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Abstract Headache disorders are common worldwide and
often disabling. Until recently, treatments were borrowed
from other branches of neurology and medicine. Mono-
clonal antibodies targeting calcitonin gene-related peptide
(CGRP) ligand and receptor, small molecule CGRP
receptor antagonist gepants, serotonin;g agonists, new
devices to deliver currently available drugs, and neuro-
modulation devices have recently been in the forefront of
headache treatments that are rather specific for various
headache disorders. These novel therapies are changing the
field of headache medicine. Herein, we update the latest
data available for these therapies.
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Introduction: epidemiology of primary headache
disorders

Headache disorders are among the most common and
debilitating conditions with which physicians deal.
Prevalence data show that tension-type headache is the
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second most prevalent disorder worldwide [1, 2]. After
dental caries, tension-type headache was among the eight
diseases affecting more than 10% of the world population
in 2013. Tension-type headache affects 1.6 billion people
worldwide. Among all neurological conditions, migraine,
tension-type headache, and medication overuse headache
were among the most prevalent. The 1-year prevalence
rate for migraine is 10%, ranging from 4.5 to 6% in men
and 14.5-18% in women [3, 4]. The prevalence distri-
bution for migraine has an inverted U shape, i.e., low
prevalence in young and old people. The highest preva-
lence (23.5%) is among females between the ages of 18
and 44 [5-7].

There are various oral medications for the acute and
preventive treatment of primary headache disorders.
Patients, however, generally do not remain on their
medications for long. Hepp et al. reviewed over 8000
patients and reported that adherence to the initial oral
migraine preventive medication prescribed was only
25% at 6 months and 14% at 12 months [8]. They
further concluded that switching between oral medi-
cations is common, but adherence worsens as the
patients’ cycle through various treatments. It is also
known that most patients do not stay on the first
triptan prescribed, nor get total relief from these
medications [9, 10].

In this review, we will detail some of the latest treatment
options in the pipeline for the primary headache disorders.
We will focus on the monoclonal antibodies, non-triptan
serotonin receptor agonists, and devices that use triptans
and ergots with novel delivery systems. Finally, we will
discuss the use of neuromodulation.
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New oral and injectable treatment options

Some of the most exciting advances in headache preven-
tion are attributed to modulating the effect of CGRP. The
development of small molecule CGRP receptor antagonist
gepants and monoclonal antibodies that target either the
CGRP ligand or its receptor has proceeded for more than
10 years. Early treatments by the small molecule CGRP
receptor antagonist gepants either showed signs of liver
toxicity or were not commercialized. Today, other gepants
are being tested both for acute care and prevention of
migraine. There are several pharmaceutical companies
working on their development.

Why target CGRP?

CGRP is a 37 amino acid neuropeptide that is a potent
vasodilator present ubiquitously in the body. Lars Edvinsson
of Lund University, Sweden, performed the early studies on
CGRP and then the effect of blocking CGRP on arteries
[11]. CGRP mediates neurogenic inflammation and modu-
lates nociceptive input [12]. It is found in trigeminal sensory
afferents, other sensory neurons, and the spinal trigeminal
nucleus [13]. In 1990s, Goadsby, Edvinsson, and others
reported elevated levels of CGRP in the jugular outflow
during migraine attacks [14, 15]. It was also found abun-
dantly in the saliva during migraine attacks [15]. Further-
more, levels of CGRP were attenuated by administration of
triptans, associated with pain relief [16]. It has also been
shown that intravenous injection of CGRP can cause a
headache [16]. Interestingly, migraine-like headache occur-
red only in patients with a history of migraine, while non-
migraineurs had a sensation of fullness in the head [17].

Small molecule CGRP receptor antagonists,
the gepants

There have been numerous small molecule CGRP receptor
antagonists, called gepants, studied so far for the acute
treatment of migraine. All were found effective with pos-
itive primary outcomes in phase 2 and 3 trials. The earlier
animal studies did not show that they constrict blood ves-
sels. There was no sign of liver toxicity in these early trials.
When a preventive trial was done with the daily use of one
of these antagonists, telcagepant, which had already shown
acute care efficacy in two-phase 3 trials, liver toxicity was
noted. A follow-up trial requested by the US Food and
Drug Administration (FDA), done in patients with men-
strually associated migraine, also showed liver toxicity and
further work on telcagepant was halted [18-22].
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Early studies of gepants

The first gepant described in clinical trials was olcegepant
[22, 23]. The trial was a multi-center, double-blind, ran-
domized trial for the acute relief of a migraine attack; it
revealed that at 2 h, the 2.5 mg intravenous dose of olce-
gepant provided 66% of the patients with pain relief
compared to 27% for the placebo (p = 0.001). The adverse
event rate was 25% compared to the placebo, which was
12.5%. The most common side effect was paresthesia;
there were no CNS or triptan-like side effects. It was
concluded that it was effective in treating migraine acutely.
It has not yet been commercialized.

Telcagepant (MK0974), at 300 mg, achieved pain relief
at 2 h of 68%, at 400 mg 48.2%, and at 600 mg 67.5%
versus rizatriptan 10 mg 69.5% and placebo 46.3%
(p = 0.015) [24]. In a randomized, parallel-group, placebo-
controlled, double-blind, international trial of 1380
patients, telcagepant 300 mg was as effective at treating
migraine acutely as zolmitriptan 5 mg but with fewer
adverse events [25, 26]. Cui et al. performed a meta-
analysis on the efficacy of telcagepant versus placebo and
triptans (zolmitriptan or rizatriptan) in 2015. Eight trials
were included in the analysis. Pain freedom at 2 h favored
telcagepant over placebo (odds ratio = 2.70, 95% confi-
dence interval = 2.27-3.21, p < 0.001) There was non-
inferiority for telcagepant versus triptans (odds
ratio = 0.68, 95% confidence interval = 0.56-0.83,
p < 0.001). Pain relief at 2 h was better for telcagepant
compared to placebo (odds ratio = 2.48, 95% confidence
interval = 2.18-2.81, p < 0.001; this was not the case
when telcagepant was compared with triptans (odds
ratio = 0.76, 95% confidence interval = 0.57-1.01,
p = 0.061) [27]. The development of telcagepant was
halted due to an increase in aminotransferases in two
patients. A randomized, double-blind, placebo-controlled,
multi-center trial by Ho et al. showed that although telca-
gepant taken daily reduced headache by 1.4 days per
month compared to placebo, but there was a 2.5% risk of
increased alanine aminotransferase (ALT) [18].

Current studies of gepants

BMS-92771 is an oral gepant in which the phase 2 trial was
completed; however, the company that developed it is
offering to sell it [21]. It is superior to placebo and is well
tolerated. In the double-blind, randomized, placebo-con-
trolled, dose-ranging trial, the authors showed that at 2 h,
pain freedom for the 75 mg dose was 31.4% (p = 0.002),
for the 150 mg dose was 32.9% (p < 0.001), and for the
300 mg dose was 29.7% (p = 0.002) compared to placebo,
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which was 15.3%. A secondary endpoint, sustained pain
freedom from 2 to 24 h post dose, demonstrated statisti-
cally significant results compared to placebo.

Another oral gepant for which phase 2 dose-ranging data
were published is BI 44370 TA. The study was done on
341 subjects with migraine who were treated with 50, 200,
and 400 mg of study drug, eletriptan 40 mg or placebo
[28]. The primary endpoint was 2 h pain freedom. For the
400 mg dose, the results were 27.4% compared to
eletriptan, which was 34.8% and placebo, which was 8.6%
(p = 0.0016). There are apparently no current plans to
proceed with this gepant into phase 3.

Voss et al. performed a phase IIb randomized, double-
blind, placebo-controlled trial of oral ubrogepant for the acute
treatment of migraine attacks in 2016 [29]. The dose range
finding study of 1, 10, 25, 50, and 100 mg compared to pla-
cebo was performed for efficacy and tolerability. There were
527 subjects who received the drug and 113 that received
placebo. Ubrogepant 100 mg showed superiority over pla-
cebo for 2-h pain freedom, 25.5% compared to 8.9%,
p < 0.001) but no superiority for pain relief at any time point.
The failure to show benefit for pain relief was either due to a
relatively high placebo response rate, a somewhat low number
of patients in the 100 mg dose, or the dose selected, which
may have been too low in this dose-ranging study.

Atogepant, antoher oral gepant, is currently being
studied in the phase 2 trials as a preventive treatment of
episodic migraine (Clinicaltrials.gov NCT02848326).

The development of monoclonal antibodies
to CGREP or its receptor

Monoclonal antibodies to CGRP and its receptor have been
developed for migraine prevention. They are highly specific
for their target. They are not metabolized in the liver and
therefore devoid of liver toxicity. They have very long half-
lives compared to currently available oral migraine preventive
medications. Because of their large molecular size, they
cannot cross the blood brain barrier and must be injected
intramuscularly, subcutaneously, or infused intravenously
[30]. Currently there are four monoclonal antibodies to CGRP
or its receptor that are being developed. At the time of this
writing (March 2017), they all have completed phase 2 trials
and are currently in phase 3 studies: erenumab (Amgen 334)
[31, 32] eptinezumab (ALD 403) [33], galcanezumab
(LY2951742) [34], and fremanezumab (TEV48125) [35].
These will be described individually in detail.

Erenumab (AMG 334)

The trials for Erenumab (AMG 334) are for episodic and
chronic migraine; this is the only antibody of the four that

targets the CGRP receptor, not the ligand. Erenumab is a
fully human CGRP immunoglobulin G2 (IgG) antibody
that binds selectively to the CGRP receptor. It is the only
one of the four migraine preventive monoclonal antibodies
that is fully human; the other three are humanized. The
target is a G protein coupled receptor composed of calci-
tonin receptor-like receptor and receptor activity modifying
protein 1 subunits (RAMPI1). At 70 mg, the half-life of
erenumab is 21 days, allowing for monthly subcutaneous
injections [31, 32]. In a multi-center, randomized, double-
blind, placebo-controlled phase 2 trial, the safety and
efficacy of erenumab were assessed for prevention of
migraine attacks [31]. There were 483 patients enrolled at
59 centers between the ages 18—60 with 4-14 migraine
days per month. The primary endpoint was the change in
monthly migraine days from baseline for 12 weeks. The
mean change in monthly migraine days was 3.4 days fewer
at 12 weeks with erenumab at 70 mg compared to 2.3 days
fewer with placebo (p = 0.021). Adverse events occurred
in 54% who received placebo, and 54% of those who
received erenumab 70 mg.

There is also a phase 3 randomized, double-blind, pla-
cebo-controlled trial for the evaluation of the efficacy and
safety of erenumab in migraine prevention (Clinicaltrial.-
gov NCT02483585). The primary outcome measure is
change from baseline in mean monthly migraine days at
3 months. This is for episodic migraine patients with or
without aura who have headaches more than 12 months.
The erenumab at dose of 70 mg subcutaneously once a
month or placebo was administered for the first 12 weeks
then followed by open-label phase for 28 weeks.

Phase 2/3 data on Erenumab were presented at the
European Headache Federation/Migraine Trust meeting in
September 2016 in Glasgow, Scotland. Erenumab 70 and
140 mg were both superior to placebo at reducing migraine
days at 12 weeks, showing a 6.6 decrease in migraine days
versus a 4.2 decrease in migraine days for placebo,
p < 0.001. About 40% of patients treated with active drug
had at least a 50% decrease in migraine days compared
with 24% for placebo. Tolerability was good and compa-
rable to placebo.

Currently, we are awaiting other results of trials per-
taining to erenumab. There is an open-label extension study
to assess the long-term safety and efficacy of erenumab
(Clinicaltrial.gov NCT02174861). There is a randomized,
double-blind, placebo-controlled, study on the effect of
AMG 334 on exercise time during a treadmill test in
patients  with  stable  angina  (Clinicaltrial.gov
NCT02575833). There is a phase 1 randomized controlled
trial (RCT) on the effect of a single dose erenumab on
blood pressure given concomitantly with subcutaneous
sumatriptan in  healthy subjects (Clincialtrial.gov
NCTO02741310). There is a phase 1 RCT to evaluate the
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blockade of CGRP receptor using a single dose of erenu-
mab in preventing PCAP-38-induced migraine, such as
attacks (Clinicaltrial.gov NCT 02542605). Another phase 1
RCT evaluates the efficacy, safety, tolerability and phar-
macokinetics of erenumab in women with hot flashes
associated with menopause (Clinicaltrial.gov NCT
01890109).

Eptinezumab (ALD 403)

The eptinezumab trials are for episodic and chronic
migraine attacks, and the only ones looking at an intra-
venous dose. The current data available for this drug are
from a phase 2 trial. Eptinezumab is a humanized CGRP
IgG1 antibody that binds to both alpha and beta forms of
the human CGRP [33]. It has a half-life of 31 days at
1000 mg dose, given intravenously.

In a randomized, double-blind, placebo-controlled
exploratory proof of concept phase 2 trial, Dodick et al.
assessed the safety, tolerability, and efficacy of eptinezu-
mab in patients with 5—14 migraine days per 28-day period
who were between the ages 18-55. The trial enrolled 163
patients, 81 of whom received 1000 mg of eptinezumab,
while 82 received placebo only once in 3 months. After
5-8 weeks, the mean change in migraine days compared to
baseline was 5.6 days fewer for the eptinezumab group and
4.6 days fewer for the placebo group (p = 0.0306). There
were no safety concerns noted. A post hoc analysis showed
that 16% of the subjects had a 100% responder rate for pain
relief, 24% had a 75% responder rate, and 28% had a 50%
responder rate during the 12 weeks of the trial.

The current trial in progress is entitled “A Parallel
Group, Double-Blind, Randomized, Placebo-Controlled
Phase 3 Trial to Evaluate the Efficacy and Safety of ALD
403 Administered Intravenously in Patients With Chronic
Migraine” (Clinicaltrials.gov NCT02974153). Results may
be available in 2017. An open-label trial is also under way
titled “An Open Label Trial to Evaluate the Safety of
ALD403 Administered Intravenously in Patients With
Chronic Migraine” (Clinicaltrials.gov NCT02985398).

Galcanezumab (L.Y2951742)

The clinical trials for galcanezumab are for episodic and
chronic migraine as well as cluster headaches. The treat-
ment is given as a single subcutaneous injection twice a
month. Galcanezumab is a humanized monoclonal anti-
body selectively binding to CGRP ligand with a half-life of
28 days [34]. In a phase 2 RCT, the efficacy and safety of
galcanezumab were assessed at 35 centers in patients
between the ages of 18-65 with 4—-14 migraine days per
month. The dose was 150 mg galcanezumab in comparison
with placebo. The primary endpoint was the mean change
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in number of migraine headache days per 28-day period
between baseline and 12 weeks. Safety was assessed over
24 weeks. Of the 218 patients, 108 of them received gal-
canezumab, and the rest received placebo. The mean
change in headache days after 12 weeks compared to
baseline was 4.2 fewer days for those receiving the drug
and 3 days fewer for those receiving placebo (p = 0.0030).
Adverse events occurred in a small percentage of the
patients.

RCTs in phase 3 evaluating galcanezumab for episodic
and chronic cluster headaches are underway (Clinical-
trial.gov NCT02438826 and NCT02397473).

Fremanezumab (TEV48125)

The trials for fremanezumab are for episodic and chronic
migraine and also for cluster headache. It was the first of
the monoclonals to be reported in a phase 2 trial for chronic
migraine. It is given as a monthly subcutaneous injection
and targets the CGRP ligand. In a phase 2b multi-center,
randomized, double-blind, placebo-controlled trial on epi-
sodic migraineurs, the efficacy and safety of fremanezumab
were assessed in patients between the ages of 18 and 65
with 8-14 headache days per month, which is high-fre-
quency episodic migraine [35]. The primary endpoints for
episodic migraine were change in migraine days from
baseline to 12 weeks as well as safety and tolerability.
There were 297 patients evaluated, 95 of them received the
225 mg dose and 96 received the 675 mg dose. The change
in number of migraine days after 12 weeks was 6.09 days
fewer in the 675 mg dose group, 6.27 days fewer in the
225 mg dose group, and 3.46 fewer days in the placebo
group (p < 0.0001). Adverse events occurred in 59% in the
group who received 675 mg dose, 46% in the 225 mg dose
group, and 56% of the placebo group.

Fremanezumab was also evaluated at the same time for
chronic migraine [36]. This was a multi-center, random-
ized, double-blind, double-dummy, placebo-controlled,
parallel-group, phase 2b trial. The participants were
patients between the age of 18 and 65 with chronic
migraine who received three 28-day treatment cycles of
subcutaneous fremanezumab at doses of 675 mg in the first
treatment cycle, 225 mg in the second and third treatment
cycles each. This dosage was compared to 900 mg in all
three treatment cycles as well as placebo. The primary
endpoints were change from baseline in total headache
hours during weeks of 9—12, which are the third treatment
cycle, along with safety and tolerability. Overall, there
were 264 participants. The mean change from baseline in
terms of the number of headache hours during the third
treatment cycle was 67.51 h fewer in the 900 mg group,
59.84 h fewer in the groups that received 675/225 mg
injections, and finally 37.10 h fewer in the placebo group.
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Adverse events were 47% in the 900 mg group, 53% in the
675/225 mg group, and 40% in the placebo group.

There are also ongoing phase 3 studies of fremanezumab
on episodic and chronic cluster headaches (Clinicaltrial.-
gov NCT02945046 and NCT02964338).

Lasmiditan: a Serotonin,r receptor agonist

The 5-HT,f receptor agonists are alternatives to the trip-
tans, which are mostly agonists at the 5-HT/,p receptors.
The unique features of pure 5-HT;r receptor agonists are
that they are anti-inflammatory, centrally active, and do not
constrict vessels. Some triptans have minor 1F activity but
are also vasoconstrictors as they have 1B activity.

Ferrari et al. evaluated lasmiditan in a randomized,
multi-center, placebo- controlled, double-blind proof of
concept trial in 130 patients using IV lasmiditan versus
placebo [37]. The primary outcome was headache
response, defined as improvement from moderate or severe
headache at baseline to mild or no headache at 2 h post
infusion. Of those that received lasmiditan, 54-75%
showed 2 h headache response compared to 45% for the
placebo (p = 0.0126). They concluded that at 20 mg IV
and higher, lasmiditan proved effective in the acute treat-
ment of migraine. Studies were then planned for an oral
form of the drug.

In a phase 2 trial, the efficacy and safety of oral las-
miditan for acute treatment of migraine were assessed [38].
Doses of 50, 100, 200, or 400 mg of lasmiditan or placebo
were tested on 512 patients with assessment of 2-h pain
relief. The percentage of patients improving on 50 mg dose
compared to placebo showed a difference of 17.9%
(p = 0.022), for 100 mg, the difference was 38.2%
(»p <0.0001), for 200 mg, the difference was 28.8%
(»p < 0.0018), and for 400 mg, the difference was 38.7%
(»p < 0.0001). The most common side effects were dizzi-
ness and paresthesia along with fatigue and nausea, and the
rates were fairly high. The authors concluded that the oral
lasmiditan is safe and effective in treatment of acute
migraine, but tolerability was an issue.

In the phase 3 trial of oral lasmiditan, the primary out-
come measure was the proportion of subjects being pain
free at 2 h post dose; it was 32.2% for 200 mg versus
15.3% for placebo (p < 0.001). The doses tested were 50,
100 and 200 mg. A key secondary endpoint was freedom
of the most bothersome symptom. At 100 mg, the results
were 40.9%, at 200 mg 40.7%, and placebo was 29%.
(p < 0.001). Tolerability was better in the phase 3 than in
the phase 2 trial, but there remain questions on the
methodology used in phase 3 and the technique used for
collection of adverse event data (Clinicaltrials.gov
NCT02605174).

New devices for currently approved medications

Sumatriptan 3 mg subcutaneous injection
(Zembrace SYMTOUCH)

This device made by Promius Pharma LLC, the American
arm of Dr. Reddy’s Laboratory Ltd, India, provides a dis-
posable auto-injector prefilled with 3 mg of sumatriptan. In
a recent trial, Cady et al. attempted to justify the use of the
3 mg dose subcutaneous sumatriptan as opposed to the 6 mg
dose in a randomized, double-blind, cross-over study [39].
They compared the efficacy and tolerability of the 3 mg SC
sumatriptan (DFN-11) with the 6 mg SC sumatriptan in 20
adults who had rapidly escalating migraine attacks. None of
the results was statistically significant. They reported that at
1 h post injection, 50% of patients experienced pain relief
with the 3 mg dose and 52.6% with the 6 mg dose. Similar
types and numbers of adverse events were found for both
doses including paresthesia, neck pain, flushing, and invol-
untary muscle contractions of the neck.

Another phase 2 trial is also in progress titled “Pilot
Study of DFN-11 Injection in Medication Overuse Head-
ache” (Clinicaltrials.gov NCT02583425). The advantage
of using the 3-mg dose injection may be mainly for those
who cannot tolerate the higher doses of 4 and 6 mg. It may
also be helpful to lower the total daily or weekly dose of
sumatriptan in cluster patients and those with frequent
migraine attacks, although it was not studied for these
indications.

Sumatriptan breath-powered intranasal powder
(Onzetra Xsail)

This device from Avanir pharmaceuticals, Inc. is a nasal
powder formulation of sumatriptan that is blown into each
nostril, for acute treatment of migraine in adults. The
amount of sumatriptan used is 11 mg in each nostril,
although slightly less is actually delivered. When the
device was under development, it was called AVP-825 or
Optinose.

Obaidi et al. assessed the pharmacokinetic profile of
22 mg sumatriptan powder given intranasally [40]. In an
open-label, cross-over, comparative bioavailability study,
they compared it with 20 mg sumatriptan liquid nasal
spray, a 100 mg tablet, and a 6 mg subcutaneous injection.
They concluded that the breath-powered intranasal delivery
is more efficient form of drug delivery providing a higher
peak and earlier exposure with a lower dose than the nasal
spray and faster absorption that either nasal spray or oral
form.

The efficacy and safety of the device were assessed by
Cady et al. in a phase 3 study comparing it to an identical
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device containing lactose powder (placebo) [41]. This was
a double-blind, placebo-controlled, parallel-group study
with the primary endpoint of 2-h pain relief. They enrolled
223 patients into the study. There were 68% of the patients
on verum who had 2 h pain relief compared to 45% on
placebo (p = 0.002). At 2 h, 38% of the patients on verum
achieved pain freedom compared to 17% on placebo
(p = 0.008). There were no serious adverse effects (AE)
and few triptan AEs.

Tepper et al. compared the efficacy, tolerability and
safety of the AVP-825 with 100 mg oral sumatriptan for
the acute treatment of migraine in a comparative effec-
tiveness trial across at least five attacks in a double-dummy
design [42]. They enrolled total of 275 subjects in the trial.
The primary endpoint was the mean value of the summed
pain intensity differences through 30-min post dose, com-
paring the oral with the nasal sumatriptan. The secondary
endpoints were pain relief, pain freedom, and pain reduc-
tion as well as safety across multiple times. There was a
significant reduction in migraine pain intensity in the first
30 min (p < 0.001) for the powder, which continued for
2 h. At 2 h, the tablet caught up with the nasal form.
However, in the first 2 h, the dry nasal powder was con-
sistently superior to the tablet for efficacy despite the lower
dose of the nasal formulation with lower adverse events.
The main complaints were nasal discomfort and abnormal
taste. This device has been marketed in the US since May
2016. This formulation would be appropriate for patients
requiring a non-oral formulation, those with quick onset to
peak headaches, and for those with triptan sensations from
conventional oral triptan doses.

Dihydroergotamine (DHE) Oral Inhaler (Semprana)

Shrewsbury et al. conducted a randomized, double-blind,
placebo-controlled trial of two doses of inhaled DHE on 19
subjects in 2008 [43]. They concluded that it resulted in
rapid and efficient systemic absorption. There were no
clinically relevant safety issues observed. In another study,
Shrewsbury also investigated the pulmonary absorption of
DHE and compared its safety, pharmacokinetic, and
metabolic profile in various doses using the Tempo Inhaler
from MAP Pharmaceuticals Inc, in 18 healthy volunteers
[44]. They concluded that its delivery of 1 mg was slightly
lower than IV administration.

Tepper et al. also conducted a post hoc sub-analysis
using data from the Freedom-301 study, which had enrol-
led 903 patients in a randomized, double-blind, placebo-
controlled phase 3 trial in 2008. It evaluated the efficacy of
orally inhaled DHE for the acute treatment of migraine
between 1 and 8 h post migraine onset [45]. They con-
cluded that the orally inhaled DHE is effective in treating
migraine irrespective of the time of the treatment.
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In a review, Tepper further elaborated that DHE has
persistent receptor binding that may account for its use in
treating allodynia and central sensitization in prolonged
migraine and status migrainosus among the many subtypes
of migraine [46]. The inhaled formulation has a lower
maximal serum concentration than the IV formulation
resulting in markedly decreased nausea and vomiting.

In the Freeedom-301 phase 3 study, 903 adults with epi-
sodic migraine had superior 2 h results from DHE compared
to the placebo for pain relief (58.7 versus 34.5%, p < 0.0001),
phonophobia free (52.9 versus 33.8%, p < 0.0001), photo-
phobia free (46.6 versus 27.2%, p < 0.0001), and nausea free
(67.1 versus 58.7%, p = 0.0210). In addition, more patients
were pain free at 2-h post treatment compared to placebo (28.4
versus 10.1%, p < 0.0001) [47]. Tolerability was good, and
no pulmonary signal was reported.

There have been concerns noted by the FDA with
chemistry, manufacturing, and controls (CMC) for the
DHE inhaler, but not with efficacy or safety. If these CMC
issues are resolved, the brand name of the DHE inhaler is
anticipated to be Semprana (formerly Levadex).

Zolmitriptan microneedle patch (ZP)

A randomized, double-blind, multi-center, parallel-group,
dose-ranging comparison trial has just been reported by
press release from Zosano for the safety and efficacy of the
ZP-zolmitriptan intracutaneous microneedle system for the
acute  treatment of  migraine  (Clinicaltrial.gov
NCTO02745392). This small patch, the size of a coin, is
placed by an applicator and contains numerous micro-
needles impregnated with zolmitriptan. The primary end-
point was pain freedom at 2 h using 1, 1.9, and 3.8 mg
single patch administration compared to placebo. The
results were all statistically significant. There were 77
patients on placebo, 79 on 1 mg, 83 on 1.9 mg, and 82 on
3.8 mg. Pain freedom at 2 h was 14.3% for placebo, 30.4%
for the 1 mg dose (p = 0.0149), 27.7 for the 1.9 mg dose
(p = 0.0351), and 41.5% for the 3.8 mg (p = 0.0001). The
secondary endpoint was freedom from most bothersome
symptom at 2 h. The only result that was statistically sig-
nificant was for the 3.8 mg dose, which was 68.3%, com-
pared to placebo, which was 42.9% (p = 0.0009).
Tolerability was good.

Neuromodulation

Neuromodulation is a rapidly growing branch of headache
medicine therapy, whereby non-invasive or minimally inva-
sive techniques are used to modulate pain by targeting
specific areas of the central and peripheral nervous system
[48].
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Non-invasive neuromodulation

Non-invasive forms of neuromodulation include single
pulse transcranial magnetic stimulation (sTMS), transcu-
taneous supraorbital nerve stimulation (tSNS), non-inva-
sive vagal nerve stimulation (nVINS), and caloric vestibular
stimulation (CVS). Both sphenopalatine ganglion stimula-
tion and occipital nerve stimulation are more invasive, and
transcranial direct current stimulation (tDCS) has not been
studied in the United States for headache disorders.

Single pulse transcranial magnetic stimulation
(sTMS)

Single pulse TMS, from eNeura, Inc., is effective and FDA
approved for acute treatment for migraine with aura [49].
Both sTMS and repetitive TMS (rTMS) are being studied
for migraine prevention [50-56]. The magnet generates an
electrical field penetrating the cortex up to 3 cm deep. It is
believed that the sTMS works on migraine with aura by
inhibiting occipital cortical spreading depression. It is
approved in Europe for the acute treatment of migraine
with and without aura and for migraine prevention.

To evaluate the responses of patients to STMS in clinical
practice, Bhola et al. surveyed 190 patients with migraine
with and without aura over a 3-month treatment period
using the device in an open-label study [49]. She found that
62% of the patients reported pain relief, 52% reported less
nausea, 55% reported less photophobia, and 53% reported
less phonophobia. At 3 months, there was a reduction in
headaches days from 12 to 9 among those with episodic
migraine and a reduction from 24 to 16 among those with
chronic migraine. A larger open-label study, the ESPOUSE
study, for prevention of migraine, has been completed in
the United States, and preliminary positive data were pre-
sented at the European Headache Federation/Migraine
Trust meeting in September, 2016 in Glasgow, Scotland.

Transcutaneous supraorbital nerve stimulation
(tSNS)

The frontal nerve is a part of the ophthalmic division of the
trigeminal nerve and it terminates in the supraorbital and
supratrochlear nerves. These two nerves provide sensation
to the front and top of the head. By inhibiting the noci-
ceptive transmission via transcutaneous electrical stimula-
tion, it is believed that the nociceptive activity can be
modulated more centrally. A device named Cefaly made by
Cefaly Technology, Belgium has been approved for
migraine prevention in the United States [57, 58].
Schoenen and colleagues published the only RCT on
tSNS [59]. In 67 patients with episodic migraine, the 50%
responder rate after 3 months was 38.2% compared to the

sham group, which was 12.1%. The acute migraine medi-
cation intake was reduced by 36.7% in the active group. A
study on the acute treatment of migraine is underway.

Non-invasive vagal nerve stimulation (nVNS)

The vagus or 10th cranial nerve has mixed sensory and
motor nerve components [48]. It is both an afferent and
efferent nerve, which is about 70% sensory. It carries
parasympathetic preganglionic fibers and also cutaneous
sensory and visceral afferent traffic.

A transcutaneous, non-invasive device has been devel-
oped by electro-Core LLC, NJ USA called GammaCore. It
stimulates the cervical part of the vagal nerve. It is under
consideration by the FDA for the indication of acute
treatment of cluster headache. They have also applied for
migraine acute care and prevention indications. It is a hand
held device that is approved for treatment of migraine and
cluster headaches in many countries in the world.

The device clearly stimulates just the afferent vagal
fibers, preferentially activating afferent A and large B
fibers, not C or efferent pathways that mediate bradycardia
and bronchoconstriction in data presented by Nonis and
colleagues at the American Academy of Neurology meet-
ing in 2016. nVNS suppresses rat cortical spread depres-
sion (CSD) and inhibits central trigeminovascular and
thalamocortical pathways without affecting blood pressure
or pulse [60].

Several open-label studies on nVNS in acute and pre-
ventive treatment of migraine have been published. In one
by Barbanti et al., open-label data on treatment of high-
frequency episodic migraine and chronic migraine in 48
patients showed at 2 h, the proportion of patients with pain
freedom was 39.6%, and the proportion of patients with
pain relief was 64.6% [61-64].

In another open-label trial, Grazzi and colleagues stud-
ied the nVNS in mini-prevention for menstrually related
migraine. They reported, “The number of menstrual
migraine/menstrually related migraine days per month was
significantly reduced from baseline (mean + standard
error, 7.2+ 0.7days) to the end of treatment
(mean £ standard error, 4.7 £+ 0.5 days; p < 0.001)
(primary end point). Of all subjects, 39% (95% confidence
interval: 26%, 54%) (20/51) had a > 50% reduction (sec-
ondary end point). For the other secondary end points,
clinically meaningful reductions in analgesic use (mean
change + standard error, —3.3 = 0.6 times per month;
p < 0.001), 6-item Headache Impact Test score (mean
change £+ standard error, —3.1 &= 0.7; p < 0.001), and
Migraine  Disability =~ Assessment  score  (mean
change £+ standard error, —11.9 &+ 3.4; p < 0.001) were
observed, along with a modest reduction in pain intensity
(mean change £+ standard error, —0.5 £ 0.2
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p = 0.002). There were no safety/tolerability concerns.”
[65].

In an RCT for chronic migraine, with two 90s pulses
delivered three times daily, the primary endpoint of reduced
headache days at 2 months was not significant. However,
there appeared to be reduction of headache days per month
clinically evident over 6 months of open-label use [66].

There are two published RCTs for the treatment of
cluster headache (CH) published at the time of this writing
(March 2017). In the first, nVNS + standard of care was
compared with standard of care alone for the CH preven-
tion. The PREVA study showed reduced CH attacks per
week from baseline, significant for the nVNS group and
positive secondary endpoints of the 50% responder rate and
reduced use of rescue medications including oxygen
compared with standard of care alone [67].

In the first of two planned RCTs for the acute treatment
of CH, the nVNS failed to relieve CH attacks in all comers
at 15 min, the primary endpoint. There were significant
methodologic problems with the study. However, the
ACT1 study clearly showed nVNS could relieve episodic
CH attacks at 15 min, while was unsuccessful stopping
attacks in chronic CH [68].

Caloric vestibular stimulation (CVS)

Caloric vestibular stimulation (CVS) is a new technique for
inhibitory central neuromodulation. The contiguity of the
vestibular and trigeminal systems at the point of entry and
in transit within the brainstem offers the opportunity for
cross-talk and down regulation of central pain conditions,
such as migraine.

A device which delivers fluctuating thermal changes in
the vestibular pathways, tightly controlled to avoid vertigo
and nausea but set with inhibitory parameters, has been
studied in prevention of episodic migraine, with reports
presented at the American Headache Society annual sci-
entific meeting in San Diego and the European Headache
Federation/Migraine Trust meetings in Glasgow 2016.
Black et al. showed evidence that CVS treatment can elicit
changes in cerebral blood flow physiology consistent with
the neuromodulation of brainstem centers [69].

The data presented were from a placebo controlled,
blinded, home-use protocol trial (Clinicaltrials.gov
NCT02866084), which was completed at six sites enrolling
patients with 4—14 headache days per month. Primary and
secondary endpoints were positive. Per protocol for head-
ache days at 3 months versus baseline results were: active
(n = 28); placebo (n = 18); active: —3.6 headache days
vs. baseline (p < 0.0001). That is, active versus sham
showed a —2.7 headache day decrease (p = 0.012). In the
Intention To Treat (ITT) analysis, active (n = 34); placebo
(n = 18): active: -3.2 HA days versus baseline

@ Springer

(»p < 0.0001). That is, active versus sham showed a —2.4
headache day decrease (p = 0.034). Secondary endpoints
reported as positive were 50% responder rates, use of acute
medications, mood, cognition, and balance.

Adverse events were essentially the same as sham.
Adverse events reported in >1 patient included nausea,
dizziness, ear symptoms, and tinnitus. Both placebo and
active groups reported dizziness in four patients each.

Minimally invasive neuromodulation

Minimally invasive neuromodulation forms involve sphe-
nopalatine ganglion (SPG) stimulation and occipital nerve
stimulation (ONS).

Sphenopalatine ganglion stimulation (SPGs)

The sphenopalatine or pterygopalatine ganglion (SPG)
receives preganglionic parasympathetic fibers originating
in the superior salivatory nucleus (SSN). These fibers
synapse in the SPG and then postganglionic parasympa-
thetic pathways exit and terminate in autonomic and
secretory glands of the face. Postganglionic sympathetic
fibers traverse the SPG without synapse on their course to
similar destinations. Afferent trigeminal pathways also
pass through the SPG.

For many years, physicians have tried to block the SPG
to treat migraine and especially cluster headache. It has
been chemically inactivated, surgically altered or removed,
anesthetized with cocaine and with 4% lidocaine. It can be
stimulated at low frequency to activate cluster headache
and at high frequency to block it.schy [70]. A small SPG
stimulator, without wires or batteries, has been designed
and is being tested by Autonomic Technologies, Inc., in
Silicon Valley, California. The stimulator is implanted over
the ganglion via an oral entry done under anesthesia, and it
is remotely activated at the start of each cluster attack. In
data from a published RCT by Schoenen et al., later
expanded to a larger number of patients and presented at
international headache meetings, pain relief was achieved
by 67% of the 566 acute attacks of cluster headache at
15 min compared to 7% of the placebo and sham patients.
In addition, the device showed preventive effects, with
42% of patients manifesting an 89% decreased attack fre-
quency [71-73].

Barloese et al. monitored the self-reported attack fre-
quency, headache disability, and medication intake in 33
patients with refractory chronic cluster headache [74]. It
was an open-label follow-up study in which patients were
followed for 2 years after the insertion of the SPG stimu-
lator. They reported that 30% of the patients experienced at
least one period of complete attack remission.
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This wireless, remote controlled stimulator is currently
approved in Europe for treatment of chronic cluster head-
ache and has been studied for migraine, with a submission
for CE mark at the time of this writing (March 2017). The
registration study in the US for chronic cluster headache is
underway,

Occipital nerve stimulation (ONS)

As an alternative treatment for prevention of
intractable chronic migraine and cluster headache, ONS
stimulation has been under investigation. The idea is to
stimulate the large sensory afferents to cause pain reduc-
tion by inhibiting nociceptive activity in c-fibers and
a-delta fibers as well as possible central inhibition. There
have been three RCTs for ONS for prevention of chronic
migraine, two of which have been published in peer-re-
viewed papers. Neither of the two studies which had pri-
mary endpoints reached the primary endpoint, and the third
negative study was exploratory. One of the three, by Lipton
and colleagues, was presented at the International Head-
ache Congress in 2012 but never published fully. The other
two studies, as noted, were negative [75, 76]. There are
open-label reports of effectiveness, and open-label studies
that look at the efficacy of ONS combined with supraor-
bital and supratrochlear nerve stimulation, but it is well to
remember the negative RCTs [77, 78].

Adverse events for ONS include electrode migration,
intolerance to paresthesias, cable breakage, pain, muscular
spasm, infection, and battery depletion. In 2014, the EU
rescinded the CE Mark approval for the St Jude Genesis
ONS device for headaches because of these issues.

Maximally invasive neuromodulation
Deep brain stimulation (DBS)

The suprachiasmatic nucleus of the posterior hypothalamus
is involved in the pathogenesis of cluster headache [79]. In
cases of medically refractory cluster headaches, DBS has
been investigated as a treatment option [50, 80-84].
Overall, about 60% of the published cases in the literature
report at least 50% reduction in their cluster attack fre-
quency [85]. The first group to refer a patient for this
operation was headed by Dr. Gennaro Bussone and Mas-
simo Leone at the Istituto Neurologico C Besta in Milan,
Italy. The neurosurgeons performing the operation were
Drs. Broggi and Franzini. They had excellent results with
very few major complications putting the electrode in the
hypothalamic/rostral midbrain area. Some patients are
getting excellent relief many years later, even with bilateral

implants. Other groups had major complications, and
enthusiasm for the procedure has waned.

Conclusions

Headaches are some of the most painful and disabling
disorders affecting many people worldwide. So far, for
migraine prevention, we have been utilizing medications
that were initially developed for other disorders, such as
antiepileptic drugs, antihypertensive drugs, or antidepres-
sants. However, new medications and devices have been
developed that are targeting primary headache disorder
treatment, including migraine and cluster headache. These
include CGRP monoclonal antibodies, small molecule
CGRP receptor antagonist gepants, SHT g receptor ago-
nists, and neuromodulation. We also have new acute care
treatments in the form of medications, stimulators, and
devices with better delivery of older drugs. These new
medications and tools will not only help many patients in
the near future, but will further open the door to new
treatment trials so we can hone the results of treatment of
primary headache disorders.
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