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ABSTRACT ARTICLE HISTORY
Introduction: Acute and preventive treatment of primary headache disorders is not completely Received 22 November 2018
resolved with regard to efficacy, safety, and tolerability. Hence, peripheral and central neuromodulation ~ Accepted 2 May 2019

can provide therapeutic alternatives in drug-resistant cases. Peripheral targets of neuromodulation KEYWORDS

include invasive and non-invasive neurostimulation and electrical and chemical nerve and ganglion Botulinum neurotoxin type

blockades. A-hemagglutinin complex;
Areas covered: A PubMed search of papers published from January 2012 to October 2018 was calcitonin gene-related

conducted. The goal of this review was to analyze the efficacy and safety of invasive (implantable) peptide; cluster headache;
peripheral neurostimulation methods (the occipital nerve, the cervical branch of vagal nerve, the drug-resistant; ganglion
sphenopalatine ganglion) and non-invasive (transcutaneous) peripheral neurostimulation methods blockade; migraine;

(the occipital nerve, the supraorbital nerve, and the cervical and auricular branches of the vagal monoclonal antibodies;
nerve), based on the results of published clinical trials and case series. Acting also on the peripheral ~ "eve blockade; peripheral
nervous system, peripheral nerve (i.e. greater occipital nerve) and ganglion (i.e. sphenopalatine gang- neurostimulation; treatment
lion) blockades, botulinum neurotoxin type A-hemagglutinin complex therapies, and calcitonin gene-

related peptide-related monoclonal antibody treatments in this patient population are also discussed.

Expert opinion: This review summarizes the latest results on the therapeutic strategies acting on the

periphery in primary headache disorders. These therapeutic options are minimally invasive or non-

invasive, efficacious, safe, and well tolerated.

1. Introduction migraine and trigeminal autonomic cephalalgias (TACs), both non-
invasive and invasive peripheral neurostimulation techniques are
indicated either as abortive (a.k.a. acute) or prophylactic (a.k.a.
preventive) treatment [1]. In intractable migraine and cluster head-
ache (CH), nerve and ganglion blockades, as minimally invasive
procedures using chemical agents or radiofrequency (RF) ablation
are recommended. Furthermore, in drug-refractory episodic (EM)
or chronic migraine (CM), botulinum neurotoxin type A (BoNTA)-
hemagglutinin complex injection and the novel parenteral calci-
tonin gene-related peptide (CGRP)-related monoclonal antibody
(mAb) treatment are also applicable.

The aim of this review is to provide a comprehensive sum-
mary of the current status of peripheral nervous system-targeted
therapeutic strategies in patients with refractory primary head-
ache disorders.

Treating drug-resistant (a.ka. refractory) primary headache
patients represents a big challenge at different levels of health
care from the emergency department setting to the tertiary head-
ache center. By consensus, the definition of refractory is that
patients do not respond to the current and adequate medications
[1]. In this special patient population, some potential peripheral
nervous system therapeutic options are available. The rationale for
these different methods is not fully elucidated, but they are pre-
dominantly connected with the leading hypothesis of the activa-
tion and sensitization of the trigeminovascular system.

Peripheral neuromodulatory techniques include neurostimula-
tion methods and peripheral nerve or ganglion blockades.
Peripheral neurostimulation in primary headache disorders can
be divided into non-invasive (i.e. transcutaneous) and invasive
(i.e. surgically implanted) methods. Non-invasive methods are:
transcutaneous occipital nerve stimulation (ONS), transcutaneous 2. Methods
supraorbital nerve stimulation (SONS; the Cefaly® device), transcu-
taneous cervical vagal nerve stimulation (VNS; the gammaCore®
device), and transcutaneous auricular VNS (the NEMOS® device)
[2,3]. Invasive neurostimulation techniques include the following:
implantable ONS, implantable SONS, implantable cervical VNS,
and implantable sphenopalatine ganglion (SPG) stimulation (the
Pulsante SPG Microstimulator System®). In pharmacoresistant

Papers selected for this work were searched within the PubMed
database by using the keywords ‘headache’, ‘primary headache
disorders’, ‘migraine’, ‘tension-type headache’, ‘trigeminal auto-
nomic cephalalgias’, ‘'CGRP monoclonal antibody’, ‘cluster head-
ache’, ‘SUNCT’, ‘SUNA’, ‘SUNHA’, ‘hemicrania continua’,
‘neurostimulation’, ‘nerve blockade’, ‘occipital nerve stimulation’,
‘vagal nerve stimulation’, ‘supraorbital nerve stimulation’,
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Article highlights

e The currently available acute and preventive medication in primary
headache disorders do not cover the total patient population due to
the variation in efficacy, tolerability, and AEs. There is a need for
alternative therapeutic options, such as peripheral neuromodulation
and drugs acting on the peripheral nervous system (e.g. BoNTA-
hemagglutinin complex and CGRP-related mAbs).

e Invasive neurostimulatory techniques, such as implantable ONS
(in CM, CCH, SUNCT, SUNA, and HC), implantable SONS+ONS
(in CM), implantable cervical VNS (in epileptic patients with head-
ache) and implantable SPG stimulation (in ECH and CCH) are effective
and well-tolerated minimally invasive methods.

¢ Non-invasive neurostimulatory tools, such as transcutaneous ONS
(in CM and CH), transcutaneous SONS (in EM), transcutaneous cervical
VNS (in EM, CM, ECH, CCH, SUNA, and HC) and transcutaneous
auricular VNS (in CM) exhibited beneficial effects and associated
with low AE profiles.

¢ Nerve and ganglion blockades: GON blockade with chemical agents
(e.g. bupivacaine, lidocaine, mepivacaine, methylprednisolone, triam-
cinolone, or betamethasone) is an easily applicable, inexpensive
method, and is effective and well tolerated in EM, CM, CCH, and
HC. SPG blockade with chemical agents (e.g. bupivacaine, absolute
alcohol, or BoNTA-hemagglutinin complex) in CM, ECH, CCH, and HC
was effective and well tolerated. SPG blockade with RF ablation in
ECH and CCH showed beneficial effect without serious AEs.

o BoNTA-hemagglutinin complex injection administered to fixed-sites
(i.e. frontal, temporal, occipital, or neck muscles), a medication
approved by the FDA for the prevention of CM, is effective and safe.

o CGRP-related mAbs, fully humanized antibodies targeting CGRP
receptor (erenumab) or CGRP itself (eptinezumab, galcanezumab,
and fremanezumab), administered subcutaneously or intravenously,
were effective compared to placebo without any serious AEs in EM.
Long-term safety data are needed.

‘sphenopalatine ganglion stimulation’, and/or ‘botulinumtoxin’.
Only abstracts published in English were considered. The litera-
ture search was conducted in October 2018. The earliest date of
publication considered was January 2012, except for ‘botulinum-
toxin’, where the search included studies from 2010. The authors
overviewed clinical trials of various levels, as well as case series,
and classified and ranked the data based on the design of the
research. All authors contributed to the literature review.

3. Migraine

Migraine is a common neurovascular disorder with high
socioeconomic impact. The two forms of EM are migraine
without and with aura. CM is a subclass of migraine with
a prevalence of 8% among migraineurs and about 2% of the
general population [4]. It highly influences the quality of life
of the patients, because these sufferers have at least 15
headache days per month (8 out of 15 days with migraine
with or without aura) for at least three consecutive
months [5].

3.1. Neurostimulation in migraine

3.1.1. Non-invasive (i.e. transcutaneous) neurostimulation
in migraine

3.1.1.1. Transcutaneous ONS in migraine. There is at pre-
sent insufficient data for the usefulness of transcutaneous ONS
in drug-refractory migraine [6] and only a few studies have so
far been published (Tables 1 and 2(a)).

3.1.1.1.1. Randomized controlled trials (RCTs) of transcuta-
neous ONS in EM. A prospective RCT for EM prevention (n =
110) using transcutaneous ONS at different frequencies (2 Hz,
10 Hz, and 2/100 Hz) showed a higher 50% responder rate in
each test group compared to the sham group, without any
serious adverse events (AEs) [7].

3.1.1.1.2. Single-center studies of transcutaneous ONS in
mixed headache. A single-center, open-label study of trans-
cutaneous ONS in 41 drug-resistant headache patients (includ-
ing patients with occipital neuralgia, cervicogenic headache,
CH, and CM) revealed that the mean Visual Analogue Scale
(VAS) pain score decreased from 5.9 (at baseline) to 2.2 (after
transcutaneous ONS treatment). The response to ONS was
better in the case of good or excellent preoperative response
to transcutaneous electrical nerve stimulation (TENS) com-
pared to those with only moderate preoperative response to
TENS [8].

Table 1. Peripheral neurostimulation methods in drug-resistant primary headache disorders.

Invasive

Non-invasive

Method Indications

Method Indications

Implantable ONS Intractable chronic migraine
Intractable chronic cluster

headache

Intractable SUNCT and SUNA

Intractable hemicrania
continua
Implantable SONS+ONS Intractable chronic migraine

Implantable cervical branch VNS

Epileptic patients with headache

Transcutaneous ONS Drug-refractory episodic migraine

Drug-refractory custer headache

Transcutaneous SONS
(The Cefaly® device)
Transcutaneous cervical VNS (the
gammacCore® device)
Transcutaneous auricular VNS (the
NEMOS® device)

Drug-refractory episodic migraine

Drug-refractory episodic and chronic
migraine
Drug-refractory episodic and
chronic cluster headache
Drug-refractory SUNA
Drug-refractory
hemicrania continua
Drug-refractory chronic migraine

Implantable SPG stimulation (The Pulsante SPG
Microstimulator System®)

Intractable episodic and chronic
cluster headache

Abbreviations: ONS = occipital nerve stimulation; SONS = supraorbital nerve stimulation; SPG = sphenopalatine ganglion; SUNA = short-lasting unilateral
neuralgiform headache attacks with cranial autonomic symptoms; SUNCT = short-lasting unilateral neuralgiform headache attacks with conjunctival injection
and tearing; VNS = vagal nerve stimulation.
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3.1.1.2. Transcutaneous SONS (the cefaly® device) in
migraine. The Cefaly® device is a non-invasive TENS of the
supraorbital branches of the trigeminal nerves (Tables 1 and
3). The first evidence that TENS has beneficial effects in
migraine and muscle contraction headache (today known as
tension-type headache) comes from 1985 [9]. The exact
mechanism of its action is enigmatic; however, recent blood
oxygen level-dependent functional magnetic resonance ima-
ging (BOLD-fMRI) data have revealed functional antinocicep-
tive modulation in the perigenual part of the right anterior
cingulate cortex [10]. A fluorodeoxyglucose positron emission
tomography (FDG-PET) study revealed that SONS by Cefaly®
device increased the activity of the limbic system, and the
orbitofrontal and anterior cingulate cortices in EM without
aura patients. These results indicate that the proposed
mechanism of Cefaly® might be the modulation of the des-
cending pain control system of the trigeminovascular nocicep-
tor in the trigemino-cervical complex [11,12].

This type of trigeminal nerve stimulation was the first to
obtain the Food and Drug Administration’s (FDA) approval for
migraine therapy [12] (Table 3).
3.1.1.2.1. RCTs of transcutaneous SONS (the Cefaly® device)
in EM. The first double-blind RCT (Prevention of Migraine
Using the STS Cefaly® - the PREMICE study) of SONS for
preventive treatment in 67 non-CM patients was performed
at five Belgian tertiary headache clinics. The results showed
that during the 3-month-long study period, the mean number
of headache days decreased significantly compared to the
placebo group without any notable AEs. The number of
monthly migraine attacks, headache days, and acute anti-
migraine drug intake was also reduced in the treatment

group [13] (Table 3). A post-marketing retrospective survey
highlighted that a high number (n = 2,313) of EM patients
were satisfied with the efficacy of Cefaly® as a prophylactic
treatment and willing to purchase the device (54.4% of sub-
jects). The rate of AEs was low and reversible, predominantly
local paresthesia, and only 2% of subjects stopped the therapy
due to AEs [2,14]. A recent double-blind randomized sham-
controlled study conducted in migraineurs with or without
aura (n = 106) revealed that a 1-h treatment session with
Cefaly® significantly decreased the pain intensity only in
migraine without aura attacks [15]. A recently published
review article mentioned that some new studies with Cefaly®
are ongoing, e.g. acute treatment of EM or CM (double-blind
RCT) and prevention of CM (open-label) [2]. An online ques-
tionnaire survey among 413 Cefaly® customers for migraine
prevention demonstrated that 88.6% of the patients also used
the device as an acute treatment in 71.8% of their attacks. The
conclusion was that migraine attacks were mitigated and the
device was well tolerated during the headache phase [16].

Taken together, the Cefaly® device is effective, well toler-
ated, and safe, probably both as preventive and acute treat-
ment in drug-resistant migraine sufferers.

3.1.1.3. Transcutaneous cervical VNS (the gammaCore®
device) in migraine. VNS modulates the activation of the
trigeminal nucleus caudalis (TNC) via inhibition of the vagal
afferents to the trigemino-cervical complex (TCC) and with the
excess glutamate levels in the TNC [17-22]. Preclinical experi-
ments showed that the trigeminal system influenced the para-
sympathetic system via CGRP and CGRP receptor components
in the SPG [23]. Furthermore, experimental data indicate that

Table 3. Data of the non-invasive (transcutaneous) and invasive (implantable) supraorbital nerve stimulation (SONS) studies in intractable primary headache

disorders.

Cluster headache

Migraine (CH) Other TACs
Episodic migraine Episodic  Chronic Hemicrania
(EM) Chronic migraine (CM) CH CH SUNHA continua

Study design

RCT of transcutaneous SONS (the Cefaly® device) n==67
(The PREMICE study) (2013) [13]

patients

AEs = none

RCT of transcutaneous SONS (the Cefaly® device) (2013) [14] n=2313

E = 38.1% of the

E = 54.4% of the

patients

AEs = local
paresthesia

RCT of transcutaneous SONS (the Cefaly® device) (2018) [15] n =109

E = 59% of the

patients

AEs = no serious

AEs
Single-center
combined implantable ONS and implantable SONS (2013) [52]

Long-term functional outcome combined implantable ONS and
implantable SONS (2016) [53]

n=14
E = 71% of patients
AEs = lead migration
n=16
E = 50% of the
patients
AEs = lead migration,
supraorbital
lead allodynia,
infection

Abbreviations: AE = adverse event; E = effectiveness (at least 50% improvement in headache frequency and/or intensity); n = number of the randomized patients;
ONS = occipital nerve stimulation; RCT = randomized multicenter double-blind controlled trial; SUNHA = short-lasting unilateral neuralgiform headache attacks;

TAC = trigeminal autonomic cephalalgia; VAS = Visual Analogue Scale.



the trigeminal-autonomic reflex may be active in migraine
attacks [24]. We also highlight that VNS inhibits the cortical
spreading depression (CSD), which is the electrophysiological
correlate of migraine aura [25]. The orexinergic system pro-
vides a possible connection between the pathomechanism of
migraine and CH via the dorsal vagal complex and the poster-
ior part of the hypothalamus [26-28].

The first beneficial clinical experience of the effect of VNS
on migraine pain came from an epileptic patient who received
an implantable VNS [29]. There are several possibilities for the
stimulation of the vagal nerve in primary headaches, including
the non-invasive (i.e. transcutaneous) stimulation of the cervi-
cal or auricular branch of the vagal nerve and invasive (i.e.
surgically implanted) VNS. The gammaCore® device uses elec-
trical impulses to influence the cervical branch of the vagus
nerve by transcutaneous administration [30] (Tables 1 and 4).
3.1.1.3.1. RCTs of transcutaneous VNS (the gammaCore®
device) in CM. The first prospective, multicenter, double-
blind, sham-controlled pilot study (the EVENT study) for the
prevention of CM (n = 59; mean age of 39.2 years) demon-
strated that at 2 months 9.1% of the CM patients achieved
more than 50% treatment response, whereas in the open-label
phase, at 8 months, this response rate elevated to 46.7%. The
common AEs included eye twitch (7%), facial pain and numb-
ness (10%), gastrointestinal symptoms (10%), and upper
respiratory tract infection (10%) [31] (Table 4).
3.1.1.3.2. RCTs of transcutaneous VNS (the gammaCore®
device) in EM. A randomized, multicenter, sham-controlled
trial (the PRESTO study) for the acute treatment of EM (with
or without aura; n = 248) revealed an increased probability of
achieving a pain-free state at 2-h post-stimulation without any
serious AEs. The VNS-treated group was superior to sham at 30
min: 12.7% versus 4.2%; at 60 min: 21.0% versus 10.0%; and at
120 min: 30.4% versus 19.7% [32] (Table 4).
3.1.1.3.3. Open-label studies of transcutaneous VNS (the
gammaCore® device) in CM. An open-label, single-arm, multi-
center study of non-invasive VNS for the acute treatment of
high-frequency EM (n = 14) and CM (n = 36) revealed that at 2
h after treatment 51.1% of the patients experienced a 50% or
greater reduction in pain intensity. Some 35.4% of CM patients
and 39.6% of high-frequency EM patients achieved pain-free
status at 1 and 2 h, respectively. The observable AEs were
tingling and pricking sensations at the stimulation site (in 67%
of the treated patients) [20] (Table 4).
3.1.1.3.4. Open-label studies of transcutaneous VNS (the
gammaCore® device) in EM. An open-label pilot study of
non-invasive VNS for the acute treatment of EM (with or with-
out aura; n = 30, 25 females and 5 males, median age of 39
years) revealed that 22% of the patients experienced benefi-
cial effects. No serious AEs were reported, some moderate AEs
were observed, like stiff neck, neck redness, shoulder pain or
spasm, coughing, fatigue, dizziness, or joint pain [33] (Table 4).
A preliminary open-label single-arm safety study in nine ado-
lescents (13-18 years old) EM without aura patients revealed
that 46.8% of their treated migraine attacks showed
a beneficial result. No device-related AEs were observed [34].
For menstrual/menstrually related migraine patients (n = 56),
an open-label non-invasive VNS study as mini-prophylaxis
revealed that 39% of the subjects showed 50% or more
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reduction in headache days. The number of menstrual/men-
strually related migraine days per month significantly
decreased (from baseline 7.2 to 4.7 days at the end of the
treatment). There were no serious AEs reported [35].
3.1.1.3.5. Single-center studies of transcutaneous VNS (the
gammaCore® device) in migraine (EM and CM).
A prospective, observational, single-center, cohort study of
acute and preventive treatment in EM and CM patients
revealed that pain intensity in VAS reduced in EM from 8 to
3.5, whereas in CM from 8 to 5. The number of headache days
declined in EM from 11.3 to 5.7 and in CM from 18.1 to 12.1.
The trial also demonstrated significant improvements in
Migraine Disability Assessment (MIDAS), Beck Depression
Inventory (BDI), and Pittsburgh Sleep Quality Index. No serious
AEs were observed [36] (Table 4).

Taken together, in drug-resistant migraine, the non-
invasive stimulation of the cervical branch of the vagus
nerve has a beneficial effect and it is safe and well toler-
ated [37].

3.1.1.4. Transcutaneous auricular VNS (the NEMOS®
device) in migraine. The NEMOS® device is an easily applic-
able and portable stimulator of the auricular branch of the
vagus nerve. The ear electrode is similar to a hearing aid, and
the stimulator is hand-held [2]. The proposed pathomechan-
ism of auricular VNS is that it may stimulate the thick myeli-
nated fibers of the auricular branch of the vagus nerve, which
results in the activation of the nucleus of the solitary tract
[38,39].

3.1.1.4.1. Single-center studies of transcutaneous VNS (the
NEMOS® device) in CM. A randomized, parallel-group (1 Hz
versus 25 Hz), monocentric, double-blind, controlled trial with
46 CM patients revealed that in the 1 Hz group 29.4% of the
patients had 50% or greater reduction in headache days,
versus in the 25 Hz group it was only 13.3%. The Headache
Impact Test (HIT) and the MIDAS scores were significantly
improved in both groups without differences. The treatment-
related AEs appeared at the stimulation site, like mild or
moderate pain, paresthesia, pruritus, erythema, ulcer, or scab
[38] (Tables 1 and 4).

3.1.2. Invasive neurostimulation in migraine

3.1.2.1. Implantable ONS in migraine. The pathomechan-
ism of ONS in migraine is unclear, with both central and
peripheral effects being possibly involved [40,41]. The ana-
tomical background for this technique in migraine and TACs
is that in the TCC, the second-order nociceptive neuron has
a convergent synapsis from the trigeminal (i.e. meningeal)
part and from the spinal region (i.e., the central branch of
the cervical 2 segment) [42-44]. The other possibilities point
to the activation of afferent A-beta fibers and the modula-
tion of the descending supraspinal pathways from the peri-
aqueductal grey matter (PAG) and the rostral ventromedial
medulla [45].

3.1.2.1.1. RCTs of implantable ONS in CM. A long-term (52-
week) RCT demonstrated that surgically-implanted ONS sig-
nificantly reduced the number of headache days by 7.7(+8.7)
days in intractable CM patients (n = 125) and by 6.7(+8.4) days
in the intent-to-treat (ITT) analyses of all patients (n = 157)
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[20]. In this study, 65.4% of the ITT population reported excel-
lent or good headache relief. The MIDAS scores were also
reduced, and more than half of CM patients were satisfied
with this method. Lead migration was the leading AE in the
hardware-related category (13.9%), whereas persistent pain
and/or numbness was the leading AE among biological events
(18.2%) [46] (Tables 1 and 2(a)). Another RCT of ONS revealed
that suprathreshold stimulation evoked better pain relief than
subthreshold stimulation (1.98(+1.56) versus 5.65(x2.11)) in
15 CM patients. No changes in Short-Form-36 (SF-36) were
reported. No serious AEs were detected, and no technical
malfunction was presented [47]. An RCT from 2012 revealed
that ONS did not meet the primary endpoint (at least 50%
reduction in main daily headache intensity) in a large CM
patient group (active n = 105; sham n = 52); however, there
was a significant difference in the percentage of patients who
showed 30% pain reduction, and there were also significant
differences in the reduction of the number of headache days
and in migraine-related disability compared to the sham-
treated group. The most frequent biological AE was persistent
pain and/or paresthesia at the implant site (13.1% in active
group versus 8.4% in control group). The most common hard-
ware-related AE was lead migration (14% in active group
versus 4.7% in control group) [48].

3.1.2.1.2. Open-label studies of implantable ONS in CM.
A prospective, long-term (7-year), open-label, uncontrolled,
observational ONS study in 37 refractory CM patients revealed
that pain, based on the VAS evaluation, decreased by 4.9 + 2.0
points. Systemic AEs were not observed [49] (Table 2(a)). An
open-label, prospective, cohort study showed that 28.5% of 35
refractory CM patients showed 50% or greater reduction in the
daily attack frequency or pain severity. AEs were not men-
tioned [50].

3.1.2.1.3. Cross-over studies of implantable ONS in CM.
A prospective, randomized, cross-over study with ONS showed
54-60% reduction in ‘Stimulation ON’ compared to
‘Stimulation OFF’, both in the number and severity of head-
ache attacks in CM. Only a few AEs were reported (2 infections
and 3 lead migrations). The limitations of this study were the
single center, the small number (n = 34) of patients, and the
missing control group [51] (Table 2(a)).

3.1.2.1.4. Single-center studies of implantable ONS in CM.
A single-center (institutional) experience with combined
implantable ONS and SONS revealed a 50% or greater
decrease in pain severity in 71% of the CM patients (n = 14).
Fifty percent of the patients experienced resolution of
migraine-associated symptoms. The main AE was lead migra-
tion (42.8%) [52] (Table 2(a)). A long-term (from 5 to 80
months) functional outcome dual implantable ONS and
implantable SONS study revealed that 8 out of 16 CM patients
had a positive response defined as more than 50% of improve-
ment in headache, quality of life, and functional outcome
scores MIDAS and BDI. The main AEs included lead migration
(42.8%), supraorbital lead allodynia (21.4%), and infection
(14.2%), with a consequent high reoperation rate (35.7%)
[53]. A long-term (6-year) retrospective study (carried out in
two large tertiary referral centers) revealed that 53% of
refractory CM patients (n = 25) reported 50% or greater reduc-
tion in headache intensity and/or frequency at long-term

follow-up. This study included refractory occipital neuralgia
patients as well (n = 3), who reported more than 50% reduc-
tion in pain intensity at 28-31 months. The most frequent AE
was lead displacement [54]. An observational, single-center
experience study revealed an improvement in pain intensity
by numeric rating scale (NRS) in CM patients at the 3-month
and 12-month follow-up (NRS at baseline: 9.8(+0.7); at 3
months 5.0(£1.6); at 12 months: 5.7(£2.6)). Lead migration
was the most common side effect [55].

Overall, the application of implantable ONS represents
a promising therapeutic option in refractory CM cases.

3.1.2.2. Implantable cervical VNS in migraine

3.1.2.2.1. Retrospective studies of implantable VNS in epilep-
tic patients with headache. In the time period from 2012 to
the present, an RCT with implantable VNS in purely primary
headache disorder patients has not been published, in con-
sistence with a recent review in the field [56]. A large (n = 325)
retrospective clinical study demonstrated that implantable
VNS had beneficial effects on daily headache/migraine inten-
sity (VAS = 5.4 in the VNS group versus 7.8 in the group on
best medical treatment) and affective/cognitive pain percep-
tion (21 in the VNS group versus 16 in the group on best
medical treatment) in patients with drug-resistant focal epi-
lepsy [57] (Table 4).

3.2. Nerve or ganglion blockades in migraine

3.2.1. GON blockade in migraine

3.2.1.1. RCTs of GON blockade with chemical agents
in CM. A placebo-controlled study of bilateral GON block-
ade (with 1.5 mL of 0.5% bupivacaine diluted in 1 mL of
saline) in 44 CM patients revealed significantly decreased
headache days from the baseline to third month (21.0 versus
6.3 days) compared to placebo (i.e. saline) treatment (20.9
versus 19.1 days). The pain intensity decreased from 8.9 to
6.3 in the treatment group, whereas in the placebo group
from 8.7 to 8.6. No serious AEs were observed, only local
pain at the site of injection, vertigo, and nausea occured [58]
(Table 2(b)). A short-term (one-week) RCT in 36 CM patients
demonstrated that bilateral GON blockade with bupivacaine
(with 2 mL of 0.5% bupivacaine) was effective (i.e. the
number of headache days of any pain intensity decreased
from 49 to 3.4 in the treated group). This study also
reported that the pressure pain thresholds increased after
the blockade and decreased after placebo. Only a few AEs
were reported, including presyncope and transient stinging
sensation at the puncture site [59]. A prospective, rando-
mized, placebo-controlled, double-blind pilot study of ultra-
sound-guided unilateral GON blockade (with 1.5 mL of 0.5%
bupivacaine) in refractory CM without aura patients (n = 32)
revealed that pain intensity decreased from VAS = 3.93 (pre-
injection) to VAS = 1.55 (post-injection). The ultrasound-
guided technique enabled a more accurate localization of
the nerve. No serious AE was observed, only one patient
suffered vaso-vagal syncope [60]. A RCT of GON blockade
in CM patients (n = 84) using 1.5 mL of 0.5% bupivacaine
diluted in 1 mL of saline (four times once per week) demon-
strated that the number of headache days decreased from



18.1 (at baseline) to 8.8 (at 1 month), whereas the VAS score
decreased from 8.4 to 2.1. The observed AEs were local pain
at the site of injection and vertigo [61]. A multicenter, ran-
domized, double-blind, comparative-effectiveness study
(pulsed RF versus 2.75 mL injection containing 1 mL of
0.5% bupivacaine, 1 mL of 2% lidocaine, and 0.75 mL of
40 mg/mL depo-methylprednisolone) including 81 partici-
pants with occipital neuralgia or migraine (EM and CM)
with occipital nerve tenderness revealed a greater pain relief
in the pulsed RF group compared to the steroid injection
group; without any serious associated AEs [62].

3.2.1.1.1. RCTs of GON blockade with chemical agents in
mixed or unspecified migraine. An RCT of GON blockade
using 2.5 mL of 0.5% bupivacaine plus 0.5 mL (20 mg) of
methylprednisolone in episodic and chronic migraineurs (n =
70; between 18 and 75 years) for short-term preventive treat-
ment revealed no difference in at least 50% reduction in the
headache day frequency in active and placebo groups. The
main AE was injection site pain (12% of the study subjects)
[64] (Table 2(b)). An RCT conducted to compare the preventive
effect of GON blockade with 1.0 mL of lidocaine 2% plus
0.5 mL of saline versus 1.0 mL of 2% lidocaine plus 0.5 mL of
triamcinolone in migraine patients (n = 24 versus 24) demon-
strated efficacy for both groups in terms of pain severity, pain
frequency, and analgesic use at 2, 4, and 8 weeks post-
treatment; however, no difference was revealed between the
therapies. No serious AEs were observed in either group [65].
A prospective RCT conducted in an emergency department in
patients with acute migraine attack (n = 60) demonstrated
that GON blockade (1 mL of 0.5% bupivacaine plus 1T mL of
normal saline) was superior to placebo (2 mL of normal saline;
pain scale score: from 9 to 1 versus from 8 to 3 at 45 min after
the injection). The GON blockade group did not differ from the
IV dexketoprofen (50 mg) and IV metoclopramide (10 mg)
groups at 45 min after treatment. No serious AEs were
detected [66].

3.2.1.1.2. Open-label studies of GON blockade with chemical
agents in EM. An open-label study that compared purely
GON blockade with bupivacaine (2 mL; 0.25%) versus GON
blockade plus prophylactic medication (amitriptyline 25 mg/
day, topiramate 100 mg/day, or venlafaxine 150 mg/day) in
migraineurs without aura showed significant improvement in
headache frequency and severity in both groups, but there
was no difference between the two groups. The attack fre-
quency decreased from 15.73 (at baseline) to 4.52 (at month 3)
in the GON blockade group versus from 13.76 to 3.28 in the
GON blockade + prophylactic medication group, whereas
headache severity was reduced from 8.26 to 5.16 in the GON
blockade group versus from 8.80 to 5.96 in the GON blockade
+ prophylactic medication group. There were no serious AEs
reported [67] (Table 2(b)). An open-label clinical trial of bilat-
eral GON blockade with bupivacaine (2 mL, 0.5%) for the acute
treatment of migraine patients with prolonged or persistent
aura (n = 18 patients and 22 episodes with aura) revealed that
complete response without early recurrence was achieved in
50% (n = 11) and with 24-h recurrence in 9.1% (n = 2) of the
cases, whereas partial (greater than 50%) improvement was
achieved in 27.3% (n = 6) of the cases. No serious AEs were
reported [62].
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3.2.1.1.3. Open-label studies of GON blockade with chemical
agents in CM. A retrospective, open-label trial comparing
unilateral and bilateral GON blockade using 1.5 mL of 0.5%
bupivacaine plus 1 mL of saline in CM patients (n = 41; 23
unilateral and 18 bilateral) demonstrated no difference
between the two groups regarding the frequency, severity,
or duration of headache at 3 months post-treatment. The
bilateral application was not superior to the unilateral one.
No serious AEs were found [68].

3.2.1.1.4. Cohort studies of GON blockade with chemical
agents in EM. A large retrospective cohort study of GON block-
ade with bupivacaine (6.3 mL, 0.25%; 2.5 mL, 0.5%) and/or
lidocaine (2.4 mL, 1%) used for the acute treatment of migraine
headache reported an 50% or greater pain reduction in 58% of
the patients (n = 562; 423 women and 139 men; mean age of
58.6 years). Only a few AEs occurred, such as vasovagal symp-
toms and burning sensation at the injection site [69].

Overall, GON chemical blockade is a simple, applicable,
efficacious, safe, well-tolerated, and cost-effective therapeutic
option in drug-resistant migraine [70,71]. Treatment-related
AEs are mild and of low frequency (Table 2(b)).

3.2.2. SPG blockade (with chemical agents) in migraine
The hypothesized mechanism of SPG modulation in migraine
is the alteration of sensory processing in the TCC [72,73]. The
modulation of SPG function, e.g. by means of chemical block,
neurolysis, RF ablation, or neurostimulation in primary head-
ache patients has shown some beneficial effects [3]. SPG
stimulation is a minimally invasive method: the electrode,
which has a wireless remote-controlled system (the Pulsante
SPG Microstimulator System?®), is implanted transorally into the
pterygopalatine fossa [2] (Tables 1 and 5).

3.2.2.1. RCTs of SPG blockade with chemical agents
in CM. A double-blind, parallel-arm, placebo-controlled, ran-
domized pilot study showed that in 41 CM patients, bupiva-
caine (0.5%) versus saline repetitive injection into the SPG with
Tx360° device (twice a week for 6 weeks) demonstrated sig-
nificantly decreased headache intensity (NRS scores: 4.20 ver-
sus 2.85 at 24-h post-treatment). The bupivacaine study group
was associated with a reduction in acute medication use and
an improved quality of life. The most common AEs were the
following: lacrimation (30%), bad taste (26%), mouth numb-
ness (22%), and nasal irritation (15%) [74] (Table 5). The follow-
up of the above trial, which was a long-term (6-month-long),
double-blind, parallel-arm, placebo-controlled, randomized
pilot study, revealed that the number of headache days
decreased from 23.15 (at baseline) to 17.44 (at 1-month post-
treatment). There was a statistical difference at 1 month and 6
months. The frequent AEs were taste disturbances, lacrima-
tion, and oral numbness [75].

3.2.2.1.1. Open-label studies of SPG blockade with chemical
agents in migraine. A prospective, open-label, uncontrolled
study in 10 intractable CM patients was performed with bilat-
eral percutaneous infrazygomatic administration of BoNTA-
hemagglutinin complex (total dose of 50 IU) in patients
under local anesthesia using a novel surgical navigation
device (MultiGuide® device). The efficacy outcome was
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favorable: 8 out of 10 CM patients experienced a 50% or
greater reduction in the number of moderate and severe
headache days compared to baseline. All 10 patients experi-
enced different AEs, including pain, swelling, and numbness
(face, cheek), and jaw problem, none of them was serious [76]
(Table 5). In a retrospective, open-label, uncontrolled SPG
blockade trial in 55 migraine patients who received 2 ml of
2% lidocaine in each nostril by a Sphenocath® device for acute
treatment, 78.2% of the patients were headache-free at
2-h post-treatment and only a few AEs were reported [77].

Overall, SPG blockade with chemical agents (i.e. bupiva-
caine or BoNTA-hemagglutinin complex) may have beneficial
effects in medically refractory migraine patients.

3.3. BoNTA-hemagglutinin complex injection therapy in
migraine

BoNTA is a purified neurotoxin produced by Clostridium botu-
linum bacteria. The effect of BONTA in the nervous system is
the specific cleavage of synaptosomal membrane-associated
protein 25 kDa (SNAP-25) [78-80]. In clinical testing, it has
been revealed that BoNTA diminished the interictal CGRP
serum level in CM patients and was also able to reduce central
sensitization [4,81-83]. The non-toxic components of the two
forms of BoNTA (onabotulinum toxin A and abobotulinum-
toxin A) each include a hemagglutinin [80]. Two RCTs, the
Phase Il Research Evaluating Migraine Prophylaxis Therapy
(PREEMPT) 1 and 2, demonstrated that BoONTA-hemagglutinin
complex reduced the monthly headache days in CM patients
[84,85]. The recommended injection fixed-sites are frontal,
temporal, occipital, and neck muscles, and the recommended
fixed-doses are totally 155-195 units (U)/cycle (one cycle is 12
weeks) [4,86-88]. The latest Cochrane Database meta-analysis,
which includes 28 trials (4190 participants) - the longest
treatment duration was three cycles of injections — concluded
that BoNTA-hemagglutinin complex treatment in CM reduced
the number of migraine days per month by 2 days compared
with placebo at 24 weeks (—8.4 days on BoNTA-hemagglutinin
complex group; versus —6.6 days in placebo group), and no
serious AEs were reported [89]. BONTA-hemagglutinin com-
plex is a medication approved by the FDA for the prevention
of CM, and it is effective and safe, both in RCTs and in real-life
studies [90,91].

3.4. CGRP- or CGRP receptor-targeted monoclonal
antibody treatment in migraine

In a classical clinical experiment, Edvinsson and his co-workers
elegantly demonstrated the function of CGRP during migraine
attack [92,93]. The pathomechanism of migraine is unknown,
but the activation and sensitization of the trigemino-vascular
system via neuropeptides like CGRP and pituitary adenylate
cyclase-activating polypeptide (PACAP) have crucial roles [94-
99]. The center of the trigeminovascular system is the trigem-
inal ganglion, which has numerous CGRP-like immunopositive
nerve cells, and it is not protected by the blood-brain barrier;
therefore, it can be an ideal peripheral target for monoclonal
antibodies (mAbs) in migraine therapy [100-104]. New genetic
engineering techniques have opened up the possibility of

developing fully humanized mAbs targeting CGRP and CGRP
receptors [94,105]. The recent overviews summarized the
efficacy outcome (50% or greater reduction in migraine days)
of CGRP-related mAbs in EM and CM patients. The route of
administration is parenteral (subcutaneous or intravenous).
The CGRP receptor-targeted erenumab (AMG334) reached
46% versus placebo, while CGRP-targeted eptinezumab
(ALD403) 61%, galcanezumab (LY2951742) 63%, and fremane-
zumab (TEV48125) 53% versus placebo in EM patients. The
most frequent AE was upper respiratory tract infection, and
there were no serious AEs [94,104]. Eptinezumab treatment
in CM patients achieved a significant reduction in monthly
migraine days compared to placebo (PROMISE 2 study) [106].
In fremanezumab-treated CM patients, the number of head-
ache hours during study weeks 9-12 was significantly reduced
compared to that in the placebo group. In the HALO CM
fremanezumab trial, a higher rate of patients associated with
a reduction of at least 50% in the average number of head-
ache days per month was observed in the treated group
compared to the placebo group. Galcanezumab treatment
in CM patients (REGAIN trial) resulted in a significant decrease
in the number of monthly headache days compared to con-
trols [106].

4. Cluster headache

CH is one of the TACs. Typical features of CH attacks are strictly
unilateral, very severe pain in orbital, supraorbital, and/or
temporal areas. The head pain lasts 15-180 min and occurs
from once every other day to eight times a day, and is typically
associated with ipsilateral autonomic symptoms, such as con-
junctival injection, lacrimation, nasal congestion, rhinorrhoea,
forehead and facial sweating, miosis and/or ptosis, and/or
eyelid edema. Restlessness or agitation may be present [5].
Its two main forms are episodic CH (ECH) and chronic
CH (CCH).

4.1. Neurostimulation in CH

4.1.1. Non-invasive neurostimulation in CH

4.1.1.1. Transcutaneous cervical VNS (the gammaCore®
device) in CH. The rationale of VNS in CH is based on the
observation that the strong parasympathetic activation during
CH attack is linked to the anatomical connection of the tri-
geminal system with the autonomic nervous system through
the TCC. The superior salivatory nucleus (parasympathetic
nucleus of the facial nerve) receives synaptic input from the
central branch of the trigeminal ganglion. The consequence of
its activation is the excitation of the SPG, which results in the
release of parasympathetic neuropeptides (such as vasoactive
intestinal polypeptide) to the pericranial vasculature [103,107].
4.1.1.1.1. RCTs of transcutaneous VNS (the gammaCore®
device) in CH. A prospective, open-label RCT (the PREVA
study) of transcutaneous VNS in CCH patients (n = 97)
reported that the number of CH attacks per week significantly
decreased compared to the control group (5.9 versus 2.1).
Around 40% of the treated patients showed a response rate
of 50% or greater. The most common AEs were headache
(8%), dizziness (6%), oropharyngeal pain (6%), and neck pain



(6%) [19] (Table 4). A randomized, double-blind, sham-
controlled study of VNS for the acute treatment of ECH and
CCH patients (n = 60;the ACT1 study, conducted in the USA)
revealed that only the ECH but not CCH patients experienced
beneficial effects (ECH: 34.2% versus 10.6%; CCH: 13.6% versus
23.1%). The device-related AEs were burning, tingling, sore-
ness, stinging at the application site (2.7%), and lip or facial
drooping, pulling, or twitching (11.0%) [108]. A new extended
RCT, the ACT2 study, in a European setting drew similar
results. The total cohort of 92 ECH and CCH patients demon-
strated no significant difference between non-invasive VNS
(14%) and placebo stimulation (12%). The VNS treatment was
superior to sham in ECH but not in CCH [109]. Regarding the
economic aspect, the cost-effectiveness of the non-invasive
VNS (the gammaCore® device) for the acute treatment of
both ECH and CCH was superior to the standard of care
[110,111].

Overall, in refractory CH, transcutaneous cervical VNS
showed promising effect without any serious AE.

4.1.2. Invasive neurostimulation in CH

4.1.2.1. Implantable ONS in CH. The central effect of
implantable ONS is based on its potential to modulate the
pain matrix, hence returning the associated hypermetabolism
to a normal level, as measured by FDG-PET in CCH patients
[112]. Evidence indicates the metabolic activation of different
anatomical regions of the pain matrix in various primary head-
ache disorders [42,112,113]. We underline the observation,
however, that in CCH patients, ONS normalized the alteration
in metabolism in each examined brain regions except the
ipsilateral hypothalamus [112], the activation of which may
have a crucial role in the generation of a CH attack [114]. In
the CCH patients, after the cessation of ONS, attack recurrence
is high, probably due to the lack of modulation of the activa-
tion of the hypothalamus [1,42,112].

4.1.2.1.1. RCTs of implantable ONS in CH and mixed head-
ache. The ICON study (the first blinded trial of peripheral pain
neuromodulation in medically intractable CCH), which is still
ongoing, will present some data from a double-blind set-up
[40,45,115]. (Table 2(a)). A long-term (8.5-year) RCT indicated
that migraine, CH, and miscellaneous headache patients (n =
29) responded well to ONS. Headache frequency was
decreased by 18%, severity by 27%, and MIDAS by 50%. In
CCH patients, four of five patients reported good effects. With
regard to AEs, the lead revision was the most common one
(58%) [116].

4.1.2.1.2. Open-label studies of implantable ONS in CH. An
open-label prospective cohort study of 33 CCH patients showed
the beneficial effect of the method (54.5% of the patients
reached 50% or more reduction in attack frequency) [50].

A long-term (median follow-up of 6.1 years) monocentric
open-label ONS study demonstrated that 66.7% of the 35
drug-resistant CCH patients presented 50% or greater reduc-
tion in headache number per day. The most frequent AEs were
battery depletion (70%) and electrode migration (20%) [117]
(Table 2(a)).
4.1.2.1.3. Single-center studies of implantable ONS in CH.
The results of the prospective single-center but long-term
(mean follow-up 20 months) study in intractable CCH or
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migraine showed high response rates (89% at short term
and 78% at long term) to bilateral ONS. However, it appears
to be a costly therapy (mean treatment cost is 28,186 EURO
per case) [118] (Table 2(a)). Another single-center, long-term
follow-up (1-8-year) study revealed that 8 out of 16 drug-
resistant CCH patients became asymptomatic with bilateral
ONS, whereas 2 patients changed from the chronic to episodic
subtype, and 4 out of 16 patients showed more than 50%
improvement in the reduction of the number of headache
attacks. The frequent AEs were electrode migration, battery
replacement, and local infection [119].

4.1.2.1.4. Observational studies of implantable ONS in CH.
A large, observational, prospective study in medically intract-
able CCH patients (n = 67) revealed that 59% of the patients
reached a decrease in attack frequency of 50% or greater by
ONS. A high percentage (70%) of the patients responded to
the treatment. Moreover, as regards the secondary endpoints,
the HIT-6, the MIDAS, and the Hospital Anxiety Depression
Scale scores were significantly improved, and the use of pro-
phylactic drug treatment decreased in 40% of patients. Only
minor AEs were observed in 33% of the treated group [120]
(Table 2(a)).

Overall, the results of ONS treatment in drug-resistant
CCH patients demonstrated that the majority (i.e. two-
thirds) of the subjects responded well to the treatment
(50% or greater improvement in frequency and/or intensity);
however, it is noteworthy that these were only observational
studies [40,121]. A recent systematic review with meta-
analysis concluded that the number of RCTs of ONS for
intractable primary headache disorders is extremely low,
and further research and high-level studies are needed
[122]. ONS is an effective treatment compared to a placebo
treatment. It is a promisingly useful but invasive and costly
therapeutic option for drug-refractory primary headache dis-
orders [50,122]. The common and frequent side effects of
ONS are lead migration and local inflammation [42,45]. The
currently available study results suggest that ONS is
a valuable procedure with significant hardware- and non-
hardware-related AEs even in experienced hands. In the near
future, large, rigorous and well-designed high-level RCTs are
needed.

4.1.2.2. Implantable SPG stimulation (the Pulsante SPG
microstimulator system®) in CH. Parasympathetic storming
(lacrimation, rhinorrhoea, nasal congestion, and eyelid edema)
is associated with trigemino-autonomic headache attacks (such
as in CH) and some migraine attacks [73]. The anatomical center
of this phenomenon is the SPG, which has connections to the
trigemino-vascular system via the trigemino-parasympathetic
reflex and also to the hypothalamus [2,123-125]. Despite the
significant clinical parasympathetic activation and sympathetic
dysfunction (i.e. ptosis and miosis), the origin of the pain and
the connection with the SPG are not well characterized [124].

4.1.2.2.1. RCTs of SPG electrical stimulation in CH. The first
European clinical trial of acute treatment for CCH patients (n =
32; the PATHWAY CH-l study) demonstrated that 25% of the
patients achieved more than 50% pain relief, and 36% of the
CCH patients reported a more than 50% reduction in attack
frequency, whereas 7% experienced both [126]. The reported
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AEs were sensory disturbances (hypesthesia, paresthesia, dys-
esthesia, and allodynia) in the 81% of the patients, and pain
affecting the face, temporomandibular joint, nose, or incision
site in 38% of the patients [126] (Table 5). A long-term (24-
month), open-label follow-up of the PATHWAY CH-l study
regarding attack remission revealed that 30% of the CCH
patients (n = 33) experienced at least one episode of complete
attack remission. The pain-free period was at least one month.
No serious AE was mentioned [123]. The evaluation of the
long-term effectiveness in the same study cohort demon-
strated that 45% of the CCH patients were acute responders
and 33% of them was frequency responder; this yield a total
responder rate of 61% [127]. The PATHWAY R-1 registry (open-
label, prospective, post-marketing) study of SPG stimulation in
ECH (n = 7) and CCH (n = 78) patients revealed that 68% of all
patients were responders. In CCH patients, 65% of the patients
showed 50% or greater response, either in term of the reduc-
tion in the attack intensity or attack frequency. In ECH
patients, 71.4% (n = 5/7) responded well to the SPG neuro-
stimulation therapy in terms of frequency; however, only
28.6% (n = 2/7) experienced an acute response. It was
reported that 59% and 67% of all patients were HIT-6 and
SF-36 responders, respectively. Regarding the AEs, 73% of all
patients reported postoperative sequela, which were mild-to-
moderate and resolved within 2-3 months [128].

Overall, SPG neurostimulation is a promising therapeutic
option for intractable CH, mainly in its chronic form, with
limitations due to its invasive nature.

4.2. Nerve or ganglion blockades in CH

4.2.1. GON blockade in CH

4.2.1.1. RCTs of GON blockade (with chemical agents) in
CH. A double-blind, placebo-controlled, ipsilateral GON
blockade trial was conducted with a mixture of rapid-acting
salt of betamethasone (disodium phosphate, 5.26 mg) and
a long-acting salt of betamethasone (dipropionate 12.46 mg)
and 0.5 mL of 2% xylocaine in ECH (n = 16) and CCH (n = 7)
patients. A single dose of GON blockade completely dimin-
ished the CH attacks in more than 80% of CH patients in the
verum group. The most common AE was transient pain at the
injection site [129].

4.2.1.1.1. Open-label studies of GON blockade (with chemical
agents) in CCH. An open-label observational case series (n =
10) GON blockade study using high-volume (9 mL) lidocaine
and triamcinolone (1 mL) in CCH patients demonstrated that
all patients had complete pain relief for an average of 65.1
days post-injection. Smoking history did not alter the treat-
ment response. No serious AEs were reported except for one
patient who developed avascular necrosis of the hip [130]
(Table 2(b)). A prospective open-label study with unilateral
GON blockade (with methylprednisolone) in CCH patients (n
= 83) demonstrated that 57% of the patients reached at least
50% pain relief (42% of them achieved complete response)
after the first GON blockade. Regarding AEs, 34% of the sam-
ple population reported tenderness at the injection site, neck
stiffness, or dizziness [131].

4.2.1.1.2. Single-center studies of GON blockade (with chemi-
cal agents) in CH. A retrospective comparative single-center
study for short-term prophylaxis of ECH and CCH comparing
GON blockade with methylprednisolone to an oral steroid
(prednisone or dexamethasone) revealed that 82.7% of the
oral steroid encounters (n = 81) compared to 64.4% of GON
injection encounters (n = 59) experienced complete or partial
treatment response. No AEs were recorded [132].

4.2.1.1.3. Retrospective studies of GON blockade (with che-
mical agents) in CH. A retrospective analysis with unilateral
or bilateral GON blockade (121 injections in 60 ECH or CCH
patients with betamethasone) revealed that after the first
blockade 64.8% of the patients showed favorable treatment
response. The reported AEs were local pain and steroid-related
symptoms (e.g. facial edema, sleeping disorders, or acne),
bradycardia, and syncope [133].

4.2.1.1.4. Prospective studies of GON blockade (with chemical
agents) in CH. A prospective observational study with single
GON blockade (triamcinolone plus bupivacaine) in ECH (n =
61) and CCH (n = 40) patients revealed that 83.2% of the
patients had a complete or partial response. No serious AEs
occurred, only tiredness was reported [134].

Overall, the GON chemical blockade showed beneficial
effect and it was well tolerated in the drug-refractory CH
study population [135,136]. It can be performed on an out-
patient basis [45].

4.2.2. SPG blockade in CH

4.2.2.1. Open-label studies of SPG blockade (with RF abla-
tion) in CH. A prospective, open-label, follow-up (12-30
months) study revealed that 11 out of 13 ECH patients and 1 out
of 3 CCH patients experienced a pain-free state within an average
of 6.3 days following the computerized tomography-guided
pulsed RF treatment, with no serious AEs reported [137] (Table 5).
4.2.2.1.1. Case series of SPG blockade (with RF ablation) in
CCH. In a case series, two out of three CCH patients reported
no pain relief after infrazygomatically pulsed RF treatment.
After this unsuccessful procedure, the patients underwent
continuous RF treatment with a corticosteroid (40 mg of
methylprednisolone) and a local anesthetic (1 ml of 1% lido-
caine) injection into the pterygopalatine fossa, which resulted
in complete pain relief in all of the patients [138] (Table 5).
4.2.2.1.2. Open-label studies of SPG blockade (with chemical
agents) in CH. A prospective, open-label, uncontrolled pilot
study with a follow-up of 24 weeks in 10 CCH patients demon-
strated that a single symptomatic side transnasal injection of
onabotulinumtoxinA (25 IU or 50 IU) under generalized
anesthesia resulted in at least 50% reduction in attack fre-
quency compared to the baseline in 50% of the patients.
Regarding the safety outcome, 70% of the headache patients
experienced AEs, including accommodation problems and
epistaxis (anterior and posterior) [139] (Table 5).
A retrospective, single-center, open-label study in CH patients
(n = 14) revealed that percutaneous neurolysis with 1 ml
absolute alcohol under local anesthesia and computer tomo-
graphy guidance with an infra- or suprazygomatic approach
was beneficial, as there was 50% or greater pain relief in 76.5%
of the patients without any serious AEs [140].



Overall, in medically refractory CH patients, SPG blockade
(with RF ablation or chemical agents) is effective, safe, and
well tolerated.

4.3. BoNTA-hemagglutinin complex injection therapy in
CH

A number of clinical trials using BONTA-hemagglutinin com-
plex as prophylaxis in CCH patients have been reported [141];
however, only a single trial followed the PREEMPT study pro-
tocol until now [142]. In this open-label, non-randomized,
single-center study, a greater than 50% reduction in headache
minutes was reached in 58.8% of the refractory CCH patients.
The pain intensity was also significantly reduced in this patient
population [142].

5. TACs other than CH

The TACs share the clinical features of unilateral headache and
cranial autonomic features, which are ipsilateral to the head-
ache [5]. Short-lasting unilateral neuralgiform headache
attacks (SUNHA) are moderate or severe in intensity, strictly
unilateral, lasting seconds to minutes, occurring at least once
a day and usually associated with prominent lacrimation and
redness of the ipsilateral eye [5]. Its two subtypes are short-
lasting unilateral neuralgiform headache attacks with conjunc-
tival injection and tearing (SUNCT) and short-lasting unilateral
neuralgiform headache attacks with cranial autonomic symp-
toms (SUNA), both of them can be episodic or chronic [5].
These are rare disorders, the prevalence of SUNCT is 6.6/
100.000 persons and SUNA five times less frequent [143].
Hemicrania continua (HC), either remitting or unremitting sub-
types, is a persistent, strictly unilateral pain, associated with
ipsilateral autonomic features and/or with restlessness or agi-
tation. HC responds exclusively to indomethacin [5,144].

5.1. Non-invasive (i.e. transcutaneous) cervical VNS (the
gammacCore® device) in TACs other than CH

5.1.1. Open-label studies of transcutaneous cervical VNS in
mixed headache (CM and TACs)

A real-world, open-label, prospective, clinical audit evaluated
41 refractory chronic primary headache patients after non-
invasive cervical VNS for preventive and abortive treatment.
The beneficial effects of VNS in these patients were surpris-
ingly low. In CM patients only 2 out of 23, in CCH 1 out of 12,
in HC 2 out of 4, and none of the SUNA patients (n = 2)
reported a beneficial effect, which was defined as at least
30% reduction of headache days/episodes. There were no
serious AEs observed. Otherwise, patients reported transient
hoarseness/sore throat, red skin on the face and on the neck,
increased frequency of bowel movements/flatus, and facial
twitching [145] (Table 4).

5.1.1.1. Single-center studies of transcutaneous cervical
VNS in TACs other than CH. In rare indomethacin-sensitive
TACs such as HC (n = 9) and paroxysmal hemicrania (n = 6),
a monocentric clinical study demonstrated that in the indo-
methacin non-tolerant patients the transcutaneous cervical
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VNS, as an alternative or adjunctive therapy, showed beneficial
effects (78% of the HC patients reported reduced severity of
continuous pain) [146] (Table 4).

5.2. Implantable ONS in TACs other than CH

Recent multivariate analysis revealed that SUNCT and SUNA,
among other refractory chronic primary headache patients,
showed a high likelihood of response to ONS [50,1471.

5.2.1. Open-label studies of ONS in TACs other than CH

A long-term, follow-up (median of 38 months), prospective,
open-label ONS study in nine medically intractable headache
patients (SUNCT n = 6; SUNA n = 3) demonstrated beneficial
effects (4 patients pain-free; 4 patients 81-99% improvement;
1 patient non-responder). The AEs were electrode migration
and muscle pain over the leads in 1 case per each [143,148]
(Table 2(a)). An open-label, long-term follow-up, prospective
series of 16 intractable HC patients showed benéeficial effects
of ONS. Half of the patients (8 out of 16) exhibited high (>50%)
response rates (yielding a mean 48.9% reduction in monthly
headache days) to bilateral ONS treatment. It is mentionable
that the use of indomethacin dramatically (65.1%) decreased
in those HC patients who continued to take the drug [144]
(Table 2(a)). Another small-subject-number (n = 7 SUNCT and
SUNA patients) study reported ONS to be highly effective and
demonstrated a favorable safety profile [149].

5.3. Peripheral nerve blockades (including GON
blockade) in TACs other than CH

5.3.1. Open-label studies of peripheral nerve blockades in
HC

In an open-label case series, indomethacin-unresponsive or -
intolerant HC patients (n = 22) were treated with GON and/or
SON or trochlear area blockade with bupivacaine plus mepi-
vacaine. They experienced total or partial improvement in pain
intensity immediately, which lasted from 2 to 10 months in all
the patients, without any serious AEs [150] (Table 2(b)).

5.4. SPG blockade in TACs other than CH

5.4.1. Case report of SPG blockade in HC

The case of a 52-year-old female patient with drug-resistant
and indomethacin-intolerated HC was reported, who was trea-
ted with repetitive (twice a week for 6 weeks) SPG blockade
with bupivacaine (0.6 mL; 0.5%) with a Tx360° device. She
experienced beneficial effects both in terms of the frequency
and intensity of her headache at week 6 post-treatment [151]
(Table 5).

6. Conclusion

Refractory primary headaches, as chronic pain syndromes,
have harmful impacts on patients’ daily lives. Despite the
fact that our incomplete knowledge about the pathogenesis
of headache disorders expands on a daily basis, there is still no
significant progress in marketed drug treatments. Peripheral
neurostimulation and nerve and ganglion blockades may
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provide proper therapeutic approaches to drug-resistant
migraine, CH, and other TACs. No data from meta-analyses
or systematic reviews are available in this field. The levels of
evidence and the grades of the recommendation have not yet
been defined as regards the neuromodulatory techniques in
primary headaches, and as such, evidence-based therapeutic
guidelines are missing in the current literature. Therefore, we
have categorized the available data based on the different
designs of the clinical trials they come from, reflecting the
level of the existing evidence.

The concept of our summary statements is based on the
quality of clinical evidence and the level of invasiveness. As
summary statements, in drug-refractory EM, either non-
invasive (i.e. transcutaneous) approaches (including ONS,
SONS, and cervical VNS) or the minimally invasive GON block-
ade with chemical agents can be recommended as the first
choice. No RCTs have been published with invasive methods
in EM. In intractable CM, as being non-invasive, transcuta-
neous cervical VNS and GON blockade might be offered as
the first choice, whereas invasive (i.e. implantable) ONS, com-
bined ONS+SONS, and transcutaneous auricular VNS techni-
ques can be offered as the second choice. In intractable ECH,
transcutaneous cervical VNS can be offered as the first choice,
whereas invasive electrical stimulation of SPG as the second
choice. In intractable CCH, transcutaneous cervical VNS can be
offered as the first choice, whereas invasive electrical stimula-
tion of SPG and transcutaneous ONS can be offered as
the second choice.

7. Expert opinion

The multifactorial nature of primary headache disorders and
their, as yet, undetermined pathomechanisms lead to thera-
peutic difficulties. In the case of migraine, the currently avail-
able preventive drug treatments are inefficient, because only
30-50% of the patients respond well to them [152].
Furthermore, the low tolerability ratio and drug-related AEs
strongly limit the recommended acute pharmacotherapies.
Management of migraine is incompletely resolved [153]. All
other forms of primary headaches face similar difficulties.

The different neuromodulation methods, including periph-
eral and central neurostimulation and nerve and ganglion
blockades, provide us with favorable alternative therapeutic
approaches. One of the main advantages of these novel tech-
niques is that they can be combined with conventional and
evidence-based recommended medications. We emphasize
that the invasive neuromodulatory techniques should be
restricted to refractory primary headache patients, whereas
non-invasive methods can be offered to non-refractory ones
as well. Socio-economically, we should underline their cost-
effectiveness. The majority of these techniques can be per-
formed in outpatient units. However, we highlight that there
are still some areas of uncertainty with regards to the optimal
way of performing GON blockade for migraine, because of the
paucity of knowledge about the best local anesthetics to use,
as well as about the optimal dosage and volume. Based on the
data from RCTs in this field, we may recommend 1.5-2.5 mL of
0.5% bupivacaine.

The limitation of these neuromodulatory techniques is that
the precise mechanism of their effect (i.e. influencing or inhibit-
ing the activation of the trigeminovascular system) is weakly
established, both at the preclinical and clinical level. Current
evidence for these methods allows only a very narrow therapeu-
tic indication (i.e. only medically refractory primary headaches).
Based on the collected data of their safety issues, it is hard to
spread them in a wider indication, both in acute and preventa-
tive scopes. On the other hand, the BoNTA-hemagglutinin com-
plex injection therapy in CM and treatments using fully
humanized mAbs targeting the CGRP or the CGRP receptor in
migraine are already available on the market. These therapies
associated with very good efficacy and safety features are easy to
use, and they have a chance to move implantable devices down
the treatment pathway in the near future.

Until now, based on the literature, predominantly open-
label studies have been conducted instead of double-blind
trials. The number of RCTs is surprisingly low. The difficulties
of the blind neuromodulation studies are that the patients feel
paresthesia during the active phase; therefore, patients can
easily realize when the stimulator is ‘ON’ versus ‘OFF’ (sham).

There is a need to develop technically innovative, less invasive,
and more user-friendly strategies. Real-life studies are warranted in
order to get valuable results, not only in strictly selected but in the
average patient population. The latest meta-analysis of the effi-
cacy and safety of BoNTA-hemagglutinin treatment in CM
revealed that it reduced the number of migraine days per
month by 2 days compared with placebo after 24 weeks (-8.4
days in the BoNTA-hemagglutinin complex group versus —6.6
days in the placebo group). Therefore, future therapeutic options
can be the combination of BoNTA-hemagglutinin complex with
GON blockade, ONS, SONS, or transcutaneous VNS.

The pathomechanism of primary headache disorders is
incompletely elucidated; however, some evidence points to the
role of neuropeptides in the process, particularly CGRP and
PACAP. Moreover, preclinical and clinical data increasingly
associate the tryptophan-kynurenine pathway with the genesis
of migraine headache. The classical migraine-related neuropep-
tide is CGRP. To date, only the fully humanized mAbs targeting
CGRP or its receptors have shown up in the therapeutic palette of
the prophylactic treatment of EM and CM. A challenging ques-
tion remains the safety of the long-term use of these chemical
agents, namely whether they have negative impacts on cardio-
vascular, bowel, endocrine, skin, and bone functions.

Future perspectives are to achieve personally tailored medical
approaches in this particular patient population. The ultimate
goal is to find genetic and/or neuroimaging biomarkers among
primary headache patients in order to obtain correct indications
for different neuromodulatory techniques, which can serve to
maintain an optimal quality of life for headache sufferers.

7.1. Five-year view

At present, the main handicap of neuromodulation is the
absence of the evidence-based proof of efficacy. In the near
future, there is a need for well-designed and strictly organized
large, long-term follow-up, randomized, multicenter, placebo-
controlled clinical trials. The results of the primary and secondary
endpoints should be interpreted with high-level statistical



analysis. In the far future, the scientific community should press
the companies to create and use sham stimulation that is not
associated with sensory disturbances to achieve clear data.
A mobile health application system should be built-up, which
can provide a bidirectional data exchange between headache
patients and health-care professionals. Migraineurs treated with
neurostimulators should aim to improve their self-management
activities. It may also be suggested to create a web-based tele-
monitoring platform in order to allow physicians to improve the
complex management of their patients.

The old group of small molecule CGRP receptor antagonists
(i.e. gepants) such as olcegepant, telcagepant, MK-3207, and
BI44370T have already been tested in clinical studies and have
shown promise in terms of efficacy; however, the liver toxicity
associated with long-term use restricts their wide-spread clinical
application. The latest innovation created three new gepants
(rimegepant, ubrogepant, and atogepant), which have passed
phase lll clinical trials and they are ahead of final registration. We
have a hope that the newly synthesized CGRP receptor antago-
nists will be efficacious and safe as well as [94].

PACAP has wide biological distribution within the peripheral
and central nervous system. It might have a fundamental role in
the pathomechanism of migraine and CH [154]. Intravenously
administered PACAP1-38 induced migraine-like attacks in patients
with migraine without aura [155]. Specific PACAP1-38 plasma level
alterations were demonstrated during ictal and interictal periods
of migraineurs, and also in ECH patients [156,157]. Based on these
observations, early-phase RCTs are currently running to evaluate
the efficacy and safety of mAbs targeting PAC1-receptor or
PACAP1-38 [158]. Recent preclinical and clinical studies have
revealed a new possible aspect of migraine management by
influencing the kynurenine pathway [159-163]. Experimental stu-
dies with electrically activated trigeminovascular system pointed
to a direct link between PACAP and the kynurenine pathway in
rats [164]. In CM sufferers, altered serum levels of different kynur-
enine metabolites have been demonstrated [165]. Fully huma-
nized mAbs targeting CGRP or CGRP-receptors and also
antibodies against PACAP or PACT-receptors, and possibly even
kynurenine pathway-related therapeutic approaches may provide
us with a novel, innovative opportunity either alone or in combi-
nation with different neuromodulation techniques in intractable
drug-resistant headache patients.
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