there was a significant decrease in mean attack frequency from
17.6 at baseline to 9.50 following treatment.» However, although there was a significant reduction in
attack frequency using ONS, nearly a quarter of the study participants who underwent ONS
experienced adverse outcomes including lead migration requiring remediation, impaired wound
healing prolonging recovery, and hardware damage which required replacement in some cases.>

Another form of PNS is vagus nerve stimulation (VNS). VNS is a neuromodulation technique
aimed to target the vagus nerve, the predominant nerve of the parasympathetic nervous system
which helps to regulate physiological homeostasis via autonomic control of vital organs such as the
heart.»=» Initially, VNS was an invasive form of neuromodulation which required the implantation
of a device in the cervical spine, resulting in a reduction of its use and thereby leading to the
development of newer, less invasive forms.»» The two predominant forms of noninvasive VNS (n-
VNS) include cervical vagus nerve stimulation (n-cVNS) and auricular vagus nerve stimulation (n-
aVNS).» Of these, n-cNVS was approved by the Food Drug Administration for treatment of
migraines in 2018, nearly 21 years after the original technology was introduced.» This technique
simply necessitates the placement of an electrical stimulation device on the concha or tragus of the
ear with the goal of stimulating the auricular branches of the vagus nerve, providing analgesic
effects.»

One systematic review which looked at six studies on n-VNS for treatment of migraine found
that n-VNS did not statistically significantly reduce the number of monthly migraine days for
patients.» However, when stratified by n-cVNS and n-aVNS, they found that n-aVNS did
significantly reduce migraine days, suggesting that specific applications of n-VINS may be an effective
therapy.» Another systematic review which looked at nine studies on n-aVNS similarly found that
the therapy helped to reduce the number of migraine attacks, however the quality of data analyzed
in their studies was described as poor, which limited how the authors’ findings can be interpreted.:
The studies reviewed exhibited considerable variability in follow-up periods and study protocols,
precluding the evaluation of the data via meta-analysis. Overall, of VNS therapies available, n-aVNS
appears to be the most effective in reducing the burden of total migraine attacks/days, however data
on the topic is limited to few studies.

Other peripheral nerve stimulation technologies include a non-invasive external trigeminal
nerve stimulation (€TNS) technique. This technique involves the placement of a stimulator externally
over the trigeminal nerve, one of the facial nerves responsible for pain, touch, temperature, and
sensation throughout the face, for about 30 minutes daily over a 3 month period.»» In one randomized
double-blind-sham-controlled study of 67 patients with migraine, eTNS was found to statistically
significantly reduce the number of migraine days reports compared to the sham group.2= This
therapy was also found to statistically significantly decrease the amount of antimigraine medication
use in the intervention group, with no patients reporting adverse effects with this therapy.» Another
study of 27 patients who failed topiramate treatment for their migraines reported a mean decrease in
headache days from roughly 9 days per month to 6 days.» Less commonly used PNS techniques
include sphenopalatine ganglion stimulation and vestibular nerve stimulation, with limited data for
their effectiveness described elsewhere.

Despite its broad targets and applications, PNS is a relatively safe neuromodulation technique
with side effects ranging from none with eTNS to pain, impaired wound healing and scar formation
near the implantation site, and neck stiffness with ONS and VNS.»»x Furthermore, there have been
reports of repeated surgeries associated with lead migration.» Unfortunately, the cost for these
therapies are not well elucidated in the literature. One study described ONS as a cost-intensive
neuromodulation technique with a complicated side-effect profile.» Another study published in 2011
estimated the therapy to cost nearly $30,000, with the generator itself accounting for over half of the
cost.» Regarding the safety for VNS, one systematic review and meta-analysis revealed no significant
difference in occurrence of adverse events between n-aVNS and controls, with the most common side
effects being headache, ear pain, and tingling.» While the cost effectiveness of this technology for
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headache has not been clearly elucidated either, research on VNS for epilepsy management has
shown cost savings for both patients and the healthcare system.x

3.2. Transcranial Magnetic Stimulation (TMS)

TMS is a noninvasive neuromodulation technique that alters neural excitability.» It involves
placement of a magnetic coil on the scalp and when activated, an electrical current passes through
the coil thereby generating a magnetic field inducing an electrical current to targeted areas of the
brain, similar to the application of electroconvulsive therapy (ECT).» Importantly, the two therapies
differ in that TMS is more focused and can bypass the skull and superficial tissue, requiring milder
stimulatory signals.» Historically, TMS has been used in the treatment of mood disorders like major
depressive disorder, obsessive compulsive disorder, smoking cessation, along with migraines.~

Three systematic reviews assessed the utility of repetitive transcranial magnetic stimulation (r-
TMS) as a treatment modality for migraine.»+ One review conducted a random effects analysis of
study data from eight separate studies and found that compared to a sham therapy, r-TMS reduced
the frequency of migraine attack suggesting r-TMS was an effective therapy.» Another review found
that r-TMS statistically significantly reduced the number of migraine days per month that patients
experience, in addition to a subjective decrease in their pain on a pain scale of 0-100.« However, these
findings are in direct contradiction to a meta-analysis that found that while r-TMS statistically
significantly reduced medication utilization in the studies that they analyzed, the therapy had no
effect on pain or total number of migraine days per month.: These findings suggest discrepancies in
the literature on the efficacy of r-TMS on migraine treatment.

One iteration of r-TMS called transcranial direct current stimulation (tDCS) has been posited as
a more effective therapy for drug-resistant migraines and cluster headache as it has been shown to
affect larger cortical areas, however studies on this therapy have been small and limited.=

Despite the heterogenous results on its effectiveness on reducing headache, TMS is a generally
safe neuromaturation technique. One systematic review and meta-analysis on the safety of TMS for
a range of neuropsychiatric disorders, including migraine, found that adverse events with this
therapy were rare, though the most reported were headache, followed by facial and scalp pain.=There
are no current studies to describe the cost effectiveness of this therapy for treatment of headache.»

3.3. Deep Brain Stimulation (DBS)

DBS is an invasive form of neuromodulation that requires the surgical implantation of a battery-
powered electrode into the brain that subsequently delivers electricity at a constant or intermittent
pace to various targets.« DBS has been shown to be a successful treatment in Parkinson’s and essential
tremor when targeting the subthalamic nucleus and globus pallidus.s+ In management of headache,
original therapies targeted the ipsilateral posterior hypothalamus however subsequent therapies
have been described to target the various other areas in the brain involved in dopaminergic
projections that regulate reward, motivation, emotion and several autonomic processes. These areas
include the midbrain ventral and retro-orbital tegmentum, sites along the third ventricle wall, and
the dorsal longitudinal and mammillotegmental fasciculi.»# Two systematic reviews and one meta-
review that assessed the efficacy of DBS for headache looked specifically at its effect on CCH.z#» The
meta-analysis found that in 16 studies totaling 108 cases, there was a statistically significant mean
difference in headache attack frequency and intensity following DBS (p<0.0001).s One systematic
review looked at a smaller subset of patients and found that out of the 44 patients studied, there was
a 77% mean reduction in headache attack frequency with DBS over a nearly a 4 year follow up.#
Altogether, DBS is a well investigated therapy in the management of headache but given the variety
of potential target sites, it has led to a diverse range of experiences and outcomes for patients.»

The safety profile of this therapy for headache management is described in a randomized
placebo-controlled double-blind trial of 11 participants, 3 of which experienced adverse events
including infection, transient loss of consciousness, and micturition syncope.» More extreme adverse
events related to this therapy include one report of subclinical hemorrhage, one report of ipsilateral
hemiparesis, and one reported death due to intracranial bleeding. DBS is noted to be the most costly
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of neuromodulation techniques given the intensive and invasive nature of this neuromodulation
technique, with one study estimating that in Europe, the operation would cost a patient nearly 40,000
Euros in 2007. =

3.4. Spinal Cord Stimulation (SCS)

Spinal cord stimulation (SCS) is an invasive neuromodulation technique that includes the
implantation of a stimulation device near the dorsal column. This area plays a key role in transmitting
information, such as pain signals, to the brain for perception, and so the SCS device is designed to
send out pulsatile information that intercepts and diminishes this signaling.» This neuromodulation
technique has broad applications, and has been shown to be an effective analgesic for patients who
suffer from chronic pain when targeting the thoracic and cervical spine.» One review article assessed
SCS use across four studies on patients with migraine, and found that all four studies described a
decrease in migraine intensity and pain.» However, given small sample sizes, the studies were limited
and did not offer statistical significance for their findings, prompting the authors to conclude that
there is low quality evidence to support the use of SCS for headache. =

The most commonly cited adverse event associated with this therapy included pain at the site
of implantation of the pulse generator.= Other events included displacement of leads following
placement, and defective devices.» Large cost savings associated with this surgery have been
described elsewhere for back pain and general analgesic purposes, however no studies to date have
explored cost savings related to headache management.

4. Conclusions

Despite the development of numerous pharmacological treatments for headaches, patients still
encounter several obstacles. These challenges include but are not limited to variable and inconsistent
treatment effectiveness, difficulties in maintaining long-term medication use due to side effects,
issues with accessibility and affordability of treatment, and the risk of developing medication overuse
headaches. Neuromodulation is an advancing field that holds promise as a supplementary or
alternative treatment option for the reduction of headaches and migraine days for chronic sufferers.

PNS therapies have gained considerable attention for their potential in headache treatment. Its
evolution to less invasive techniques has aimed to address patient comfort and accessibility while
maintaining its therapeutic efficacy. Of the peripheral nerve stimulation techniques, VNS and TNS
are the least invasive while still maintaining strong evidence for their efficacy in reducing headache.
Within the VNS techniques, Song et al. highlights the importance of targeted stimulation with n-aVNS
being superior to n-cVNS. The FDA approving n-cVNS marks a significant milestone, however given
the contrasting efficacy between the two different anatomical targets, further refinement in technique
and patient stratification is needed. On the other hand, despite ONS demonstrating substantial
reductions in headache frequency in the management of CCH, its invasive nature necessitating
surgical intervention with possible associated complications of lead migration and hardware damage
emphasizes the need for careful patient selection and management.

TMS is a minimally invasive form of neuromodulation and advances in this technique have
resulted in the development of transcranial direct stimulation, allowing for broader targets and more
effective therapy in terms of headache management. However, research on the application of TMS
and its effectiveness for patients who suffer from headache is limited by small and few studies,
elucidating the need for more research to clarify its role for headache management. The low side
effect profile of this non-invasive neuromodulation technique makes it an encouraging therapy for
headache management.

DBS, albeit expensive and invasive, has been shown to be an effective option for headache
management with the literature providing evidence for significant reductions in the frequency and
intensity of headache experienced by patients. That said, this therapy has been associated with severe
adverse effects, necessitating stringent risk-benefit analyses for patients prior to recommendation or
initiation of this therapy. High costs associated with this neuromodulation technique require further
consideration.
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Finally, SCS has been shown to be effective for chronic pain, though evidence is largely
inconclusive in terms of its effectiveness in headache or migraine. Reviews of the literature on this
neuromodulation technique have concluded that existent evidence is limited by small sample sizes
and lack of statistical significance, making it difficult to comment on the utility of this technique for
headache. Further investigation with larger patient populations is needed.

In sum, neuromodulation has developed utility as an alternative treatment for both headaches
and migraines. As techniques are refined and sample sizes grow, preferred modalities of this novel
technique will continue to offer patients another route to treat via neuromodulation.

Funding Information: This research received no external funding.

Author Contributions: NR: CP, SP, MG, PM, AA participated in research design, literature search, drafting and
writing the article.

Conflicts of Interest/Ethics Statement: The authors declare no conflict of interest related to this work.

References

1.  Burch R, Rizzoli P, Loder E. The Prevalence and Impact of Migraine and Severe Headache in the United
States: Figures and Trends From Government Health Studies. Headache. 2018;58(4):496-505.
doi:10.1111/head.13281

2. Baraness L, Baker AM. Acute Headache. In: StatPearls. StatPearls Publishing; 2023. Accessed September 15,
2023. http://www.ncbi.nlm.nih.gov/books/NBK554510/

3. Robbins MS, Lipton RB. The epidemiology of primary headache disorders. Semin Neurol. 2010;30(2):107-
119. doi:10.1055/s-0030-1249220

4. Potter R, Probyn K, Bernstein C, Pincus T, Underwood M, Matharu M. Diagnostic and classification tools
for chronic headache disorders: A  systematic review. Cephalalgia. 2019;39(6):761-784.
doi:10.1177/0333102418806864

5.  Headache Classification Committee of the International Headache Society (IHS) The International
Classification of Headache Disorders, 3rd edition - PubMed. Accessed September 15, 2023.
https://pubmed.ncbi.nlm.nih.gov/29368949/

6. Goadsby PJ, Holland PR. An Update: Pathophysiology of Migraine. Neurol Clin. 2019;37(4):651-671.
do0i:10.1016/j.nc1.2019.07.008

7. Kelman L. The triggers or precipitants of the acute migraine attack. Cephalalgia Int | Headache.
2007;27(5):394-402. doi:10.1111/j.1468-2982.2007.01303.x

8.  Becker WJ. Acute Migraine Treatment in Adults. Headache. 2015;55(6):778-793. d0i:10.1111/head.12550

9. Lew C, Punnapuzha S. Migraine Medications. In: StatPearls. StatPearls Publishing; 2023. Accessed October
24, 2023. http://www.ncbi.nlm.nih.gov/books/NBK553159/

10. Ferrari MD, Goadsby PJ, Burstein R, et al. Migraine. Nat Rev Dis Primer. 2022;8(1):2. d0i:10.1038/s41572-021-
00328-4

11. Dos Santos JBR, da Silva MRR. Small molecule CGRP receptor antagonists for the preventive treatment of
migraine: A review. Eur | Pharmacol. 2022;922:174902. doi:10.1016/j.ejphar.2022.174902

12. HaH, Gonzalez A. Migraine Headache Prophylaxis. Am Fam Physician. 2019;99(1):17-24.

13. Silberstein SD. Preventive Migraine Treatment. Contin Minneap Minn. 2015;21(4 Headache):973-989.
doi:10.1212/CON.0000000000000199

14. Shaterian N, Shaterian N, Ghanaatpisheh A, et al. Botox (OnabotulinumtoxinA) for Treatment of Migraine
Symptoms: A Systematic Review. Pain Res Manag. 2022;2022:3284446. doi:10.1155/2022/3284446

15. Becker W]J. Botulinum Toxin in the Treatment of Headache. Toxins. 2020;12(12):803.
d0i:10.3390/toxins12120803

16. Wei DYT, Yuan Ong JJ, Goadsby PJ. Cluster Headache: Epidemiology, Pathophysiology, Clinical Features,
and Diagnosis. Ann Indian Acad Neurol. 2018;21(Suppl 1):53-S8. d0i:10.4103/aian. AIAN_349_17

17. Diener HC, May A. Drug Treatment of Cluster Headache. Drugs. 2022;82(1):33-42. doi:10.1007/s40265-021-
01658-z

18. Treatment of Acute Cluster Headache with Sumatriptan | NEJM.
https://www.nejm.org/doi/10.1056/NEJM199108013250505

19. Brar Y, Hosseini SA, Saadabadi A. Sumatriptan. In: StatPearls. StatPearls Publishing; 2023. Accessed
November 22, 2023. http://www .ncbi.nlm.nih.gov/books/NBK470206/


https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://doi.org/10.20944/preprints202311.1875.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 November 2023 doi:10.20944/preprints202311.1875.v1

20. Krames ES, Hunter Peckham P, Rezai A, Aboelsaad F. Chapter 1 - What Is Neuromodulation? In: Krames
ES, Peckham PH, Rezai AR, eds. Neuromodulation. Academic Press; 2009:3-8. d0i:10.1016/B978-0-12-374248-
3.00002-1

21. Evers S, Summ O. Neurostimulation Treatment in Chronic Cluster Headache —a Narrative Review. Curr
Pain Headache Rep. 2021;25(12):81. d0i:10.1007/s11916-021-00989-6

22. Coppola G, Magis D, Casillo F, et al. Neuromodulation for Chronic Daily Headache. Curr Pain Headache
Rep. 2022;26(3):267-278. d0i:10.1007/s11916-022-01025-x

23. FElkholy MAE, Abd-Elsayed A, Raslan AM. Supraorbital Nerve Stimulation for Facial Pain. Curr Pain
Headache Rep. 2023;27(6):157-163. doi:10.1007/s11916-023-01113-6

24. Abd-Elsayed A, D’Souza RS. Peripheral Nerve Stimulation: The Evolution in Pain Medicine. Biomedicines.
2021;10(1):18. d0i:10.3390/biomedicines10010018

25. Zhou S, Hussain N, Abd-Elsayed A, et al. Peripheral Nerve Stimulation for Treatment of Headaches: An
Evidence-Based Review. Biomedicines. 2021;9(11):1588. d0i:10.3390/biomedicines9111588

26. Wilbrink LA, de Coo IF, Doesborg PGG, et al. Safety and efficacy of occipital nerve stimulation for attack
prevention in medically intractable chronic cluster headache (ICON): a randomised, double-blind,
multicentre, phase 3, electrical dose-controlled trial. Lancet Neurol. 2021;20(7):515-525. doi:10.1016/S1474-
4422(21)00101-0

27. Membrilla JA, Roa J, Diaz-de-Teran ]. Preventive treatment of refractory chronic cluster headache:
systematic review and meta-analysis. | Neurol. 2023;270(2):689-710. d0i:10.1007/s00415-022-11436-w

28. Kim AY, Marduy A, de Melo PS, et al. Safety of transcutaneous auricular vagus nerve stimulation (taVNS):
a systematic review and meta-analysis. Sci Rep. 2022;12(1):22055. doi:10.1038/541598-022-25864-1

29. Capilupi MJ, Kerath SM, Becker LB. Vagus Nerve Stimulation and the Cardiovascular System. Cold Spring
Harb Perspect Med. 2020;10(2):a034173. d0i:10.1101/cshperspect.a034173

30. Song D, Li P, Wang Y, Cao J. Noninvasive vagus nerve stimulation for migraine: a systematic review and
meta-analysis of randomized controlled trials. Front Neurol. 2023;14:1190062.
doi:10.3389/fneur.2023.1190062

31. Fernandez-Hernando D, Fernandez-de-Las-Pefias C, Pareja-Grande JA, Garcia-Esteo FJ, Mesa-Jiménez JA.
Management of auricular transcutaneous neuromodulation and electro-acupuncture of the vagus nerve for
chronic migraine: a systematic review. Front Neurosci. 2023;17:1151892. doi:10.3389/fnins.2023.1151892

32. Coppola G, Magis D, Casillo F, et al. Neuromodulation for Chronic Daily Headache. Curr Pain Headache
Rep. 2022;26(3):267-278. d0i:10.1007/s11916-022-01025-x

33. Schoenen J, Vandersmissen B, Jeangette S, et al. Migraine prevention with a supraorbital transcutaneous
stimulator: a randomized controlled trial. Neurology. 2013;80(8):697-704.
doi:10.1212/WNL.0b013e3182825055

34. Vikelis M, Dermitzakis EV, Spingos KC, Vasiliadis GG, Vlachos GS, Kararizou E. Clinical experience with
transcutaneous supraorbital nerve stimulation in patients with refractory migraine or with migraine and
intolerance to topiramate: a prospective exploratory clinical study. BMC Neurol. 2017;17(1):97.
doi:10.1186/s12883-017-0869-3

35. Urits I, Schwartz R, Smoots D, et al. Peripheral Neuromodulation for the Management of Headache.
Anesthesiol Pain Med. 2020;10(6):€110515. doi:10.5812/aapm.110515

36. Ngan Kee N, Foster E, Marquina C, et al. Systematic Review of Cost-Effectiveness Analysis for Surgical
and Neurostimulation Treatments for Drug-Resistant Epilepsy in Adults. Neurology. 2023;100(18):e1866-
e1877. doi:10.1212/WNL.0000000000207137

37. Tikka SK, Godi SM, Siddiqui MA, Garg S. Evidence from Indian studies on safety and efficacy of
therapeutic transcranial magnetic stimulation across neuropsychiatric disorders- A systematic review
and meta-analysis. Indian ] Psychiatry. 2023;65(1):18-35.
doi:10.4103/indianjpsychiatry.indianjpsychiatry_572_22

38. Chail A, Saini RK, Bhat PS, Srivastava K, Chauhan V. Transcranial magnetic stimulation: A review of its
evolution and current applications. Ind Psychiatry |. 2018;27(2):172-180. d0i:10.4103/ipj.ipj_88_18

39. Zhong], Lan W, Feng Y, et al. Efficacy of repetitive transcranial magnetic stimulation on chronic migraine:
A meta-analysis. Front Neurol. 2022;13:1050090. doi:10.3389/fneur.2022.1050090

40. Saltychev M, Juhola J. Effectiveness of High-Frequency Repetitive Transcranial Magnetic Stimulation in
Migraine: A Systematic Review and Meta-analysis. Am ] Phys Med Rehabil. 2022;101(11):1001-1006.
doi:10.1097/PHM.0000000000001953

41. Mohamad Safiai NI, Mohamad NA, Basri H, et al. High-frequency repetitive transcranial magnetic
stimulation at dorsolateral prefrontal cortex for migraine prevention: A systematic review and meta-
analysis. Cephalalgia Int | Headache. 2022;42(10):1071-1085. doi:10.1177/03331024221092423


https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://doi.org/10.20944/preprints202311.1875.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 November 2023 doi:10.20944/preprints202311.1875.v1

42. Tikka SK, Godi SM, Siddiqui MA, Garg S. Evidence from Indian studies on safety and efficacy of
therapeutic transcranial magnetic stimulation across neuropsychiatric disorders- A systematic review and
meta-analysis. Indian | Psychiatry. 2023;65(1):18-35. doi:10.4103/indianjpsychiatry.indianjpsychiatry_572_22

43. Subramonian A, Argéez C. Non-Invasive Nerve Stimulation Modalities for Migraine Pain: A Review of Clinical
Effectiveness and Cost-Effectiveness. Canadian Agency for Drugs and Technologies in Health; 2020. Accessed
November 4, 2023. http://www.ncbi.nlm.nih.gov/books/NBK563018/

44. Lozano AM, Lipsman N, Bergman H, et al. Deep brain stimulation: current challenges and future
directions. Nat Rev Neurol. 2019;15(3):148-160. doi:10.1038/s41582-018-0128-2

45. Benabid AL, Chabardes S, Mitrofanis J, Pollak P. Deep brain stimulation of the subthalamic nucleus for the
treatment of Parkinson’s disease. Lancet Neurol. 2009;8(1):67-81. doi:10.1016/51474-4422(08)70291-6

46. Lyons KE, Pahwa R. Deep brain stimulation and tremor. Neurother | Am Soc Exp Neurother. 2008;5(2):331-
338. d0i:10.1016/j.nurt.2008.01.004

47. LeoneM, Franzini A, Bussone G. Stereotactic stimulation of posterior hypothalamic gray matter in a patient
with intractable cluster headache. N Engl ] Med. 2001;345(19):1428-1429. doi:10.1056/NEJM200111083451915

48. Murray M, Pahapill PA, Awad AJ. Deep Brain Stimulation for Chronic Cluster Headaches: A Systematic
Review and Meta-Analysis. Stereotact Funct Neurosurg. 2023;101(4):232-243. doi:10.1159/000530508

49. Nowacki A, Schober M, Nader L, et al. Deep Brain Stimulation for Chronic Cluster Headache: Meta-
Analysis of Individual Patient Data. Ann Neurol. 2020;88(5):956-969. d0i:10.1002/ana.25887

50. Fontaine D, Lazorthes Y, Mertens P, et al. Safety and efficacy of deep brain stimulation in refractory cluster
headache: a randomized placebo-controlled double-blind trial followed by a 1-year open extension. |
Headache Pain. 2010;11(1):23-31. d0i:10.1007/s10194-009-0169-4

51. Jenkins B, Tepper SJ. Neurostimulation for primary headache disorders: Part 2, review of central
neurostimulators for primary headache, overall therapeutic efficacy, safety, cost, patient selection, and
future research in headache neuromodulation. Headache. 2011;51(9):1408-1418. doi:10.1111/j.1526-
4610.2011.01967.x

52. Fishman MA, Antony A, Esposito M, Deer T, Levy R. The Evolution of Neuromodulation in the Treatment
of Chronic Pain: Forward-Looking Perspectives. Pain Med. 2019;20(Supplement_1):S58-568.
doi:10.1093/pm/pnz074

53. Tan H, Elkholy MA, Raslan AM. Combined cervical and thoracic spinal cord stimulation for chronic pain:
A systematic literature review. Pain Pract Off | World Inst Pain. Published online July 6, 2023.
doi:10.1111/papr.13264

54. Finnern MT, D’Souza RS, Jin MY, Abd-Elsayed AA. Cervical Spinal Cord Stimulation for the Treatment of
Headache Disorders: A Systematic Review. Neuromodulation | Int Neuromodulation Soc. Published online
December 10, 2022:51094-7159(22)01369-1. doi:10.1016/j.neurom.2022.10.060

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://www.zotero.org/google-docs/?ng9k2F
https://doi.org/10.20944/preprints202311.1875.v1

