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Differential efficacy of non-invasive vagus
nerve stimulation for the acute treatment
of episodic and chronic cluster headache:
A meta-analysis
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Abstract

Background: Two randomized, double-blind, sham-controlled trials (ACT1, ACT2) evaluated non-invasive vagus nerve

stimulation (nVNS) as acute treatment for cluster headache. We analyzed pooled ACT1/ACT2 data to increase statistical

power and gain insight into the differential efficacy of nVNS in episodic and chronic cluster headache.

Methods: Data extracted from ACT1 and ACT2 were pooled using a fixed-effects model. Main outcome measures were

the primary endpoints of each study. This was the proportion of participants whose first treated attack improved from

moderate (2), severe (3), or very severe (4) pain intensity to mild (1) or nil (0) for ACT1 and the proportion of treated

attacks whose pain intensity improved from 2–4 to 0 for ACT2.

Results: The pooled population included 225 participants (episodic: n¼ 112; chronic: n¼ 113) from ACT1 (n¼ 133)

and ACT2 (n¼ 92) in the nVNS (n¼ 108) and sham (n¼ 117) groups. Interaction was shown between treatment group

and cluster headache subtype (p< 0.05). nVNS was superior to sham in episodic but not chronic cluster headache (both

endpoints p< 0.01). Only four patients discontinued the studies due to adverse events.

Conclusions: nVNS is a well-tolerated and effective acute treatment for episodic cluster headache.

Trial registration: The studies were registered at clinicaltrials.gov (ACT1: NCT01792817; ACT2: NCT01958125).
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Introduction

Cluster headache is a highly disabling brain disorder
typically characterized by attacks of excruciating uni-
lateral headache associated with ipsilateral cranial
autonomic features and often an urge to move (1).
Attacks last from 15 minutes to 3 hours and may
occur up to eight times a day, frequently at night (2).
About 80% of patients have episodic cluster headache,
in which attacks come in periods lasting from 1 week to
several months and are separated by attack-free periods
of more than 1 month. The remaining 20% experience
chronic cluster headache, in which attacks continue to
recur for more than 1 year without attack-free periods
longer than a month (3).
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Research into differential treatment effects among
episodic and chronic cluster headache subtypes war-
rants further attention in clinical trials. Cluster head-
ache therapy for the acute treatment of both subtypes
should preferably have a low adverse event profile and
be easy to use and must be fast acting because the pain
builds up quickly and is extremely severe. Current acute
treatments for cluster headache, although limited, have
shown efficacy, but clinical disadvantages include daily
dosing limitations (1), cardiovascular contraindications
(4), inconvenience, and/or unavailability. Pain-free
rates of up to 49% (subcutaneous sumatriptan) at
15 minutes have been reported in clinical studies of
triptans for the acute treatment of cluster headache
(5), and inhalation of 100% oxygen was shown to
relieve attacks at 15 minutes in 78% of patients (6).
Results for episodic and chronic cluster headache sub-
types are not commonly evaluated separately, likely
because of the much smaller chronic cluster headache
subgroups typically enrolled (7–9). Studies that sep-
arately evaluated both subtypes demonstrated higher
treatment effects in episodic cluster headache than in
chronic cluster headache but were not powered to dis-
sect any differential effects (7,10,11). Consistent with
these findings, recent data suggested that a monoclonal
antibody targeting the calcitonin gene-related peptide
(CGRP) ligand was ineffective for the preventive treat-
ment of chronic cluster headache but effective for pre-
venting attacks in episodic cluster headache (12).

Non-invasive vagus nerve stimulation (nVNS;
gammaCore; electroCore, Inc., Basking Ridge, NJ,
USA) is a novel, easy-to-use, non-invasive neuromodu-
lation treatment option for cluster headache (13).
In ACT1, acute nVNS treatment showed efficacy in
participants with episodic cluster headache but not in
the chronic cluster headache subgroup or in the total
population that included all participants of both sub-
types (11). The ACT1 trial was underpowered for
analysis of the differential effect size in episodic and
chronic cluster headache separately. A further study
using the same nVNS and sham devices (ACT2) had
similar results (10). The study designs and populations
of ACT1 and ACT2 were similar, particularly in terms
of sham and active stimulation and data collection.
This allowed for pooled data analysis and, because of
greater statistical power, formal verification of possible
differential effects of nVNS in episodic and chronic
cluster headache. Given the rarity of the disorders,
combined analysis of both studies may also provide a
more complete depiction of the efficacy, tolerability,
and application options of nVNS in the two different
cluster headache subtypes. We present here a pooled
data analysis of both studies, focusing on the possibility
of differential effects in episodic and chronic cluster
headache.

Methods

Study design and participants

We pooled and analyzed the data of all 225 participants
(age 18 years or older) with episodic (n¼ 112) or
chronic (n¼ 113) cluster headache (2) from two pro-
spective, randomized (ratio 1:1), double-blind, sham-
controlled, multicenter clinical trials. Demographic
data for both trials were self-reported by participants
and were validated by the investigator. The trials had
similar designs with a few exceptions. The main differ-
ence was the primary endpoint. For ACT1, this was
‘‘the proportion of participants whose first treated
attack had improved (on a 5-point pain intensity
scale) from pain intensity of moderate (2), severe (3),
or very severe (4) to mild (1) or nil (0) at 15 minutes
after treatment initiation’’. For ACT2, the primary out-
come was ‘‘the proportion of all treated attacks that
had improved from pain intensity 2–4 to 0 at 15 min-
utes after treatment initiation for that attack’’. ACT1
had a 1-month double-blind period followed by a 3-
month open-label phase, whereas ACT2 had a 1-week
run-in period followed by a 2-week double-blind period
and then a 2-week open-label phase. In both studies,
participants had to treat attacks as soon as possible
after onset with three consecutive 120-second applica-
tions of nVNS. In ACT2, however, participants could
apply up to three additional stimulations if not pain-
free at 9 minutes after initiation of the first treatment.
Finally, although in ACT1 all treatments were applied
to the right cervical vagus nerve, in ACT2 the partici-
pants were encouraged to treat ipsilateral to the pain.

Both studies were conducted in accordance with the
Declaration of Helsinki, Good Clinical Practice, and
local laws. The protocols were reviewed by the appro-
priate national regulatory agency for each site, and
additional reviews were completed by regional or
local independent ethics committees as required. The
studies were registered at ClinicalTrials.gov (ACT1
(11): NCT01792817 and ACT2 (10): NCT01958125),
and all participants had signed informed consent
forms prior to study inclusion.

Data sources

We pooled the final data sets from ACT1 and ACT2
and used the full analysis set to analyze all efficacy end-
points and adverse events in the total population and
separately in the episodic and chronic cluster headache
subgroups.

Statistical analyses

We used logistic regression models to estimate odds
ratios and associated 95% confidence intervals
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(95% CIs) for (i) the proportion of participants whose
first treated attack had improved from pain intensity 2–
4 to 0–1 at 15 minutes after treatment initiation (the
ACT1 primary endpoint) and (ii) the proportion of par-
ticipants in whom� 50% of all treated attacks had
improved from pain intensity 2–4 to 0–1 at 15 minutes
after treatment initiation. Analyses resulting in pooled
estimates included site as a covariate in the logistic
regression models.

Generalized linear mixed-effects regression models
(with logit link and binomial response distribution)
were used to estimate the proportion of all treated
attacks that had improved from pain intensity 2–4 to 0
at 15 minutes after treatment initiation for that attack
(the ACT2 primary endpoint). Population averaged/
marginal models (to account for repeated headache
attacks within patient) were utilized, and the structure
of the covariance matrix was specified as compound
symmetry. p values for comparisons between the nVNS
and sham groups were determined from resulting F tests.

Individual participant data were used in the meta-
analysis. Fixed effects meta-analysis models were used
to estimate the pooled effects of nVNS treatment, given
the small number of studies being pooled and because
the ACT1 and ACT2 studies were homogeneous for
participant populations and results. In addition, there
was no evidence of treatment by study interactions for
any of the outcomes examined.

In the meta-analysis models, interactions between
treatment group and cluster headache subgroup were
examined to determine whether the magnitude of treat-
ment effect varied significantly by cluster headache
subtype.

First-order interactions between treatment group
and cluster headache subgroup were examined to deter-
mine whether the magnitude of treatment effect varied
significantly by cluster headache subtype.

Two-sided p values< 0.05 were considered statisti-
cally significant. p values are provided for all efficacy
analyses without adjustment for multiple comparisons.
Data were analyzed using SAS 9.4 (SAS Institute Inc.,
Cary, NC, USA).

Results

In total, we included 225 participants in the pooled
efficacy analysis, 133 from ACT1 and 92 from ACT2,
who comprised the intent-to-treat populations and
were randomly assigned to nVNS (n¼ 108) or sham
(n¼ 117). Demographic and baseline characteristics
were reported for the pooled safety population and
did not differ between the nVNS and sham treatment
groups (Table 1). Participants with chronic cluster
headache were about 3 years older at disease onset
than participants with episodic cluster headache
(p< 0.05).

Table 1. Demographic and baseline characteristics (pooled analysis).

Characteristic

By treatment group By cluster headache subgroup

nVNS

(n¼ 124)

Sham

(n¼ 129)

Episodic

(n¼ 131)

Chronic

(n¼ 122)

Age, mean (SD), years 45.4 (12.4)a 47.8 (11.2)b 47.3 (12.4)c 45.9 (11.1)d

Male, n (%) 94 (76) 105 (81) 106 (81) 93 (76)

Ethnic origin, n (%)e

Asian 5 (4) 1 (1) 4 (3) 2 (2)

Black 5 (4) 7 (5) 9 (7) 3 (3)

White 113 (91) 120 (93) 117 (89) 116 (95)

Missing 1 (1) 1 (1) 1 (1) 1 (1)

Cluster headache type, n (%)

Episodic cluster headache 65 (52) 66 (51) 131 (100) 0

Chronic cluster headache 59 (48) 63 (49) 0 122 (100)

Age at cluster headache onset, mean (SD), years 30.8 (13.8)a 33.5 (13.2)b 30.7 (13.9)c 33.9 (13.0)d

Treatments used to manage cluster headache, n (%)

Acute n/N (%) 114/123 (93) 121/125 (97) 121/130 (93) 114/118 (97)

Prophylactic n/N (%) 75/123 (61) 92/125 (74) 83/130 (64) 84/118 (71)

ACT1 population, No. (%) 73 (59) 77 (60) 101 (77) 49 (40)

ACT2 population, No. (%) 51 (41) 52 (40) 30 (23) 73 (60)

n/N: number of subjects using treatment/total number of subjects with data; nVNS: non-invasive vagus nerve stimulation; SD: standard deviation.
an¼ 108; bn¼ 115; cn¼ 120; dn¼ 103.
ePercentages may not add up to 100% because of rounding.
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Between–cluster headache type interactions

There was a first-order interaction between treatment
group and cluster headache subtype (p< 0.05) in
models estimating the ACT1 and ACT2 primary end-
points in the ACT1, ACT2, and pooled populations
(Table 2). Thus, results are presented overall and by
cluster headache subtype.

Treatment response at 15 minutes in first treated
attack

Among participants with episodic cluster headache,
more participants treated with nVNS than with sham
achieved the ACT1 primary endpoint: Improvement of
the first treated attack at 15 minutes to pain intensity 0–
1 in the ACT1 (absolute difference, 24%; p¼ 0.01) and
pooled (absolute difference, 27%; p< 0.01) study popu-
lations, but not in the ACT2 study population (absolute
difference, 35%; p¼ 0.07; Figure 1).

Proportion of all attacks pain-free at 15 minutes

Among participants with episodic cluster headache, the
proportion of all treated attacks that had improved at
15 minutes to pain-free (the ACT2 primary endpoint)
was higher in the nVNS-treated group than in the
sham-treated group for ACT1 (absolute difference,
9%; p< 0.05), ACT2 (absolute difference, 41%;
p< 0.05), and pooled (absolute difference, 22%;
p< 0.01) study populations (Figure 2).

Key secondary endpoints

The proportion of participants who were pain-free at 15
minutes in� 50% of their treated attacks was higher for
nVNS than for sham (absolute difference, 18%;
p¼ 0.01) in participants with episodic cluster headache
in the pooled study population (Figure 3(a)). The abso-
lute difference for this endpoint in episodic cluster

headache was 14% (p¼ 0.05) in the ACT1 study popu-
lation and 28% (p¼ 0.11) in the ACT2 population.
There were no other treatment differences for this end-
point in any of the other study populations. The pro-
portion of participants who were pain-free or with mild
pain at 15 minutes in� 50% of their treated attacks was
higher for nVNS than for sham in participants with
episodic cluster headache in the ACT1 (absolute differ-
ence, 19%; p¼ 0.04), ACT2 (absolute difference, 49%;
p¼ 0.02), and pooled (absolute difference, 27%;
p< 0.01) study populations. The� 50% response rates
for pain freedom or mild pain at 15 minutes also
favored nVNS in the total population of the ACT2
(absolute difference, 26%; p< 0.01) and pooled (abso-
lute difference, 14%; p¼ 0.01) study populations
(Figure 3(b)).

Adverse events

Thirty-eight participants in the nVNS group and 45
participants in the sham group experienced at least
one adverse event (Table 3). Two participants in the
nVNS group had at least one serious adverse event
(SAE): One participant in ACT1 reported exacerba-
tions of cluster headache and one in ACT2 reported
lower abdominal and back pain. In the sham group
of ACT2, one participant reported anxiety and depres-
sion as an SAE. Among the pooled adverse event data,
the most common adverse device effect of nVNS was
perioral muscle contraction during treatment, with all
other adverse device effects that were reported by� 5%
of participants (i.e. most common) occurring in the
sham group. In ACT1, the most common adverse
device effects of nVNS were lip or facial drooping, pull-
ing, and twitching (i.e. occurring in� 5% of partici-
pants). In ACT2, application site irritation,
application site paresthesia, and skin irritation were
the most common adverse device effects of nVNS (i.e.
occurring in> 1 participant). There were no serious
adverse device effects.

Table 2. Interaction model results.

ACT1 Primary endpoint Estimate SE Wald Chi-square Pr>ChiSq

ACT1 0.5290 0.2428 4.7468 0.0294

ACT2 0.4611 0.2683 2.9534 0.0857

Pooled 0.4588 0.1642 7.8111 0.0052

ACT2 Primary endpoint Estimate SE t value Pr> WtW

ACT1 2.1267 0.9507 2.24 0.0270

ACT2 2.1778 1.0512 2.07 0.0412

Pooled 1.9577 0.6403 3.06 0.0025

SE: standard error.
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Discussion

We pooled the data of two large clinical trials, ACT1
and ACT2, to enable both a formal analysis of acute
efficacy separately for episodic and chronic cluster
headache and a larger pooled analysis of tolerability.
Meta-analysis of the entire population of 225 partici-
pants demonstrated significant efficacy of nVNS as an
acute treatment for episodic cluster headache but not
for the acute treatment of chronic cluster headache.
The data show that repeated use of nVNS was well
tolerated and that there were no obvious short-term
safety concerns.

A recent mechanistic model of autonomic function
provides further insights into the possible differential
efficacy of nVNS observed between the two cluster
headache subtypes. Reductions in kinetic oscillation
stimulation–induced lacrimation in healthy subjects
suggested that the symptom relief seen with nVNS in
ACT1 and ACT2 was likely attributable to a bilateral
inhibitory effect on parasympathetic output of the tri-
geminal autonomic reflex (14,15). The possibility of a
differential parasympathetic response among patients
with episodic and chronic cluster headache could play
a role in the differential acute efficacy of nVNS between
the episodic and chronic cluster headache subgroups in
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Figure 1. Proportion of participants who responded at 15 minutes for the first treated attack.

cCH: chronic cluster headache; CH: cluster headache; CI: confidence interval; eCH: episodic cluster headache; nVNS: non-invasive

vagus nerve stimulation; OR: odds ratio.

Note: p values are from logistic regression; pooled analyses included study as a covariate.

de Coo et al. 971



the ACT1 and ACT2 studies. Several other mechanistic
studies were previously reported, suggesting that mul-
tiple distinct mechanisms may contribute to the efficacy
of nVNS as an acute treatment. In animal models, two
doses of vagus nerve stimulation (VNS) inhibited acute
nociceptive activation of trigeminocervical neurons for
up to 3 hours (16), and VNS attenuated pain responses
and Fos protein expression (17). In healthy volunteers,
nVNS caused activation of the nucleus tractus solita-
rius as measured with functional magnetic resonance
imaging (18). Taken together, the beneficial acute
effects of nVNS in episodic cluster headache seem bio-
logically plausible.

There are a number of possible explanations for why
patients with chronic cluster headache have a poorer
response to acute treatment. Inter-paroxysmal pain is
considerably more common in chronic than in episodic

cluster headache (19), complicating achievement of
pain-free status in the chronic subgroup. The presence
of inter-paroxysmal pain was not measured in ACT1 or
ACT2, representing a limitation of this pooled analysis.
This information may have provided further insight
into the observed differences among the two cluster
headache subtypes. Spontaneous transitions from epi-
sodic to chronic cluster headache, and vice versa, do
occur and are unpredictable (20,21). Given the cohort
size, such transitions may have occurred in at least
some participants, potentially influencing treatment
response. A possible pathophysiological reason for a
differential treatment response in episodic and chronic
cluster headache involves differences in gray matter
volume in pain processing areas (22). Such differences
likely reflect the brain’s adaptive capacity to different
stimuli (23). There may also be differences in brain
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pharmacology between chronic and episodic cluster
headache (24). Although establishing causal links to
chronicity is challenging, such differences may contrib-
ute to disparity in treatment response. Central sensitiza-
tion is considered essential for the pathologic
mechanisms underpinning the chronification of pri-
mary headache disorders (25). The changes underlying
treatment refractoriness in some patients with chronic
cluster headache may involve consolidation of neuronal
connections and networks in the disease mechanism.

Several similarities of ACT1 and ACT2, including
participant characteristics, overlapping outcome mea-
sures, and use of the same nVNS and sham devices,
allowed for pooled data evaluation of differential effects
in episodic and chronic subtypes, but the trials also
have differences. The double-blind period in ACT1
was 4 weeks, whereas in ACT2 it was 2 weeks to min-
imize exposure to sham. Because both studies were
acute attack treatment trials and cluster headache
attacks are clinically stable, this should not have been
a major issue. The allowance of extra pulses in ACT2
may have contributed to the greater efficacy seen in
ACT2. Application of three consecutive stimulations
takes 6–8 minutes; given the 15-minute endpoint, the
paradigm may have biased against a response in
the total population. We also do not know whether
the move from right-sided stimulation to stimulation
ipsilateral to the pain was important. The anatomy sug-
gests that the vagal afferents are bilateral. This may

have increased the placebo rate, which would have ren-
dered a positive outcome more challenging. Taken
together, the similarities seem more relevant than the
only minor dissimilarities, thus allowing for meta-
analysis of both studies.

The results from this pooled analysis offer additional
evidence for the clinical utility and advantages of nVNS
in patients with cluster headache. Adverse events were
mild, and there were no safety concerns during the trial.
Long-term safety can be judged only after monitoring
repeated use of nVNS over longer periods. The port-
ability of nVNS and the fact that, in contrast to trip-
tans, nVNS may be used more than three times per day
and without major restrictions to co-medication high-
light its practical utility. The ability to use the device in
patients with cardiovascular contraindications to trip-
tans is an important advantage of nVNS (4). In previ-
ous trials, nVNS therapy was associated with adherence
rates� 90% and treatment satisfaction rates� 50% and
was generally regarded as easy to use (13).

The apparent lack of acute nVNS efficacy in subjects
with chronic cluster headache attacks is somewhat sur-
prising, considering that clinical efficacy was shown
when nVNS was used preventively in patients with
chronic cluster headache (13). However, the combined
ACT1 and ACT2 data, as well as recent data for a
CGRP-targeted monoclonal antibody (12), reinforce
previous data that suggest that acute (13,26) and pre-
ventive (27) treatments are more challenging in chronic
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than in episodic cluster headache. Consistent with this,
a consensus statement from the European Headache
Federation recommended amending the International
Classification of Headache Disorders (2) to include a
sub-classification for treatment of refractory chronic
cluster headache (28).

The differential results in chronic versus episodic
cluster headache have important implications for par-
ticipant selection and minimum size of future thera-
peutic studies in cluster headache. Clinical trial design
requirements, the challenges encountered selecting eli-
gible participants, and patient motivation to enroll
have generally shifted the selection of study partici-
pants toward an episodic subtype dominance (6).
Attack numbers in patients with cluster headache

often exceed limits for triptan therapy, making these
patients more likely to overuse opioids and other
analgesic medications (29), generally precluding inclu-
sion in controlled trials. Combining participants
with episodic and chronic cluster headache into one
analysis may distort outcomes and, driven by the dom-
inance of participants with the episodic subtype, may
result in a potentially false conclusion that both groups
are responders. Our analysis represents the first ade-
quately powered analysis to assess the differential
effect of a specific treatment between the two forms
of cluster headache. The results underline the impor-
tance of redoubling efforts at developing further suit-
able acute treatments for patients with chronic cluster
headache.

Conclusions

nVNS is effective in aborting attacks in episodic cluster
headache. It does not show the same acute efficacy in
patients with chronic cluster headache. The clearance of
nVNS for the acute treatment of episodic cluster head-
ache by the US Food and Drug Administration was, in
part, based on findings from this analysis of the ACT1
and ACT2 studies. In all patients, nVNS is well toler-
ated. nVNS offers several advantages over existing
treatment options, including its ease and flexibility of
use and its ability to be used for as many attacks as the
patient experiences per day, without restrictions to
daily number of treatments and co-medications.
nVNS is also not contraindicated in cardiovascular dis-
ease. Additional studies are needed to further elucidate
the mechanism of action and possibly related reasons
for failure in the acute treatment of chronic cluster
headache, including potential studies of the effects of
nVNS on parasympathetic output from the trigeminal
autonomic reflex for patients with episodic and chronic
cluster headache. This could lead to better understand-
ing of the pathogenesis of cluster headache.

Clinical implications

1. This meta-analysis of data pooled from two randomized sham-controlled studies (N¼ 225) demonstrated
significant benefits of acute non-invasive vagus nerve stimulation versus sham for subjects with episodic
(n¼ 112) but not chronic cluster headache (n¼ 113).

2. Non-invasive vagus nerve stimulation has differential acute effects among the two cluster headache subtypes,
with greater efficacy seen in episodic than in chronic cluster headache, although the mechanisms underlying
these differential effects are currently unclear.
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Table 3. Incidence of adverse events, serious adverse events,

and adverse device effects (pooled data).

AEs and ADEs

nVNS

(n¼ 123)a
Sham

(n¼ 129)

Participants with� 1 AE, n (%) 38 (31) 45 (35)

Participants with� 1 SAE, n (%) 2 (2)b,c 1 (1)c,d

Participants with� 1 ADE, n (%) 20 (16) 34 (26)

ADEs occurring in� 5% of participants in either treatment

group, n (%)

Dysgeusia 0 8 (6)

Erythema at treatment site 0 9 (7)

Perioral myokymia during treatment 8 (7) 0

ADE: adverse device effect; AE: adverse event; CH: cluster headache;

nVNS: non-invasive vagus nerve stimulation; SAE: serious adverse event.
aOne patient from the safety population assigned to the nVNS group

(n¼ 124) provided only baseline data and was therefore excluded from

the safety analysis.
bIncluded one participant with an SAE of CH (two occurrences) in ACT1

and one participant with SAEs of lower abdominal pain and back pain in

ACT2.
cSAEs were not considered related to the study device.
dIncluded one participant with SAEs of anxiety and depression in ACT2.
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