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Abstract

Purpose of Review Chronic headache sufferers are estimated
to be around 3% of the population. These patients have a high
disease burden. When prophylactic treatments have low effi-
cacy and tolerability, patients are in need of alternative thera-
peutic strategies and options.

Recent Findings In the last decade, a number of
neuromodulation procedures have been introduced as
treatment of chronic intractable headache patients when
pharmacological treatments fail or are not well tolerated.
Neurostimulation of peripheral and central nervous sys-
tem has been carried out, and now, various non-invasive
and invasive stimulation devices are available. Non-
invasive neurostimulation options include vagus nerve
stimulation, supraorbital stimulation and single-pulse
transcranial magnetic stimulation; invasive procedures in-
clude occipital nerve stimulation, sphenopalatine ganglion
stimulation and hypothalamic deep brain stimulation. In
many cases, results supporting their use derive from open-
label series and small controlled trial studies. Lack of
adequate placebo hampers adequate randomized con-
trolled trials.

Summary In this paper, we give an overview on the main
neurostimulation procedures in terms of results and putative
mechanism of cation.

This article is part of the Topical Collection on Neuromodulation
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Introduction

Headaches with a chronic course affect about 3% of the pop-
ulation [1]. In the majority of cases, patients with chronic
headache referred to specialized headache centres suffer from
chronic migraine or cluster headache [2].

Medical treatments improve these conditions in a large
proportion of these patients, but still, a minority is refractory
to or cannot tolerate pharmacological treatments.

In the last decade, a number of neuromodulation proce-
dures have been employed in the attempt to improve chronic
headache patients when pharmacological treatments fail [3].
Both peripheral and central neural structures have been
targeted [4]. This paper offers an overview of main
neurostimulation procedures employed to treat intractable
chronic headaches.

Neuromodulation has the potential to modulate central and/
or peripheral pain pathways using electrical or magnetic im-
pulses and is aimed to produce changes in the pain system so
to reduce pain levels. Targets for neurostimulation in headache
currently include non-invasive stimulation as vagus nerve
stimulation, superficial cortical stimulation produced by trans-
cranial magnetic stimulation, supraorbital nerve stimulation
and more invasive stimulation procedures as occipital nerve
stimulation (ONS), sphenopalatine ganglion (SPG) stimula-
tion and posterior hypothalamus stimulation (Table 1). All of
these procedures have the potential to modulate brain phe-
nomena thought to be responsible for attack generation, i.e.
cortical spreading depression or brainstem activation (Fig. 1).
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Table 1 Main neurostimulation
procedures of peripheral and

Non-invasive neurostimulation procedures

Invasive neurostimulation procedures

central nervous system to treat
chronic intractable primary
headaches

* Vagus nerve stimulation
* Transcranial magnetic stimulation

* Supraorbital nerve stimulation

* Occipital nerve stimulation
* Sphenopalatine ganglion stimulation

* Hypothalamic deep brain stimulation

Non-invasive Neurostimulation
Vagus Nerve Stimulation

The vagus nerve is a mixed motor and sensory nerve cru-
cial for a number of vital functions. Its projections include
brain centres involved in pain regulation. The vagus nerve
brings important information to the trigeminal nucleus
caudalis (TNC) involved in head pain modulation, and it
was initially suggested that vagus nerve stimulation (VNS)
could directly inhibit nociceptive information there [5]
(Fig. 1). This effect could be the consequence of reduced
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concentration of glutamate in the TNC produced by VNS,
and reduced concentration of glutamate in the TNC might
reverse central sensitisation in chronic headaches
favouring clinical improvement [6]. The vagus nerve in
the neck conveys visceral information to various brain
areas involved in migraine pathophysiology in addition to
TNC. In neuroimaging studies, chronic VNS inhibited ac-
tivity in the thalamus, the locus coeruleus, the nucleus
tractus solitarius, the dorsal pons and the limbic system
[7]. VNS also induced a delay in the establishment of vi-
sual habituation [8] further suggesting its use to restore the
dysfunctional visual cortex in migraine [9].
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Fig. 1 Anatomy of head pain and autonomic phenomena in
neurovascular headaches: trigeminal autonomic cephalalgias (TACs)
and migraine. The pain in neurovascular headaches is likely to come
from activation of the trigeminovascular system while autonomic
craniofacial phenomena (mainly in TACs) are from parasympathetic
activation. Contemporary activation of trigeminovascular and cranial
parasympathetic systems are thought to be part of a brainstem reflex,
the trigemino-parasympathetic reflex. A number of brain structures are
probably involved in the modulation of trigemino-parasympathetic reflex.
Abbreviations: 7G trigeminal ganglion, 7CC trigeminocervical complex,
SPG sphenopalatine ganglion; Hypothalamic nuclei: PH posterior, SON
supra-optic, VMH ventromedial, PVN paraventricular hypothalamic
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nuclei, LH lateral, DMH dorsomedial, PON pre-optic, PAG
periaqueductal grey, LC locus coeruleus, NRM nucleus raphe magnus.
Ascending nociceptive signals, from to the TCC to higher brain
structures (light blue neurons). Reflex connection from the TCC, via
the superior salivatory nucleus (SuS), provides an autonomic projection
to the cranial vasculature (grey neurons). Greater petrosal nerve (green
neuron). The facial (seventh cranial) nerve (purple neuron). Descending
projections from PH, PVN and LH thought to modulate
trigeminovascular nociceptive transmission in the TCC (red neurons).
Descending projections to the SuS (orange neurons). Modified with
permission from: Akerman S and Goadsby PJ, Headache 2015
Jan;55(1):197-203
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Transcutaneous vagus nerve stimulation can be applied to
the neck thanks to a handheld device, the gammaCore.

Migraine

Acute treatment of migraine with gammaCore has been tried:
in one open-label study, 80 attacks of 27 migraine patients
were treated: 22% of moderate-to-severe attacks were pain
free 2 h after treatment [10].

In a controlled study performed on 59 patients,
gammaCore was investigated as preventative treatment for
chronic migraine. After 2 months, active treatment did not
produce significant reduction of headache days: —1.9 days
with gammaCore vs 0.20 sham (p=0.124) [11]. Ongoing
open-label experience suggests better performance of
gammaCore, but further controlled studies are needed.

Cluster Headache

In a prospective, open-label, randomised study including 97
patients VNS as adjunctive prophylactic was compared to
with standard of care (SoC) [12]. A 2-week baseline phase
was followed by a 4-week randomized phase (SoC plus non-
invasive VNS (nVNS) vs control) and a 4-week extension
phase (SoC plus nVNS). The primary end point was the re-
duction in the mean number of cluster headache (CH) attacks
per week. Significantly higher >50% response rates were ob-
served with SoC plus nVNS (40%) vs controls (8.3%). No
serious adverse events were observed.

An open-label study on 19 CH patients showed that the
device, used as acute treatment, reduced attacks duration in
47% of cases: 11 vs 75 min (mean duration before using
gammaCore) [13].

Even if evidence for using gammaCore as an acute treat-
ment in CH needs further investigation, it might be considered
for patients suffering multiple CH attacks daily, when there are
contraindications to triptans or acute therapies for CH do not
produce improvement.

Adverse effects are mild and usually transient including
hoarseness and voice change, irritation of skin, muscle dis-
comfort and paraesthesia.

Transcranial Magnetic Stimulation

Migraine aura is attributed to cortical spreading depression
(CSD) that is a wave of depolarisation of neural membranes
originating from a hyperexcitable cortex of and activation of
meningeal nociceptors [10]. CSD is also able to induce acti-
vation in the trigeminal system [14]. In addition, an abnormal
cortical processing is observed in migraine between attacks
characterized by a normal-to-low amplitude response to stim-
uli, followed by potentiation, i.e. an amplitude increase during
prolonged stimulation, while the opposite, habituation, i.e.

amplitude decrease, is observed in normal subjects [9].
Taken together, these information indicate that brain cortical
activity is a potential target for migraine treatment.
Transcranial magnetic stimulation (TMS) and transcranial di-
rect current stimulation (tDCS) have the ability to modulate
the underlying cerebral cortex. The principle behind transcra-
nial magnetic stimulation is that a brief single magnetic pulse
to the scalp produces electrical fields in the underlying cortex
thought to provoke neurotransmitter release capable to inter-
fere with CSD as well with other migraine-related cortical
phenomena leading a hyperexcitable cortex [14]. It has been
shown that single-pulse transcranial magnetic stimulation in-
hibits cortical spreading depression [15]. Hence, single-pulse
transcranial magnetic stimulation could both terminate the au-
ra phase and reduce the headache while repetitive transcranial
magnetic stimulation may reduce cortical neuronal excitabili-
ty, reverse central sensitisation and improve headache fre-
quency (Fig. 1).

A rechargeable handheld device, the SpringTMS device, de-
livers a single pulse of magnetic stimulation to the occipital
regions of the head and has been tested as treatment in migraine.

Acute Treatment of Migraine With and Without Aura

Single-pulse transcranial magnetic stimulation has been tried
as acute treatment of migraine with aura in a randomised,
double-blind, parallel-group, sham-controlled trial in 164 pa-
tients. Patients reported a pain-free response rate significantly
higher in those with active vs sham treatment at both 2 h (39
vs 22%) and 24 h (29 vs 16%) [16].

In an open-label postmarketing survey, data on 190 out of
426 migraine with and without aura patients were obtained
after a 3-month follow-up using SpringTMS as acute treat-
ment [17]. Sixty-two percent reported some reduction in mi-
graine pain and 59% some reduction in attack duration.

Preventative Treatment of Migraine and Cluster Headache

Unfortunately, no controlled study supports the use of
SpringTMS in the migraine or cluster headache prevention.

In general, the limited evidence available suggest using
SpringTMS as acute treatment of migraine with and without
aura in patients overusing acute medications or when acute
drugs do not work.

Supraorbital Nerve Stimulation

The supraorbital nerve is a branch of the first division of the
trigeminal nerve and its stimulation has the potential to interfere
with the trigeminal pain pathway and to inhibit activated
trigeminovascular system (Fig. 1). Nociceptive fibres coming
from the somatic portion of the ophthalmic nerve and Ad and C
fibres of the trigeminovascular system from meninges thought

@ Springer



16 Page4 of 7

Curr Pain Headache Rep (2017) 21: 16

to be responsible for migraine pain converge onto the trigemi-
nal nucleus caudalis (TNC). The convergence of somatic and
visceral stimuli in the TNC suggests the therapeutic potential
that the neuromodulation of somatic branches of the ophthal-
mic division of the trigeminal nerve may have on trigeminal
nociceptors in the TNC and on migraine pain mechanisms.

An external transcutaneous supraorbital nerve stimulator,
the Cefaly device, has been developed for headache treatment.
In a pilot study on 10 migraine patients, the device employed
for acute migraine treatment produced pain freedom in only
13% of attacks [18]. In a manufacturer-sponsored sham-con-
trolled trial, including 67 subjects with episodic migraine, the
Cefaly device has been tested as preventive treatment. After a
1-month run-in period, the Cefaly or sham device was used for
3 months. Migraine days were reduced by 29.7% (from 6.94 to
4.88 days; p=0.023) in the active group, while in the sham
group, the reduction was 4.9% (from 6.54 to 6.22 days) [19].
Some patients reported paraesthesia, worsening of pre-existing
headache, and drowsiness, but generally, the adverse events
reported using the Cefaly device appear mild and transient [20].

The exact mechanism of action of supraorbital nerve stimu-
lation in migraine is not unknown. Supraorbital nerve stimula-
tion produced sedative effect in healthy volunteers [21] sug-
gesting this stimulation has the potential to interfere with cen-
tral nervous system activity. Supraorbital nerve stimulation
could modify activation threshold within the trigeminovascular
system both peripherally and centrally by winding down the
trigeminal pain pathway.

Invasive Neurostimulation
Occipital Nerve Stimulation

The occipital nerves are a target for neuromodulation due to the
anatomical overlap between the trigeminal and cervical afferents
in the trigeminocervical complex (TCC). As for the anatomy of
nociceptive trigeminal fibres from ophthalmic nerve branches,
painful information from cervical territories are conveyed to
second order neurons of the TCC [22] (Fig. 1). The TCC is a
relay system for head and cervical pain travelling to higher brain
centres as thalamus, hypothalamus and pain matrix areas. ONS
could act by modulating antinociceptive activity in the TCC and
then remodelling neural activity in brain areas of the pain matrix
[22] (Fig. 1). In chronic cluster headache, patients receiving
occipital nerve stimulation fluorodeoxyglucose positron emis-
sion tomography imaging showed normalised metabolism in
several areas of the pain matrix after neurostimulation [23] while
the ipsilateral posterior hypothalamus, the so-called cluster gen-
erator, continued to maintain hyperactive. Patients undergoing
occipital nerve stimulation for chronic migraine showed a sim-
ilar pattern that is pain relief but persistent hyperactivity of the
dorsalrostral pons, the so-called migraine generator [24]. Taken
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together, these findings suggest that occipital nerve stimulation
may act via a non-specific modulation on descending pain con-
trol systems enhancing activity of antinociceptive pathways in-
stead of acting on headache generators.

A certain efficacy in the prevention of chronic migraine
and trigeminal autonomic cephalalgias (TACs-chronic cluster
headache, hemicrania continua and short-lasting unilateral
neuralgiform headache attacks) has been demonstrated [3].
As a whole, patients suffering from chronic cluster headache
have a response rate of about 60—70% [3, 25] and less than
50% for chronic migraine [26°].

Long-term ONS efficacy has been evaluated only in open-
label studies.

Migraine

ONS efficacy in the prophylaxis of chronic migraine has been
investigated in randomized controlled trials with conflicting
results. Pooled data from a recent meta-analysis study con-
ducted on three separate randomized controlled trials (RCTs)
on ONS efficacy showed that ONS was associated with a
mean reduction of 2.59 migraine days per month after
3 months compared with sham controls [26¢].

In a randomised-controlled study on 61 subjects adjust-
able stimulation (28 patients), preset stimulation (16 pa-
tients) and medical management (17 patients) were com-
pared [27]. Responders (a 50% reduction in monthly
headache days or a less than three-point reduction in pain
scores) rate 39% in the adjustable group, 6% in the preset
group and 0% in the medical group.

In another randomized study, active stimulation was
compared to sham stimulation in a population of 125
chronic migraine patients but, after 3 months, no differ-
ence was observed [28].

The largest RCT exploring ONS efficacy in chronic mi-
graine was performed on 157 patients [29]. The active harm
showed a significantly higher reduction of headache days vs
the sham group (27 vs 15%). Similarly, the percentage of
patients with at least a 30% reduction of headache pain scores
was higher in the active group (38 vs 19%). However, when
comparing the percentage of subjects achieving a >50% re-
duction in daily pain scores, there was no difference in the two
groups (17 vs 14%); in chronic pain, a 30% improvement is
considered a clinically relevant achievement.

Chronic Cluster Headache

There is only one ongoing controlled trials investigating ONS
efficacy in chronic cluster headache. A number of open-label
studies with long-term follow-up seem to support ONS effica-
cy. Data from 126 ONS treated patients from ten studies shows
an average efficacy 67% reduction of attack frequency [3, 25].



Curr Pain Headache Rep (2017) 21: 16

Page 5of 7 16

Guidelines from the European Headache Society indicated
when to propose the use of invasive neurostimulation proce-
dures including ONS [28]. In general, ONS must be used in
patients suffering highly medically refractory cluster head-
aches who have not responded to all other treatments. The
same applies also to other invasive neurostimulation proce-
dures [30e¢]. Less clear is its indication to treat intractable
chronic migraine. A multidisciplinary team specialized in
headache has to properly follow the patients before consider-
ing any kind of surgery. Special consideration has to be paid
before implanting ONS in patients that may require future
MRI scanning as multiple sclerosis and other brain conditions
because implanted patients cannot have MRI scans.

Occipital nerve stimulation has no indication as treatment
for acute migraine or cluster headache [30ee].

Sphenopalatine Ganglion Stimulation

The sphenopalatine ganglion (SPG) lies in the pterygopalatine
fossa and contains sympathetic and parasympathetic neurons
as well as sensory neurons from the second trigeminal branch.
Its nervous structures are connected with systems involved in
neurovascular headache pathophysiology as the trigeminal
system (responsible of head pain) and the superior salivatory
nucleus (SSN) (responsible of cranial parasympathetic phe-
nomena) [31] particularly in cluster headache [31] (Fig. 1).
The parasympathetic fibres from the SPG innervate vessels
and mucous membranes of the face and paranasal sinuses as
well as meningeal vessels and release neurotransmitters acti-
vating trigeminal nociceptors that in turn send pain impulses
to second-order neurons in the TNC (Fig. 1). TNC and SSN
are connected in the brainstem, and this circuit is responsible
of'the contemporary appearance of pain and cranial autonomic
phenomena: the trigemino-parasympathetic reflex [32].
Recent studies have shown that certain SPG stimulation pat-
tern can improve acute CH [33] while other patterns of stim-
ulation can trigger CH attacks [34] thus confirming the rele-
vance of SPG in the pathophysiology of neurovascular head-
aches and prompting new studies with this procedure.

Chronic Cluster Headache

In a multicentre trial on 28 patients using implanted SPG
stimulator, the active group showed a significantly higher
number of improved cluster attacks at 15 min (67% active
vs 7% sham) [33].

In a subsequent study, 33 patients were enrolled in a
24-month open-label follow-up study. A total of 5956
attacks (180.5+344.8, range 2-1581 per patient) were
evaluated: 45% (n=15) of patients were acute responders
(acute effectiveness in >50% of attacks) [35]. A >50%
reduction in attack frequency vs baseline was observed
in 33% (n=11) of patients.

An expert consensus [36] suggested that SPG
neurostimulation can be considered as an acute treatment in
strictly unilateral CH patients and should be implanted when
all available medical treatments have failed. Its efficacy as
prophylaxis needs a more in-depth investigation.

Hypothalamic Deep Brain Stimulation

Activation of the posterior hypothalamic areca has been
reported during cluster headache attacks as well as other
TACs [37-39]. It was thought that activation there could
be inhibited by high-frequency stimulation of that area
applying the same principle used to treat tremor in
Parkinson’s disease [40].

The first stimulation of this brain area was performed in
2001 on cluster headache patients [41]. So far, the procedure
has been conducted in more than 90 chronic cluster headache
patients with an overall response rate of about 66% [42, 43].

There has been discussion on how to name the activated
brain area in CH patients [44], and a recent paper argued that
the site of implantation is the ventral tegmental area rather
than the posterior hypothalamus [43].

Selection criteria for deep brain stimulation (DBS) have
been published [28]. The procedure must be reserved to severe
intractable chronic CH not responding also to less invasive
procedure as ONS and has to be performed in highly special-
ized centres with a multidisciplinary team; mental, cognitive,
affective and emotional status assessment in these patients has
to be considered before proposing DBS [30e°].

Chronic Cluster Headache

There is only one randomised placebo-controlled trial of 11
patients treated with deep brain stimulation in chronic cluster
headache: the main limitation is that the double-blind obser-
vation period was of only 1-month duration [45]. In fact, effi-
cacy takes weeks to months to take place in these patients [42,
43]. It is of interest that deep brain stimulation is not effective
in the acute treatment of CH [46].

Since continuous hypothalamic stimulation needs
weeks to several months to improve CH, a complex
mechanism of action is probable instead of a simple inhi-
bition of the stimulated area.

Chronically stimulated CH patients show an increased ip-
silateral cold pain threshold in V1 territories [47] indicating
that hypothalamic stimulation has a modulatory effect on the
antinociceptive system.

In hypothalamic stimulated patients, an increased blood
flow in brain regions of the pain matrix is observed and it
can be hypothesized that hypothalamic stimulation restore
normal metabolism in these areas thus re-establishing a nor-
mal control on trigeminal pain circuits [48].
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Hypothalamic stimulated CH patients have normal para-
sympathetic system activity [49] suggesting that the stimula-
tion improve CH by restoring parasympathetic control in the
SSN (Fig. 1).

DBS in CH patients activates the hypothalamus, the
thalamus, the somatosensory cortex, the anterior cingu-
late, the ipsilateral trigeminal nucleus and the ganglion,
and some of these structures are also active during acute
cluster attacks [48]. Since DBS does not eliminate CH, it
could act upon pain circuits involved in maintaining
chronic cluster headache [50].

Conclusions

Intractable chronic headache syndromes challenge routine
practice in specialized headache centres and have a high dis-
ease burden [1].

When migraine and cluster headache prophylactic treat-
ments have low efficacy and tolerability, patients ask for
new therapeutic strategies and options.

In the last years, a certain benefit from neurostimulation
devices has been reported in a number of studies, mainly
open-label studies, and only limited conclusions are allowed.
Lack of adequate placebo and small number of studied pa-
tients indicate the increasing need of adequate randomized
controlled trials (RCTs).

A main issue in such RCT is placebo. Many of used de-
vices induce effects and sensations (as paraesthesia, abnormal
sensations—warm/discomfort—twitching, etc.) that easily
unblind patients. In this respect, a new approach is using elec-
trical currents below the level hypothesized to produce im-
provement as sham stimulation [51]: the study is still ongoing;
we are really interested for the future results.

Notwithstanding, costs for neurostimulation are high; it has
been estimated that the saving due to the reduction in acute
treatment (sumatriptan) consumption covers costs for both
stimulators and patients’ management [52].

Clear guidelines have been published on patient selec-
tion and neurostimulation procedures: clinicians must at-
tain to those and continue the discussion in the field [30e°]
to offer an up to dated and in-depth balanced view on
neurostimulation approaches to the intractable chronic de-
manding headache sufferers.
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