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Abstract
Objective  A systematic review and meta-analysis was performed to determine the efficacy of non-invasive neuromodulation 
modalities for the treatment of acute migraine.
Background  Although pharmacological treatments are the gold standard for the management of acute migraine, some 
patients may require non-pharmacological treatment options. Non-invasive neuromodulation may provide an alternative, 
and techniques include transcranial magnetic stimulation (TMS), non-invasive vagal nerve stimulation (nVNS), non-painful 
remote electrical stimulation (NRES), and external trigeminal nerve stimulation (e-TNS).
Methods  This systematic review and meta-analysis was performed following PRISMA guidelines. We searched PUBMED, 
EMBASE, ClinicalTrials.gov, Cochrane Center Register of Controlled Trials, and LILACS databases. We included rand-
omized controlled clinical trials studying patients with migraine treated with any form of non-invasive neuromodulation. 
Primary outcome was pain freedom within 2 h post-treatment. Secondary outcomes were pain relief within 2-h post-treatment 
and sustained pain freedom and sustained pain relief 48 h post-treatment.
Results  Pooled analysis demonstrated a significant effect of non-invasive neuromodulation on pain-free rates within 2 h 
(RR, 1.66; 95% CI, 1.35 to 2.05; P < 0.00001) and pain relief rates within 2 h (RR, 1.52; 95% CI, 1.13 to 2.05; P = 0.005) 
post-treatment. Non-invasive neuromodulation had no significant effect on sustained pain freedom at 48 h (RR, 1.56; 95% 
CI, 0.68 to 3.59; P = 0.29) or sustained pain relief at 48 h (RR, 1.47; 95% CI, 0.57 to 3.77; P = 0.43) after administration.
Conclusion  Neuromodulation has demonstrated some efficacy in acute migraine management and may be considered in the 
treatment paradigm of acute migraine in patients with contraindications to pharmacological therapies.

Keywords  Migraine · Neuromodulation · Transcranial magnetic stimulation (TMS) · Non-invasive vagal nerve stimulation 
(nVNS) · Non-painful remote electrical stimulation (NRES) · External trigeminal nerve stimulation (e-TNS)

 *	 Ana Marissa Lagman‑Bartolome 
	 marissa.lagman@wchospital.ca

	 Oliver Clark 
	 oliver.clark@pennmedicine.upenn.edu

	 Areej Mahjoub 
	 areej.mahjoub@sickkids.ca

	 Nily Osman 
	 nily.osman@wchospital.ca

	 Ann‑Marie Surmava 
	 ann-marie@worldeffica.com

	 Saber Jan 
	 Saber.k.j1990@gmail.com

1	 Department of Internal Medicine, Pennsylvania Hospital, 
800 Spruce St, Philadelphia, PA 19107, USA

2	 Division of Pediatric Neurology, Hospital for Sick Children, 
555 University Avenue, Toronto, ON M5G1X8, Canada

3	 Women’s College Hospital, University of Toronto, 76 
Grenville St, Toronto, ON M5S1B2, Canada

4	 University of Toronto, 27 King’s College Circle, Toronto, 
ON M5S 3K1, Canada

5	 Department of Pediatrics, Taibah University, Janadah Bin 
Umayyah Road, Tayba, Medina, Saudi Arabia

/ Published online: 26 October 2021

Neurological Sciences (2022) 43:153–165

http://orcid.org/0000-0003-4937-2158
http://crossmark.crossref.org/dialog/?doi=10.1007/s10072-021-05664-7&domain=pdf


1 3

Abbreviations
TMS	� Transcranial magnetic stimulation
STMS	� Single-pulse transcranial magnetic 

stimulation
rTMS	� Rapid succession transcranial magnetic 

stimulation
nVNS	� Non-invasive vagal nerve stimulation
e-TNS	� External trigeminal nerve stimulation
NRES	� Non-painful remote electrical stimulation
PRISMA	� Preferred Reporting Items for Systematic 

Reviews and Meta-Analyses
PROSPERO	� Prospective Register of Systematic Reviews
PICOTS	� Population, Intervention, Comparator, Out-

come, Timing, Setting
TENS	� Transcutaneous electrical nerve stimulation
IHS	� International Headache Society
ICHD	� International Classification of Headache 

Disorders
VAS	� Visual analog scale
NPS	� Numeric pain scale
ITT	� Intent-to-treat analysis
mITT	� Modified intent-to-treat analysis
PP	� Per protocol
AE	� Adverse event
RR	� Risk ratio
RCT​	� Randomized controlled trial
EG	� Experimental group
CG	� Control group
CI	� Confidence interval
GRADE	� Grading of Recommendations Assessment, 

Development and Evaluation
MOH	� Medication overuse headache

Background

Despite advances in the pharmacological treatment for 
migraine, there are numerous reasons that may lead patients 
to consider second- and third-line therapies. Regarding acute 
pharmacological management (i.e., agents that abort an indi-
vidual migraine attack), first-line agents include acetami-
nophen, non-steroidal anti-inflammatory drugs (NSAIDs), 
triptans, and ergots [1].

Regarding NSAIDs, the most common adverse effects 
(AEs) include gastrointestinal effects and risks of bleeding. 
Besides these, selective COX-2 inhibitors and traditional 
NSAIDs may increase risk of cardiovascular effects such 
as heart attack and stroke—AEs that may be reduced, but 
not entirely avoided by dose reduction [2]. In terms of ergot 
medications, adverse effects include nausea, vomiting, and 
paresthesia in > 5% [1], while systematic review of 2 obser-
vational studies noted a pooled odds ratio of 2.28 for seri-
ous ischemic events [3]. The same paper also evaluated 3 

observational studies of triptans and did not demonstrate a 
negative cardiovascular effect of triptans. Instead, traditional 
triptans (5-HT1B/1D receptor agonists) have been associated 
with chest discomfort, throat discomfort, muscle pain, and 
paresthesia reported in up to 24%. While 5-HT1F receptor 
agonists such as lasmiditan do not demonstrate the usual 
adverse effect profile of traditional triptans, common AEs 
include CNS symptoms such as dizziness, paresthesia, nau-
sea, somnolence, and fatigue [4]. Finally, frequent use of 
abortive medications may induce medication overuse head-
ache (MOH). MOH is regarded as the most common type of 
chronic daily headache evolving from an episodic headache. 
It occurs in 1% of the general population and 11–70% among 
patients with chronic daily headache [5].

Based on the adverse events noted above and the high cost 
of novel pharmacological treatments such as small molecule 
CGRP receptor antagonists, patients may seek out alterna-
tives for the acute management of migraine [6].

Non-invasive neuromodulation is an evolving group of 
therapies for migraine. These techniques work through non-
invasive manipulation of neurotransmitter systems important 
to the sensation of pain [7]. Non-invasive neuromodulation 
can be broadly subdivided into modalities that target either 
the brain or peripheral nerves through transcranial or trans-
cutaneous stimulation, respectively. These therapies are 
thought to work through the “gate control theory” developed 
by Melzack and Wall, which proposes that competing nocic-
eptive and non-nociceptive signals regulate the sensation of 
pain. Stimulation of peripheral nerves in different locations 
through neuromodulation is thought to modulate afferent 
input of pain signals travelling to the brainstem and subse-
quent higher order processing [8] leading to reduction of 
pain sensation. Each neuromodulation subtype is described 
below.

Transcranial neuromodulation

Transcranial magnetic stimulation (TMS) involves an elec-
tromagnetic coil delivering single pulses (sTMS) or rapid 
successions (rTMS) of electrical current. This is thought 
to generate action potentials that inhibit cortical spreading 
depression and disrupt the cortico-thalamic circuits respon-
sible for migraine [9].

Transcutaneous neuromodulation

Non-invasive vagal nerve stimulation (nVNS) involves a 
transcutaneous electrical current applied to the neck. In 
animal studies, this treatment has been shown to reduce 
extracellular glutamate levels, as well as decrease cortical 
spreading depression [10, 11]. External trigeminal nerve 
stimulation (e-TNS) implements an adhesive electrode on 
the forehead and transmits impulses to supraorbital and 
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supratrochlear nerves. The mechanism of action is thought to 
act through modulation of pain sensing fibers in the trigemi-
nal ganglion [12]. In non-painful remote electrical stimula-
tion (NRES), an electrode applies an imperceptible current 
to the skin of the upper arm. This stimulation is thought to 
activate pain inhibitory centers through the conditioned pain 
modulation paradigm [13].

Previous literature

There have been several systematic reviews of the safety 
profile and efficacy of each of the above neuromodulation 
techniques for acute migraine; however, few of these have 
included a meta-analysis [14–16]. Lan et al. performed a 
meta-analysis of TMS on the acute and chronic management 
of migraine. Although analysis included 5 studies, only one 
of these studies evaluated TMS for acute symptoms. The 
study was performed by Lipton et al. and demonstrated a 
significant increase in pain-free rate at 2 h post-treatment 
[17, 18]. Lai et al. conducted a systematic review and meta-
analysis on nVNS for the acute and chronic treatment of 
patients with migraine and cluster headache. Their analysis 
included 6 studies, of which 2 provided data for the acute 
treatment of cluster headache and 1 provided data for the 
acute treatment of migraine. Their evaluation showed a 
significant improvement in pain-free rates at 30 min, pain 
relief rates at 30 min, pain relief rates at 60 min, and abor-
tive medication use [19]. Previous systematic reviews and 
meta-analyses often include both acute and chronic migraine 
and multiple types of migraine to increase statistical power. 
Furthermore, different neuromodulation techniques have not 
been directly compared.

Therefore, the aim of this systematic review and meta-
analysis is to determine whether non-invasive neuromod-
ulation is effective in the acute treatment of migraine. To 
our knowledge, this is the first meta-analysis to evaluate 
the effects of acute outcomes across all neuromodulation 
subtypes.

Methods

We followed the 2009 Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) guidelines 
in reporting this systematic review and meta-analysis [20]. 
The study protocol was also registered in the International 
Prospective Register of Systematic Reviews (PROSPERO) 
with registration number CRD42018094414. The following 
databases were searched: PUBMED, EMBASE, ClinicalTri-
als.gov, Cochrane Center Register of Controlled Trials, and 
LILACS with last search May 1, 2020.

Eligibility criteria

The research strategy was based on Population, Interven-
tion, Comparator, Outcome, Timing, and Setting (PICOTS) 
framework. The population (P) in our study included adults 
with migraine headache. Intervention (I) included any type 
of non-invasive neuromodulation such as sTMS, rTMS, 
e-TNS, nVNS, NRES, or transcutaneous electrical nerve 
stimulation (TENS). Comparators (C) were either a sham 
group or pharmacological therapy. Outcomes (O) were pain-
free rates, pain relief rates, change in pain intensity, and use 
of analgesia after migraine treatment. Timing (T) was within 
2 h of treatment, based on the 2019 International Headache 
Society (IHS) guidelines for controlled trials of acute treat-
ment of migraine attacks [21]. The timepoint of 48 h after 
migraine treatment was also used as a measure of relapse. 
In- or out-patient hospital settings (S) were included in our 
study.

We included studies that meet the following criteria: (1) 
randomized controlled clinical trials; (2) patients with epi-
sodic migraine without aura, with aura, or chronic migraine 
(International Classification of Headache Disorders [ICHD] 
3rd edition, class 1.1, 1.2, and 1.3, respectively[22]); and 
(3) studies that used any type of non-invasive neuromodu-
lation in one arm for the management of acute migraine. 
There was no language restriction applied to our review. We 
included studies in the gray literature such as conference and 
poster presentations to avoid publication bias. We excluded 
all studies with any of the following criteria: (1) non-rand-
omized or observational studies, (2) uncontrolled trials, (3) 
studies that used invasive neuromodulation, and (4) studies 
with the aim of prophylactic treatment of migraine.

Outcome measurement

The primary outcome was pain freedom within 2 h of neuro-
modulation administration. Secondary outcomes were pain 
relief within 2 h of treatment, sustained pain freedom 48 h 
after treatment, and sustained pain relief 48 h after treat-
ment. Pain relief was defined according to the IHS guide-
lines for controlled studies of migraine medications, which 
defines pain relief as a decrease in pain intensity from mod-
erate (2) or severe (3) to mild (1) or no (0) pain on a 4-point 
scale [23]. For studies where this was not reported, pain 
relief was reported as a > 50% reduction in pain according to 
the visual analog scale (VAS) [24]. Change in pain intensity 
was measured according to the VAS or the numeric pain 
scale (NPS).

Search strategy

Our search process involved key terms and search modi-
fiers specific to each database. The search plan involved a 

155Neurological Sciences (2022) 43:153–165



1 3

large list of neuromodulation subtypes. These key words 
were coupled with the Boolean OR operator, ending with 
the Boolean and operator and “headache”. A list of search 
terms used for each database is included in supplemental 
materials.

Study selection, data collection process, and data 
items

Screening, eligibility, and data extraction were completed 
by two independent reviewers using DistillerSR (Evidence 
Partners, Ottawa, Canada). Conflicts in screening and eli-
gibility were flagged by the software and resolved through 
a discussion between researchers. None of the researchers 
were blinded during the study selection process.

We extracted data items from each study and where data 
was not measured, the data item was left blank. Data items 
were taken from ClinicalTrials.gov website in addition to 
the original manuscript. If the study provided evidence that 
data was measured, but did not provide the results, study 
investigators were contacted to retrieve these data items. To 
assess patient population, the country, migraine type, gender 
demographics, mean age, and age range of the patients were 
extracted. We evaluated the randomization process by not-
ing treatment and control group ages, gender demographics, 
duration of migraine history, monthly migraines, duration 
of migraines, and monthly analgesic intake. Because our 
analysis included multiple types of neuromodulation, we 
summarized the treatment type, the type of sham stimula-
tion, the device model, stimulation location, dose, frequency 
of use, and total number of treatments. In performing our 
meta-analysis, we extracted all primary and secondary 
outcomes. Intent-to-treat analysis (ITT) was preferred as 
the analysis cohort, and if this was unavailable, modified 
intent-to-treat analysis (mITT) or per-protocol (PP) analysis 
was selected. In the case that outcome was not measured at 
2 h post-treatment, we used the same outcome if measured 
at < 2 h (e.g., 1 h post-treatment). This is in line with the 
2019 IHS guidelines for controlled trials of acute treatment 
of migraine attacks, which allow consideration of pain out-
comes before 2 h in non-oral treatments [21]. In the case of 
multiple treatment groups, we selected only the treatment 
group with the strongest form of stimulation. For studies in 
which patients were treated multiple times, and first-attack 
outcomes were available, first-attack data was preferred [25]. 
We evaluated safety of each neuromodulation by extracting 
the number of dropouts per treatment group, the number of 
patients experiencing ≥ 1 minor adverse event (AE) in each 
group, and specific symptoms that patients experienced. For 
one study [26] that did not provide the number of patients 
experiencing ≥ 1 minor AEs, we instead used the overall 
number of minor AEs.

Risk of bias

We evaluated the risk of bias in individual studies using 
the revised Cochrane Risk of Bias Assessment Tool [27]. 
The risk of bias was assessed by two independent reviewers 
and controversies were discussed and resolved with a third 
reviewer. The revised tool measures bias in five domains 
and provides an overall score classified as “low,” “some 
concern,” and “high.” The five domains are bias in the ran-
domization process, deviation from intended interventions, 
missing outcome data, measurement of the outcome, and 
selection of the reported result. In each of these domains, 
multiple questions are asked, with the option to answer 
“yes,” “probably yes,” “probably no,” “no,” or “no informa-
tion”. To correctly follow the suggested judgment of bias 
according to the answers within each domain, we used the 
Excel tool available on the Cochrane Risk of Bias website. 
We evaluated the risk of bias across studies using the Grad-
ing of Recommendations Assessment, Development and 
Evaluation (GRADE) assessment tool [28].

Summary measures and synthesis of results

In summarizing dichotomous and continuous data, we evalu-
ated risk ratio (RR) and mean difference, respectively. In 
calculating RR, we used the Mantel–Haenszel statistical 
method with random effects and a 95% confidence inter-
val. For mean difference in pain scores, we used the inverse 
variance method with random effects and a 95% confidence 
interval. Data was synthesized and plotted using Review 
Manager (RevMan) version 5.4 [29]. In creating forest plots, 
we conducted a pooled analysis, considering that each treat-
ment subtype relies on the “gate control theory” of pain and 
involves a similar mechanism of action [8]. We also created 
subgroups based on neuromodulation type and calculated 
mean outcomes by subgroup. Study heterogeneity was calcu-
lated using the I2 statistic, where a value > 50% was consid-
ered to demonstrate a high degree of heterogeneity. We did 
not perform sensitivity analyses due to small sample size.

Results

Study selection

Figure 1 illustrates the flow diagram of the study selection 
process and the reasons for excluded studies. Following 
database research, a total of 2823 articles were retrieved. 
Removing duplicates, screening for title and abstract 
resulted in exclusion of 2077 unrelated articles. Full-text 
article assessment further excluded 202 studies for not meet-
ing inclusion criteria, study completion, termination with no 
results, or for duplicate papers. One abstract met inclusion 
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criteria, but was later excluded due to insufficient informa-
tion for bias assessment or data analysis [30].

Study characteristics

Table 1 summarizes the date, location, and patient charac-
teristics of the 6 included studies. The studies were con-
ducted in the USA, Italy, and Israel between 2010 and 
2019, and 5 studies were published in English language 
[18, 24–26, 31–33]. One of these studies was not published 
and only has results on the ClinicalTrials.gov website [26]. 
One study [31] was single centered and five [18, 24–26, 
32] were multi-centered. The sample size of each study 
ranged from 86 to 446 and the mean age ranged from 39 
to 43. Total patient population was 1297 with 1050 (81%) 

female patients. The most common ethnic background was 
Caucasian. Other ethnicities included Asian, Black, and 
Egyptian.

Table 2 summarizes patient characteristics after rand-
omization. Five hundred eighty-nine (49%) patients were 
randomized to active therapy, and 622 (51%) were ran-
domized to the control group. Four hundred eighty-one 
(82%) of patients receiving active therapy were female, 
whereas 500 (80%) were female in the control group. At 
baseline, the mean number of monthly migraine attacks 
were reported in 3 studies [18, 24, 25] and ranged from 
4.2 to 5.4 in active group and 4.6 to 5.3 in control group. 
Two studies [25, 32] reported baseline monthly migraine 
days, which ranged 6.3–6.6 in the active group and 6.2–6.6 
in the control group. Regarding patient demographics, one 

Fig. 1   PRISMA 2009 flow chart 
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study noted significant baseline differences in migraine 
type, duration, and acute medication use [24].

There were 4 neuromodulation devices used including 
sTMS, nVNS, NRES, and e-TNS. The treatment used in 
each study is summarized in Supplemental Table 1. Dura-
tion of treatment ranged from 1 to 60 min per migraine 
episode. All treatments were used once per attack. Stimu-
lation location was forehead, occiput, neck, or arm. Com-
parison was with sham devices.

Risk of bias in individual studies

Cochrane Bias Assessment was performed in 5 domains 
on 5 studies and revealed low bias in 2 studies [18, 25]. 
Assessment of bias could not be performed on one study 
that was unpublished and only had data on ClinicalTrials.

gov [26]. Three studies demonstrated a degree of bias in at 
least 1 domain [24, 31, 32]. Yarnitsky et al. (2017) provided 
an unclear concealment process, which was assigned some 
concerns of bias in the “Randomization process” and “Over-
all bias” domain. In the study by Chou et al., there were 
baseline differences between treatment and control groups 
with respect to migraine type, duration, and medication use. 
This warranted some concerns of bias in the “Randomiza-
tion process” and the “Overall bias” domain. Yarnitsky et al. 
(2019) was assigned some concerns of bias due to “Miss-
ing outcome data.” Of 252 randomized patients, 45 were 
not included in analysis due to insufficient migraine attacks, 
withdrawal of consent, or unknown reasons. All studies 
demonstrated low bias in the “Deviations from intended 
interventions,” “Measurement of the outcome,” and “Selec-
tion of the reported result” categories (Fig. 2).

Table 1   Characteristics of the included studies

RCT​ randomized controlled trial, w/ with, w/o without, SD standard deviation

Author Year pub Country # of centers Study design Migraine type 
(ICHD-3 code)

Patients, n Female, n (%) Mean age
 ± SD

Lipton et al.15 2010 USA Multi-center Double-blind
parallel RCT​

Migraine w/ aura 
(1.2)

164 130 (79) 39.45
 ± 11.00

Yarnitsky et al.28 2017 Israel Single center Double-blind
crossover RCT​

Migraine w/o or w/ 
aura (1.1, 1.2)

86 69 (80) -

Chou et al.21 2018 USA Multi-center Double-blind
parallel RCT​

Migraine (1) 
excluding com-
plicated

106 92 (87) 39.90
 ± 13.13

Martelletti et al.22 2018 Italy Multi-center Double-blind
parallel RCT​

Migraine w/o or w/ 
aura (1.1, 1.2)

243 186 (77) 38.41
 ± 11.30

Yarnitsky et al.29 2019 USA and Israel Multi-center Double-blind paral-
lel RCT​

Migraine w/o or w/ 
aura (1.1, 1.2)

252 204 (81) 43
 ± 12.07

Kuruvilla23 2019 USA Multi-center Double-blind
parallel RCT​

Migraine w/o or w/ 
aura (1.1, 1.2)

446 369 (83) 40.71
 ± 11.60

Table 2   Baseline characteristics of randomized patients in included studies

ITT intent-to-treat, mITT modified intent-to-treat, EG experimental group, CG control group, SD standard deviation

Author Cohort type Number—EG, n (%) Number—CG, n (%) Female—EG n (%) Female—CG n (%) Mean age
 ± SD (EG)

Lipton et al.15 mITT 82 (50) 82 (50) 67 (82) 63 (77) 38.8
 ± 11.2

Yarnitsky et al., 201728 mITT - - - - -
Chou et al.21 ITT 52 (49) 54 (51) 43 (83) 49 (91) 39.71

 ± 13.62
Martelletti et al.22 ITT 120 (49) 123 (51) 95 (79) 91 (74) 38.8

 ± 11.0
Yarnitsky et al., 201929 ITT 126 (50) 126 (50) 102 (81) 102 (81) 43.8

 ± 12.25
Kuruvilla23 mITT 209 (47) 237 (53) 174 (83) 195 (82) 40.43

 ± 11.54
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Primary outcome—pain freedom within 2 h

Primary and secondary outcomes are presented in Sup-
plemental Table 2. Figure 3 shows pooled analysis of the 
primary outcome. Neuromodulation demonstrated a sig-
nificant increase in pain-free rates at ≤ 2 h (RR, 1.66; 95% 
confidence interval [CI], 1.35 to 2.05; P < 0.00001) and an 
I2 value of 0%, suggesting low heterogeneity.

Effect of neuromodulation on secondary outcomes

Regarding secondary outcomes, pain relief rates at ≤ 2 h 
post-treatment (Fig. 4) were significantly increased (RR, 
1.52; 95% CI, 1.13 to 2.05; P = 0.005) with a high degree of 
heterogeneity (I2 = 86%). For outcomes at 48 h, neuromodu-
lation had no significant effect on sustained pain freedom 
(RR, 1.56; 95% CI, 0.68 to 3.59; P = 0.29; Supplemental 
Fig. 1) or sustained pain relief (RR, 1.47; 95% CI, 0.57 to 
3.77; P = 0.43; Supplemental Fig. 2). Outcomes of pain-free 
rates at 48 h were markedly inconsistent (I2 = 82%), as well 
as pain relief rates at 48 h (I2 = 91%).

Safety and adverse events (AEs)

All devices used were generally safe and resulted in no death 
or severe harm to patients. Supplemental Table 3 summa-
rizes the number of patients with > 1 minor AE, number of 
dropouts, and notable symptoms. Studies reported common 
device-related AEs such as application site pain, discom-
fort, erythema, paresthesia, numbness, or burning sensation. 
Other AEs included headache, sinusitis, nasopharyngitis, 
and influenza. Supplemental Fig. 3 shows the forest plot of 
number of patients experiencing at least 1 minor AE during 
experimental or sham therapy. Pooled analysis demonstrated 
a non-significant effect of neuromodulation treatment on 

minor AEs (RR, 1.43; 95% CI, 0.99 to 2.08; P = 0.06) and a 
low degree of heterogeneity (I2 = 20%).

Quality assessment

Assessment of quality of evidence was performed by using 
the GRADE assessment tool. Results are shown in Fig. 5. 
The highest rating of quality of evidence was measurement 
of adverse outcomes, which was graded as “high.”

Discussion

To our knowledge, this is the first systematic review and 
meta-analysis to evaluate the efficacy and safety across all 
non-invasive neuromodulation treatment modalities for 
the management of acute migraine. Our analysis shows 
that these treatments provide significant benefit to patients 
through cessation and relief of pain within 2 h of adminis-
tration, as illustrated in Fig. 3 and Fig. 4, respectively. The 
anticipated absolute effect of non-invasive neuromodulation 
on pain freedom within 2 h of treatment is 302 per 1000 
patients, or 30.2%, as shown in Fig. 5. Similarly, the abso-
lute effect of treatment on pain relief within 2 h is 700 per 
1000 patients, or 70%. Notably, this effect of treatment on 
pain freedom and pain relief is not sustained at 24 or 48 h. 
Lastly, as illustrated in Supplemental Fig. 3, non-invasive 
neuromodulation treatments are not significantly associated 
with minor adverse events.

Effective management strategies for migraine include 
education, lifestyle modification strategies, acute treat-
ment, and preventive approaches. For acute migraine treat-
ment, attacks should be managed rapidly and consistently 
to restore patient function and minimize the use of abortive 
therapy [34]. Treatment includes the use of drug therapy, 
nerve blocks, and other behavioral strategies, and choice 

Fig. 2   Cochrane Bias Assessment graph (Fig. 2A) and summary (Fig. 2B) of the 5 evaluated studies
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of intervention depends on patient medical history, severity 
and frequency of attacks, and associated symptoms [35]. In 
2013, the Canadian Headache Society published guidelines 
on acute drug therapy for migraine headache [36]. Aceta-
minophen was recommended for mild-moderate attacks; 
ibuprofen, naproxen, and diclofenac for all attack sever-
ity; triptans and dihydroergotamine for moderate or severe 
attacks. In addition, antiemetics were recommended to 
reduce or resolve nausea. Considering non-pharmacological 
approaches, a large retrospective study concluded effective-
ness of occipital nerve block in reducing pain scores for 
acute migraine [37].

Our results provide an alternative analysis, consistent 
with previous research, which suggests non-invasive neuro-
modulation for adjunctive or second-line therapy for acute 
migraine. Triptans, which represent first-line management 
for the abortion of acute migraine, have thus far demon-
strated greater efficacy. A study conducted by Ng-Mak et al. 

in 2007 evaluated the efficacy of rizatriptan, sumatriptan, 
almotriptan, eletriptan, zolmitriptan, frovatriptan, and 
naratriptan in 673 patients with a total of 1346 migraine 
attacks. Of patients taking rizatriptan, 60.9% achieved 
pain freedom within 2 h of administration, while patients 
treated with other triptans achieved pain freedom in 49.9% 
of cases. Pain relief within 2 h was achieved in 88.1% of 
patients taking rizatriptan and 81.% of patients taking other 
triptans [38]. While our analysis shows statistically signifi-
cant outcomes for pain freedom and pain relief at the same 
time points, the results are less impressive than the clinical 
efficacy demonstrated by the majority of published triptan 
studies.

Another clinical marker of efficacy in treating acute 
migraine is pain freedom at 2 h with no recurrence of head-
ache at 24 h or 48 h. Headache recurrence can occur in 
15–40% of patients taking a triptan, and is much higher in 
those taking simple, combined analgesics and opioids [39]. 

Fig. 3   Forest plot of non-invasive neuromodulation vs placebo for migraine pain freedom within 2 h of administration
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The neuromodulation studies analyzed in this paper did not 
demonstrate sustained efficacy when used as monotherapy. 
These findings in a clinical trial setting of initial efficacy 
but lack of sustained efficacy most likely correlate closely 
to what is seen in clinical practice by many physicians, and 
thus may contribute to the lower adoption of neuromodula-
tion as an acute treatment for migraine headache.

Despite the efficacy of triptans, these groups of medica-
tions can carry intolerable side effects and limited use in 
certain patients due to contraindications. In these circum-
stances, less invasive, low-risk treatment modalities should 
be considered.

One population that may benefit from alternative 
migraine treatments is women in pregnancy, although 
evidence for treatment in this population is currently lack-
ing. The hormonal changes of pregnancy can drastically 
worsen migraines, particularly in the first trimester [40]. 
Many women prior to conception may wish to discontinue 

migraine prophylaxis and abortive agents such as triptans, 
despite recent studies supporting the safety of Sumatriptan 
during pregnancy [41]. Neuromodulation may be an option 
for these patients; however, there are currently no rand-
omized controlled trials that evaluate the safety and effi-
cacy of neuromodulation within a pregnant patient popula-
tion. Additionally, neuromodulation may be an option for 
migraine headache patients with poor renal function, gas-
trointestinal disease, hepatic dysfunction, or cardiovascular 
disease, who cannot tolerate therapies such as triptans or 
NSAIDs. Finally, patients with chronic migraine compli-
cated by medication overuse headache (MOH) may benefit 
from non-invasive neuromodulation. These patients are dif-
ficult to treat due to limitations on the type and quantity of 
medication that can be prescribed. Neuromodulation may 
be an option to help alleviate moderate migraine attacks 
that the patient would otherwise treat with over the counter 
analgesics, triptans, or opioids.

Fig. 4   Forest plot of non-invasive neuromodulation vs placebo for migraine pain relief within 2 h of administration
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Fig. 5   GRADE analysis of primary and secondary outcomes for the included studies
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The socioeconomic burden of treatment for chronic 
diseases such as migraine may affect access to treatment 
options. Symptomatic management may require lifelong 
commitment of financial resources. The devices may be cost 
prohibitive for patients and many private insurance compa-
nies may not offer the same degree of coverage as offered 
for more conventional pharmacological interventions such 
as triptans. These factors may play a role in the limited adop-
tion of neuromodulation for acute migraine attacks, despite 
the efficacy and safety that is shown in the limited number 
of randomized controlled trials included in this systematic 
review.

Given the specific situations in which non-invasive neu-
romodulation may prove clinically relevant, there have 
been numerous brands developed and approved for use in 
patients with migraine. Here, we review most common 
brands approved by the FDA including Cerena TMS in 
2013, Cefaly e-TNS in 2014 for chronic migraine and in 
2017 for acute migraine, and gammaCore nVNS in 2018 for 
acute migraine. In 2019, eNeura sTMS mini received FDA 
clearance for acute and preventive treatment of migraine in 
children 12 years of age and older. They received FDA clear-
ance for adults in 2017. Nerivio Migra NRES was approved 
for treatment of acute treatment of migraine headache in 
2018[42].

Limitations

By including all types of non-invasive neuromodulation, our 
analysis has greater statistical power compared to studies 
that pinpoint a single neuromodulation technique. However, 
the sample size presented here is very limited. Only 6 stud-
ies met inclusion criteria and only 5 provided the primary 
outcome for meta-analysis. In addition, heterogeneity of 
outcomes across studies resulted in small sample sizes for 
secondary outcomes, such as sustained pain freedom at 24 or 
48 h, in which only 3 studies could be included. Lastly, we 
combine different neuromodulation techniques into a single 
pooled analysis, which provides an alternative perspective 
in comparison to other studies, which often include multi-
ple types of headache or merge acute and chronic migraine 
outcomes [17, 19]. However, the combination of these differ-
ent techniques can give rise to heterogeneous results, which 
may be interpreted as a product of the different treatment 
modalities or other experimental factors. This challenge in 
interpretation is an inherent limitation in our study.

It is therefore important to have additional, well-designed 
clinical trials that include patient-centered outcomes as rec-
ommended by the IHS [21], which can contribute to future 
meta-analysis and increase sample size. Furthermore, these 
studies should include pregnant patients, those with con-
traindication to other acute therapies and also patients with 

MOH. The data derived from these studies may be helpful in 
optimizing patient selection for neuromodulation in a clini-
cal setting, determining the safety and efficacy of the devices 
in these unique populations, and perhaps even improving 
patient access to these treatment options.

Conclusion

This systematic review and meta-analysis offers evidence 
that non-invasive neuromodulation may provide significant 
benefit to patients through relief of pain within 2 h of admin-
istration. Although triptans remain the gold standard for 
acute migraine management, these neuromodulation tech-
niques may be considered in some patients requiring low-
risk non-invasive treatment modalities for acute migraine.
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