
Vagus nerve
stimulation

F. Marsili

LITERATURE REVIEW: APPLICATIONS FOR

8.  CHRONIC PAIN 
CONDITIONS



The papers in this collection focus on the application of Vagus Nerve Stimulation (VNS) as established therapeutic
solution for difficult-to-treat conditions.

The vagus nerve is the longest cranial nerve and is widely distributed throughout the body, traversing the neck, thorax
and abdomen. It is composed by motor fibres and sensory fibres from sympathetic and parasympathetic branches. [1],
[2]. Afferent branches of the vagus nerve innervate brain behavioural areas involved in depressive states, and it
desynchronises cortical activity with anti epileptic effects  [3], [4]. Efferent branches of the vagus nerve regulate
gastrointestinal secretory and motor function [5]. Recent advances in the field, have unraveled an anti-inflammatory
role of the efferent vagus nerve via the Cholinergic Anti-inflammatory Pathway (CAP), a known mechanism  for
neural inhibition of inflammation linked to the activation of the autonomic nervous system (ANS) [6], [7]. 

Electrical stimulation of the VN modulates the nervous system at central, peripheral, and autonomic levels without the
need for pharmacological interventions. For decades, invasive techniques of VNS have demonstrated their clinical
efficacy in VN-related diseases and, to these days,  efforts have been made to create a more safe, effective, and non-
invasive solution to VNS.  

The auricular branch is the only peripheral branch of the VN on the human body,  it is part of the afferent portion of
the VN that directly connects to the brainstem. Thus, auricular VN has become the most favourable access point for
non-invasive VNS. Neuroimaging studies on animal models and humans have confirmed the modulatory efficacy of
auricular VNS (aVNS). For examples, fMRI studies show identical activation patterns in the brain between invasive
and aVNS, with significant inhibitory and anti-inflammatory effects. Due to the existence of different control systems,
the anti-inflammatory effects of aVNS (i.e., release of norepinephrine and noradrenaline, and neurotrophic factors)
seem to occur immediately after intervention, while neuroplastic changes only occur as a consequence of sustained
regenerative efforts [7].

Colleciton 1 and collection 2 are the most extensive selections, since VNS has been standard-of-care for epilepsy and
depression for decades. Collection 3 explores the possibility of using VNS for the treatment of posttraumatic stress
disorders. Collection 4 focuses on fibromyalgia and collection 5 on multiple sclerosis. Collection 6 and 7 corroborates
the hypothesis that VNS can be used to activate the cholinergic anti-inflammatory pathway to treat inflammatory
diseases, such as inflammatory bowel disease or rheumatoid arthritis. Collection 8 and 9 focus on the use of VNS for
ameliorating pain sensitivity in chronic pain conditions and for rehabilitating upper limb motor fibres after ischemic
strokes, respectively. In conclusion, collection 10 opens up other possibilities for clinical applications of VNS, ranging
from cardiovascular diseases, through ADHD disorders, to tinnitus.

To summarise, VNS is a novel technology and its non-invasive configuration is still under investigation. Further
clinical examinations are mandatory in order to understand the underlying mechanism of VNS and to open the door
to new possible therapeutic applications. However, being a non-invasive, safe, and efficient therapeutic solution, VNS
is an attractive tool for further implementation and new creative clinical applications. 
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Non-invasive vagus nerve stimulation for
acute treatment of high-frequency and
chronic migraine: an open-label study
Piero Barbanti1*†, Licia Grazzi2†, Gabriella Egeo1, Anna Maria Padovan3, Eric Liebler4 and Gennaro Bussone2

Abstract

Background: The treatment of migraine headache is challenging given the lack of a standardized approach to care,
unsatisfactory response rates, and medication overuse. Neuromodulation therapy has gained interest as an alternative
to pharmacologic therapy for primary headache disorders. This study investigated the effects of non-invasive vagus
nerve stimulation (nVNS) in patients with high-frequency episodic migraine (HFEM) and chronic migraine (CM).

Findings: In this open-label, single-arm, multicenter study, patients with HFEM or CM self-treated up to 3
consecutive mild or moderate migraine attacks that occurred during a 2-week period by delivering two 120-s
doses of nVNS at 3-min intervals to the right cervical branch of the vagus nerve. Of the 50 migraineurs enrolled
(CM/HFEM: 36/14), 48 treated 131 attacks. The proportion of patients reporting pain relief, defined as a ≥50 %
reduction in visual analog scale (VAS) score, was 56.3 % at 1 h and 64.6 % at 2 h. Of these patients, 35.4 % and
39.6 % achieved pain-free status (VAS = 0) at 1 and 2 h, respectively. When all attacks (N = 131) were considered,
the pain-relief rate was 38.2 % at 1 h and 51.1 % at 2 h, whereas the pain-free rate was 17.6 % at 1 h and 22.9 %
at 2 h. Treatment with nVNS was safe and well tolerated.

Conclusion: Non-invasive vagus nerve stimulation may be effective as acute treatment for HFEM or CM and may
help to reduce medication overuse and medication-associated adverse events.

Keywords: Migraine; Neuromodulation; Vagus nerve; Acute treatment; Patient preference; Disability

Findings
Introduction
Migraine, a highly disabling neurological disorder, is
characterized by recurrent moderate to severe attacks
associated with vegetative symptoms [1]. Patients with
frequent attacks may overuse medications, leading to
migraine chronification and medication-overuse head-
ache. During the last decade, neuromodulatory ap-
proaches have been developed for the management of
headaches that do not respond adequately to therapy [2].
Invasive neurostimulation targeting the hypothalamus,
sphenopalatine ganglia, and occipital, supraorbital, or auri-
culotemporal nerves has yielded encouraging results [2].
Vagus nerve stimulation (VNS), an invasive procedure, is

approved for medically refractory epilepsy and depression
[3, 4] and has demonstrated clinical benefit in intractable
migraine with comorbid depression [5]. Experimentally,
VNS has modulated neurotransmitters, influenced cere-
bral metabolism [6] and blood flow [7] in the limbic sys-
tem and pain matrix regions, and exerted antinociceptive
effects in acute and inflammatory pain models [8, 9]. Pro-
posed mechanisms of VNS in pain pathways may involve
modulation of excess glutamate levels in the trigeminal
nucleus caudalis, effects on pain control centers, and
modulation of cortical excitability [9–11].
A non-invasive VNS device (nVNS; gammaCore®) has

been developed and is CE-marked for acute and prophy-
lactic treatment of primary headache disorders including
migraine and cluster headache [12]. In a recent open-
label study of 30 episodic migraineurs, nVNS was effect-
ive in the acute treatment of migraine attacks and re-
sulted in a 2-h pain-free rate of 22 % [11]. To further
examine the clinical benefit of nVNS reported in the
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aforementioned study, we evaluated the acute effects of
nVNS on migraine attacks at 1 and 2 h in a larger pa-
tient population with high-frequency episodic migraine
(HFEM; ≥8 headache days per month, with or without
aura) or chronic migraine (CM; ≥15 headache days per
month) [1, 13].

Methods
In this open-label, single-arm, multicenter study, 50 pa-
tients aged 18 to 65 years who were experiencing HFEM
or CM [1, 13] were consecutively enrolled between Feb-
ruary 1, 2013, and October 1, 2013, at the Headache and
Pain Unit of the IRCCS San Raffaele Pisana in Rome, Italy,
and the Headache Center of the Carlo Besta Neurological
Institute and Foundation in Milan. The study protocol
was approved by the San Raffaele Pisana institutional re-
view board (10/2013), and all patients who were enrolled
in the study provided written informed consent. The study
population excluded patients with a history of cerebrovas-
cular, cardiovascular, or atherosclerotic disease (including
carotid artery disease, heart arrhythmias, or syncope) or
any significant neurological or systemic disorder and pa-
tients with an implanted electrical device.
At monthly educational meetings involving groups of

3 to 6 patients as well as neurologists and counselors,
patients were instructed on how to use the nVNS device
and were invited to describe their experiences with mi-
graine and how they usually managed migraine attacks.
Patients received basic information on vagus nerve
physiology and vagal neurostimulation and watched a
video demonstrating how nVNS is believed to work.
Prior to study initiation, patients were actively encour-
aged to use nVNS and received training on the proper
use of the device from a physician and via an instruc-
tional video.
Patients were instructed to use nVNS to self-treat up

to three consecutive migraine attacks that occurred over
a 2-week period. For each migraine attack, patients de-
livered two 120-s doses of electrical stimulation at 3-min
intervals to the right cervical branch of the vagus nerve
within 20 min of the onset of mild or moderate pain.
Patients were allowed to take a rescue medication if

they perceived no reduction in pain 2 h after nVNS
treatment. Pain severity was rated using a 0- to 10-cm
visual analog scale (VAS) score (0 cm, no pain; 1-3 cm,
mild; 4-6 cm, moderate; 7-10 cm, severe) at baseline, 1 h,
and 2 h. Patients recorded pain severity in a headache
diary, along with symptoms of nausea, photophobia,
phonophobia, and functional disability (at baseline and
2 h); the use of rescue medications and adverse events
were also recorded.
Pain relief was defined as a ≥50 % reduction in VAS

score. Pain-free status was defined as a VAS score of 0. The
primary end point was pain-free status at 2 h. Secondary

end points were pain relief at 1 and 2 h; pain-free status at
1 h; absence of nausea, photophobia, and phonophobia at
2 h; complete recovery from functional disability at 2 h;
use of rescue medication; safety; tolerability; and end-of-
study assessment of patients’ satisfaction (5-point scale: 1,
very dissatisfied, to 5, very satisfied) with treatment, their
willingness to use the device in the future, and their
perceptions regarding the safety of nVNS. Descriptive sta-
tistics (ie, mean [standard deviation]) were used to de-
scribe categorical data; no other statistical analyses were
performed.

Results
We enrolled 50 patients (female/male: 40/10) affected by
CM (n = 36) and HFEM (n = 14) (Table 1). Two patients
with CM did not treat any migraine attacks; the
remaining 48 patients treated a total of 131 attacks. Spe-
cifically, 30 patients with CM and 6 with HFEM treated
3 attacks each; 4 patients with CM and 7 with HFEM
treated 2 attacks each; and 1 patient with HFEM treated
1 attack. After nVNS, 27 of 48 patients (56.3 %) reported
pain relief at 1 h; of these patients, 35.4 % (n = 17) were
pain free. Thirty-one patients (64.6 %) reported pain re-
lief at 2 h, of which 39.6 % (n = 19) were pain free (Fig. 1).
For all 131 migraine attacks, pain relief was reported for
38.2 % (50 of 131) of attacks at 1 h and for 51.1 % (67 of
131) at 2 h; pain-free status was reported for 17.6 % (23
of 131) of attacks at 1 h and for 22.9 % (30 of 131) of at-
tacks at 2 h (Fig. 2). Achievement of pain-free status at 1
and 2 h for at least 1 attack was experienced in 33.3 %
(11 of 33) of patients treating 3 attacks and 41.7 % (5 of
12) of patients treating 2 attacks (5 of 12).
When comparing efficacy of nVNS among patients

with CM versus HFEM, we found a consistent trend
toward greater efficacy in patients with HFEM. The
proportion of patients reporting pain relief after
nVNS was greater in HFEM at 1 h (HFEM, 71.4 %
[10 of 14]; CM, 50.0 % [17 of 34]) and at 2 h (HFEM,
78.6 % [11 of 14]; CM, 58.8 % [20 of 34]); achieve-
ment of pain-free status was also greater in HFEM at
1 h (HFEM, 50.0 % [7 of 14]; CM, 29.4 % [10 of 34])
and at 2 h (HFEM, 50.0 % [7 of 14]; CM, 35.5 % [12
of 34]) (Fig. 3). A similar trend was seen for all 131
attacks. A greater proportion of HFEM attacks
achieved pain relief at 1 h (HFEM, 45.5 % [15 of 33];
CM, 35.7 % [35 of 98]) and 2 h (HFEM, 60.6 % [20 of
33]; CM, 48.0 % [47of 98]); more attacks achieved
pain-free status at 1 h (HFEM, 30.3 % [10 of 33]; CM,
13.3 % [13 of 98]) and at 2 h (HFEM, 33.3 % [11 of
33]; CM, 19.4 % [19 of 98]) (Fig. 4).
The proportion of patients who responded to nVNS

in ≥ 50 % of the migraine attacks at 2 h was 62.5 %
for pain relief (78.6 % in HFEM, 55.9 % in CM) and
33.3 % for pain free (50 % in HFEM, 26.5 % in CM).
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At 2 h, freedom from nausea was reported in 66.4 %
(87 of 131) of attacks; freedom from photophobia and
phonophobia was reported in 76.3 % (100 of 131) and
77.1 % (101 of 131) of attacks, respectively. Complete re-
covery from functional disability at 2 h was reported in
35.1 % of attacks. Rescue medications were taken in
53.4 % (70 of 131) of the attacks.
No major adverse events were reported. Mild tingling

or pricking sensations at the stimulation site, reported
by 67 % (32 of 48) of patients, was the only adverse
event associated with nVNS. Nearly half of the patients
(45.8 %; 22 of 48) reported satisfaction (ie, satisfied or
very satisfied) with treatment and were willing to use the

device in the future. All patients considered nVNS treat-
ment to be safe.

Discussion
Results from the present study validate prior evidence
that shows nVNS is effective for the acute treatment of
migraine attacks in patients with HFEM or CM [11].
With enrollment of a larger (N = 50), more severely af-
fected population who experienced more migraine at-
tacks (N = 131), our research extends data from previous
studies that showed a 2-h pain-free response of 22 %
[11]. More than half of the patients (64.6 %) in our study
experienced pain relief at 2 h, and 39.6 % were pain free

Table 1 Demographic and baseline characteristics of study population

All HFEM CM

N = 50 n = 14 n = 36

Mean (SD) age, y 43.2 (11.3) 43.2 (12.3) 43.3 (10.8)

Female, n (%) 40 (80) 11 (78.6) 29 (80.5)

Mean (SD) disease duration, y 29.7 (11.2) 30.4 (13.5) 29.5 (10.2)

Mean (SD) number of migraine days per month 15.4 (5.6) 7.9 (2.3) 18.3 (3.3)

Allodyniaa, n (%) 18 (36) 4 (28.6) 14 (38.9)

Concomitant prophylaxis, n (%) 39 (78) 10 (71.4) 29 (80.6)

Migraine Type, n (%)

Migraine without aura 14 (28) 14 (100) 0

Medication overuse headache 5 (10) 0 5 (13.9)

Chronic migraine 36 (72) 0 36 (100)

Migraine Pain Location, n (%)

Unilateral 28 (56) 10 (71.4) 18 (50)

Bilateral 18 (36) 3 (21.4) 15 (41.7)

Unilateral/bilateral 4 (8) 1 (7.2) 3 (8.3)

Duration of Migraine Attacks, n (%)

≤24 h 17 (34) 5 (35.7) 12 (33.3)

25-48 h 8 (16) 2 (14.3) 6 (16.7)

>48 h 25 (50) 7 (50) 18 (50)

CM chronic migraine, HFEM high-frequency episodic migraine; SD standard deviation
aAllodynia was assessed using the Allodynia Symptom Checklist

Fig. 1 Response to nVNS treatment in 48 Migraineurs. Abbreviations:
nVNS, non-invasive vagus nerve stimulation

Fig. 2 Response to nVNS treatment in 131 Migraine Attacks.
Abbreviations: nVNS, non-invasive vagus nerve stimulation
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at 2 h; a novel finding is the response to nVNS at 1 h,
with 56.3 % of patients experiencing pain relief, including
35.4 % of patients who were pain free. Additionally, we
discovered that patients with a lower frequency of at-
tacks (ie, HFEM; 8-14 headache days per month)

appeared to achieve a better response than those with
a higher frequency of attacks (CM; ≥15 headache days
per month). This finding represents an early treatment
paradigm in which nVNS was administered when mi-
graine pain was mild or moderate rather than severe. Al-
though this paradigm may increase the placebo effect, it
was selected because headaches in CM are typically re-
ported to be mild or moderate compared with more se-
vere headaches in episodic migraine [14, 15]. Moreover,
persistent activity of pain-processing regions within the
brain and low expectation of success in patients with CM
may mitigate any placebo effect [16]. Other limitations of
this study are the open-label design, lack of control group,
and short duration. Moreover, larger studies are re-
quired. However, studies of nVNS in migraine [11] and
cluster headache [17] have also implemented a short-
term, single-arm, open-label design to demonstrate the
feasibility of nVNS in real-world clinical practice. Prelim-
inary data from large-scale, multicenter, randomized, con-
trolled studies of nVNS in CM [18] and chronic cluster
headache [19] have further corroborated its clinical
benefit.
We investigated the benefit of nVNS in a real-world

clinical setting; findings from this study will expand the
body of clinical evidence on nVNS to the HFEM/CM
population whose pain is difficult to manage. Further-
more, we implemented intensive educational training to
ensure treatment adherence, assessed headache response
at a short interval (ie, 1 h), and evaluated treatment sat-
isfaction. Our data confirm that nVNS is well tolerated
and safe and is associated with treatment satisfaction
and therapeutic adherence. From a risk-benefit perspec-
tive, nVNS therapy achieved pain relief without serious
side effects, which may decrease patients’ reliance on
migraine medications and, in turn, lower the risk of
medication overuse.
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Abstract

The mechanisms by which noninvasive vagal nerve stimulation (nVNS) affect central and

peripheral neural circuits that subserve pain and autonomic physiology are not clear, and

thus remain an area of intense investigation. Effects of nVNS vs sham stimulation on subject

responses to five noxious thermal stimuli (applied to left lower extremity), were measured in

30 healthy subjects (n = 15 sham and n = 15 nVNS), with fMRI and physiological galvanic

skin response (GSR). With repeated noxious thermal stimuli a group × time analysis showed

a significantly (p < .001) decreased response with nVNS in bilateral primary and secondary

somatosensory cortices (SI and SII), left dorsoposterior insular cortex, bilateral paracentral

lobule, bilateral medial dorsal thalamus, right anterior cingulate cortex, and right orbitofrontal

cortex. A group × time ×GSR analysis showed a significantly decreased response in the

nVNS group (p < .0005) bilaterally in SI, lower and mid medullary brainstem, and inferior

occipital cortex. Finally, nVNS treatment showed decreased activity in pronociceptive brain-

stem nuclei (e.g. the reticular nucleus and rostral ventromedial medulla) and key autonomic

integration nuclei (e.g. the rostroventrolateral medulla, nucleus ambiguous, and dorsal

motor nucleus of the vagus nerve). In aggregate, noninvasive vagal nerve stimulation

reduced the physiological response to noxious thermal stimuli and impacted neural circuits

important for pain processing and autonomic output.
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Introduction

Noninvasive vagus nerve stimulation

Afferent and efferent vagus nerve signaling are critical mediators of physiological homeostasis,

modulating heart rate, gastrointestinal tract motility and secretion, pancreatic endocrine and

exocrine secretion, hepatic glucose production, and other skeletal and visceral functions that

together make the vagus nerve the principle nerve of the parasympathetic nervous system [1].

Vagal fibers can be activated with exogenous electrical stimulation carried out with surgically

implanted vagus nerve stimulation (sVNS) devices (implanted around the vagus nerve in the

carotid sheath). Surgically implanted vagus nerve stimulation is approved by the United States

Food and Drug Administration (FDA) for the treatment of epilepsy [2] and for treatment-

resistant major depression (TRMD); [3–5]. However, cervical sVNS can result in complica-

tions, including hoarseness, dyspnea, nausea, and postoperative pain [6, 7].

Noninvasive techniques for VNS have beneficial effects in treating epilepsy, depression,

and pain. Treatment includes the use of devices that activate the auricular branch (termed

Arnold’s nerve) of the vagus nerve [8–10] and the cervical vagus nerve (found within the

carotid sheath) [11]. Cervical transcutaneous noninvasive vagus nerve stimulation (nVNS)

has shown promising therapeutic effects in the treatment of acute and chronic migraine

headaches [12–14], and acute and chronic cluster headaches [15], and is now FDA-

approved to treat both episodic cluster [14] and acute migraine headaches [7, 16, 17].

Recent work has shown that, with finite element modeling of cervical nVNS, the electrical

field significantly penetrates the human neck and is sufficient to activate the cervical vagus

nerve [11]. Moreover cervical nVNS is known to result in characteristic evoked potentials

when measured with EEG that match evoked potentials produced by implanted vagal nerve

stimulators [18]. Collectively, transcutaneous cervical nVNS results in vagal activation that

affects pain transmission and experience.

Pain autonomic responses and vagus nerve stimulation

Pain is a multimodal experience represented by a broad network of cortical and subcortical

structures, including the primary (SI) and secondary somatosensory (SII) cortices, bilateral

insular cortex (IC), anterior cingulate cortex (ACC), prefrontal cortex (PFC), thalamus, and

brainstem nuclei [19, 20]. Noxious thermal (painful) stimulation activates a sympathetic

response, as measured by an increase in galvanic skin response (GSR); [21–23], with a dose

response relationship to increasing thermal stimulus magnitude [24]. Prior work has identified

pain-mediated increased activation of the IC, amygdala, ACC, and PFC that correlates with

pain-evoked sympathetic activity (i.e. GSR), and together offer a baseline construct for the

neural basis of this autonomic pain dimension [25–29]. In the present study, we used func-

tional magnetic resonance imaging (fMRI) and primary physiological outcomes (GSR) to test

the hypothesis that nVNS may alter typical cortical and subcortical neural and physiological

autonomic responses to aversive noxious thermal stimuli more than to sham treatment. Prior

literature supports antinociceptive effects of vagal nerve stimulation in preclinical pain models

[30–35]. The antinociceptive effects of VNS are postulated to depend on afferent signaling to

the nucleus tractus solitarius (NTS), nucleus raphe magnus (NRM), and locus coeruleus (LC)

[32]. Based on this work, it has been proposed that vagal afferent inputs to NTS, NRM, and LC

result in a summative signal (including activation of descending noradrenergic, serotonergic,

and spinal opiodergic tracts) that inhibits dorsal horn neurons [34] [32] [35]. Adding to pre-

clinical work, multiple translational clinical studies also show similar antinociceptive effects of

acute [10, 36–39] and chronic VNS [40].

nVNS alters neural and physiological responses to a noxious thermal challenge
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Recent fMRI studies have revealed that nVNS affects brain areas important in pain process-

ing (e.g. the medial thalamus, dorsal ACC, IC, and PFC; [41–44], thus highlighting a potential

supraspinal vagal influence on pain perception. Only a single small pilot study (n = 20) has

evaluated the neural effects of transcutaneous VNS using auricular “Arnold’s nerve” stimula-

tion on experimental pain [37]. The results did not show a difference between groups, but a

post-hoc analysis of “responders”, i.e. subjects (n = 12) with increased pain threshold post-

nVNS, showed decreased activation during the application of pain stimuli in the left dorsopos-

terior insula, ACC, ventromedial PFC, caudate nucleus, and hypothalamus [37]. Notably, this

study performed continuous transcutaneous auricular VNS during the noxious thermal chal-

lenge, possibly confounding the results as emerging literature shows pronociceptive effects

during actual VNS, while the antinociceptive effects occur post-VNS [45, 46]. Taken together,

the evidence accumulated to date suggests that VNS alters clinical pain perception, but that

VNS must be carefully timed to produce antinociceptive effects.

Study objectives

The objective of this study was to gain a richer understanding of post-nVNS effects on sensory

discriminative neurocircuits, affective pain neurocircuits, and the peripheral autonomic

response to noxious thermal stimuli. Our goal was to determine the extent of post-nVNS neu-

ral effects on pain-related brain activation and autonomic tone. Taken together, this knowl-

edge could guide and improve the efficacious use of nVNS in pain-disease states.

Materials and methods

Participants

Thirty male and female subjects (age range, 18–54) were recruited through the Altman Clinical

and Translation Research Institute at the University of California, San Diego Health System.

Screening, exclusion, and inclusion criteria are found in Supplementary Information (S1 File).

All participants were right-handed and provided written, informed consent to participate in

the study. The Institutional Review Board at the University of California, San Diego Health

Systems approved this study (UCSD IRB project # 150202).

Intervention

Subjects were randomized to receive either nVNS (n = 15) or sham (n = 15) treatment (Fig

1A). A pair of nonferromagnetic stainless-steel surface electrodes (1-cm diameter) were placed

on the subject and secured with an adjustable Velcro strap collar. The 2 devices were identical

in appearance and subjects were blinded to specific intervention. Application of the device was

made to either the right anterior cervical area (overlying the carotid artery) for active nVNS,

or the right lateral cervical area (posterior to sternocleidomastoid) for the sham treatment.

Surface electrodes were connected to the battery-powered stimulation unit by a 6-m shielded,

grounded cable. Both the sham and nVNS devices delivered 1-ms duration bursts of 5 sinusoi-

dal wave pulses at 5000 Hz with a repetition rate of 25 Hz, and a continuous train duration of 2

minutes. In both the nVNS and sham treatments, a computational fixed, initial 30-second

ramp-up period was followed by 90 seconds of peak stimulation. In the nVNS treatment, the

voltage was increased to 24 V, whereas in the sham stimulation it was increased to 4.5 V. With

sham stimulation, subjects generally experience greater discomfort (because of stimulation of

neck muscles), with maximal tolerable amplitude typically only 2–8 V[44, 47]. Therefore, we

employed a maximum sham voltage of 4.5 V to the far lateral neck position [44, 47]. Prior

work suggests that use of the far lateral neck position with low voltage does not result in

nVNS alters neural and physiological responses to a noxious thermal challenge
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stimulation of the vagus nerve[44, 47]. Mourdoukoutas and colleague’s [11], recent work

shows (with finite element modeling) that active 20 V nVNS positioned directly over the

carotid artery results in electric field penetrance that activates the vagus nerve. Based on this

modeling we chose the maximum setting of 24 V known to activate the vagus nerve in the cer-

vical neck. Both nVNS and sham stimulation were carried out 9.5 minutes prior to the noxious

thermal stimulus paradigm (Fig 1B).

Thermal stimulus task

The thermal heat threshold and thermal heat tolerance were obtained prior to the MRI scan, as

previously described [48] (S1 File). During the MRI scan, noxious thermal stimulation up to a

Fig 1. Noninvasive vagus nerve stimulation study design. (a) Subjects were screened and randomized to either the

sham treatment or nVNS group. Sham stimulation was carried out posteriolateral to the sternocleidomastoid. In the

nVNS group, stimulation occurred anteromedial to the sternocleidomastoid and lateral to the trachea. In both the

nVNS and sham treatments, a computational fixed, initial 30-second ramp-up period was followed by 90 seconds of

peak stimulation. (b) Subjects were allowed to rest for 5 minutes before undergoing 2 minutes of nVNS (electrodes

placed over carotid) or sham stimulation (electrodes placed far lateral to the sternocleidomastoid). Subjects then rested

for an additional 5 minutes. Nine and a half minutes after either nVNS or sham stimulation, 5 successive noxious

thermal stimuli were applied in bouts of 5 seconds each, up to 49.8˚C. Each heat stimulus began 110 seconds after the

start of the previous one. fMRI, and GSR acquisition were taken 9.5 to 16.8 minutes after nVNS or sham treatment.

https://doi.org/10.1371/journal.pone.0201212.g001

nVNS alters neural and physiological responses to a noxious thermal challenge
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temperature of 49.8˚C was applied for 5 seconds via a fMRI-compatible thermode (probe size

3 x 3 cm; TSA-II, NeuroSensory Analyzer, MEDOC Advanced Medical Systems, Rimat Yishai,

Israel) attached via Velcro strap, to the left lower extremity (left anteromedial lower leg, ante-

rior to the medial gastrocnemius) in all participants. Five noxious thermal stimuli were succes-

sively applied for 5 seconds each, with a 105-second interval between each application. The

total duration of the task was 9 minutes and 15 seconds (Fig 1B). To tabulate the subjective

pain report, we used the numerical pain rating scale (NPRS), a validated pain-intensity score,

with a test-retest reliability of 0.71 to 0.99 that is highly correlated with the numerical pain rat-

ing scale and McGill Pain Questionnaire [49]. Ten seconds after each noxious thermal stimu-

lus ended(noxious thermal stimulus application from 1.5–6.5 sec), subjects visualized a

projector screen that displayed NPRS, at which point they were asked to rate their pain inten-

sity) numbered 0 to 10 (where 0 = no pain, and 10 = most intense pain possible). On the visual-

ized screen a cursor was slowly moved across the NPRS scale from 0-10(left to right over

approximately a 10 second time interval). Prior to scanning, the subject was instructed to raise

the right thumb when the cursor indicated the pain level experienced. A video camera visual-

ized the subject’s right thumb as it was raised (when the cursor passed under the specific num-

ber indicating their (i.e., #5/ 10) numerical pain rating). The subject’s pain report (number

when thumb was raised) was then recorded in the source document. Pain ratings were pro-

vided 10 seconds after termination of the pain stimulus and thus could be separated in the

slow event related design.

Galvanic skin response

We used the BioPac MP150 Psychophysiological Monitoring System (BioPac System Inc.,

Santa Barbara, CA) to measure psychophysiological reactivity at rest and during the noxious

thermal stimulus pain paradigm. The GSR was recorded using 2 electrodes positioned on the

volar pads of the distal phalanx of the middle and ring fingers of the right hand, and GSR was

sampled with a frequency of 1000 Hz. The mean GSR (in microsiemens) prior to the applica-

tion of each (#1-#5) noxious thermal heat stimulus (baseline GSR) was compared to the peak

GSR response after the application of noxious thermal stimulus for each trial (#1-#5). The

slope of GSR from baseline to peak was calculated (microsiemens/s). Additionally, the time (in

seconds) from baseline (prior to each noxious thermal stimulus) to the peak GSR response

(each post-noxious thermal stimulus) was measured and compared within and between

groups. The mean GSR response was defined as the average GSR (over 25 seconds) obtained

after the peak GSR was reached. Data analysis, including sample selection and artifact removal,

was carried out with AcqKnowledge software (version 4.42, BioPac System Inc.) and the R sta-

tistical programming language, version 3.4.3 [50].

Image acquisition

T2�-weighted echo-planar images were acquired on a 3T General Electric Discovery MR 750 [Mil-

waukee, WI; 360 volumes, TR = 1.5 s, TE = 30 ms, flip angle = 80˚, FOV 24 cm, 64 × 64 matrix,

3.75 × 3.75-mm in-plane resolution, 30 3.0 mm (1-mm gap) ascending interleaved axial slices]

using an 8-channel brain array coil. High-resolution T1-weighted FSPGR anatomical images (flip

angle = 8˚, 256 × 256 matrix, 172 1-mm sagittal slices, TR = 8.1 s, TE = 3.17 ms, 1 × 1-mm in-

plane resolution) were acquired to permit activation localization and spatial normalization.

Statistical analysis

Group demographics of GSR analyses. Group differences in questionnaires and demo-

graphic analyses were calculated with Mann-Whitney U tests. BIOPAC system measurements

nVNS alters neural and physiological responses to a noxious thermal challenge
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of GSR were incorporated into a mixed-model regression to evaluate within- and between-

group (nVNS vs sham) changes in GSR with each noxious thermal stimulus (from baseline, i.e.

prior to each (#1-#5) noxious thermal stimulus to after the noxious thermal stimulus has been

applied (#1-#5). The within- and between-group GSR post-thermal noxious stimulus mean

value (microsiemens), time to peak (seconds), and slope from the baseline GSR to the peak

(microsiemens/seconds) were compared. All statistical calculations were performed using the

R statistical programming language, version 3.4.3 [50].

MRI preprocessing. Structural and functional image processing and analysis were com-

pleted using analysis of functional neuroimages (AFNI) software [51] and R statistical pack-

ages. Echo planar images were slice-time and motion-corrected and aligned to high-resolution

anatomic images in AFNI. Volumes with >20% voxels marked as outliers using 3dToutcount

were censored and dropped from the analysis. For all group data points in the LME analyses

1.5% data censor were identified as outlier. Percentage Outlier voxels in the time series were

interpolated using 3dDespike. Functional data were aligned to standard space, resampled to

4-mm isotropic voxels, and smoothed with a Gaussian spatial filter (to 6 mm full width at half-

maximum). Hemodynamics of the pain experience were modeled using line interpolation

(3dDeconvolve/3dREMLfit modeled with TENT) for the span from the initiation of thermal

heat stimulus and the following 15 seconds as modeled by 5 regressors overtime. These regres-

sors were reconstructed to form a time series with 11 data points 1.5 seconds apart, which was

used in subsequent analysis.

Group differences in the time course of Blood Oxygen Level-Dependent (BOLD) responses

over the entire course of the pain experience were measured over the 5 noxious thermal appli-

cations. Time-course data were modeled using AFNI’s 3dDeconvolve TENT function. The

TENT function is a linear interpolation of the hemodynamic response function over time

described as piecewise linear splines. A group (nVNS or sham) × time, and (nVNS or sham) ×
time × GSR linear mixed-effects analysis (LME) using AFNI’s 3dLME was conducted to com-

pare time-course data from nVNS vs sham. Effects of interest included (group × time) and

(group × time × GSR) interactions, in which all were fixed effects without covariates. Group

and GSR were handled as between subject factors and time was a within subject factor. Multi-

voxel multiple comparisons were performed by Monte Carlo simulations (using AFNI

3dClustSim modeled with 3-perameter modeling noise) to reduce the potential for false posi-

tive results. A per-voxel threshold of p< .001, a cluster-wise threshold of p< .001, and a mini-

mum number of 14 voxels per cluster were used. The Montreal Neurological Institute (MNI)

atlas was used to identify clusters. Brainstem nuclei localizations in the group × time × GSR

LME were compared with graphical representations of brainstem nuclei from the Duvernoy

atlas [52] and compared to prior grey and white matter brainstem maps by Beissner and col-

leagues [53].

Results

Participant demographics and psychiatric assessments

The mean age between the nVNS (24.7 ± 3.7 years) and sham group (30.7 ± 10.3 year) was not

statistically different, as determined by a Mann-Whitney U test (p = .349). Subjects did not

report having elevated anxiety, depression, or posttraumatic stress disorder (PTSD), as mea-

sured by the Beck Anxiety Index (BAI), Beck Depression Inventory 2 (BDI-2), or the PTSD

Check List–Civilian version (PCL-C). Accordingly, no significant difference in mean scores

between groups was noted for these measures. There were no significant differences in gender

or race between the sham and nVNS groups. Two subjects failed the initial screen and were

excluded from the study; one had a preexisting arrhythmia disorder (Wolf-Parkinson-White

nVNS alters neural and physiological responses to a noxious thermal challenge
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syndrome) and the other had braces (Table 1). The total sample used for analysis (after exclu-

sion of the 2 subjects who failed screening) was 15 subjects in each of the VNS and sham

groups.

Pain and physiologic measures

Baseline pain measures. Subject responses to the baseline MPQ, measured at rest prior to

thermal threshold or tolerance testing, were not different between the groups (Table 2). Heat

thresholds, measured using the method of limits, were similar across groups (nVNS, 41.2˚-

C ± 2.8˚C; vs sham, 41.9˚C ± 2.0˚C; p = .935), as was heat tolerance, also, measured using the

method of limits,(nVNS, 49.0˚C ± 1.4˚C; vs sham, 48.71˚C ± 1.2˚C; p = 0.467; Table 2).

Pain reports during the fMRI task as measured by the NPRS

During the MRI task, 5 successive noxious thermal stimuli were administered based on ther-

mal tolerance measures, up to 49.8˚C (Fig 1B). The pain intensity score, measured as the mean

NPRS score reported during the noxious thermal stimulus paradigm, was similar between the

groups for each application of thermal stimulus (S1 Fig). Both groups reported NPRS scores

that were lower with the fifth thermal stimulus (decrease in NPRS, -0.678, ± 0.209; t = -3.241; p
= .002) compared with the first stimulus. We then compared the change in mean pain report

(NPRS) across each of the successive noxious thermal stimuli (T1-T5) between groups. In con-

trast to the nVNS group, subjects who underwent sham stimulation showed an increase in

NPRS with each of the successive noxious thermal stimuli from the second to the fourth

(T2-T4) (this change in pain score for each of the successive noxious thermal stimuli (T2-T4)

was calculated as a slope, i.e. sham slope; 0.150 ± 0.122) vs the decrease in NPRS with each of

the successive noxious thermal stimuli observed for nVNS (T2-4), (nVNS slope;

-0.233 ± 0.122; p = .0301) (S1 Fig). One subject in the sham group was unable to complete the

fifth 5-second noxious thermal stimulus due to discomfort. No other adverse events occurred

during the study.

Table 1. Subject demographics and psychiatric measures.

Sham (n = 15) nVNS (n = 15) Significance

Mean (min, max) [%] Mean (min, max) [%] p

Age (years) 27.0 (18.0, 54.0) 25.0 (18.0, 31.0) 0.349a

Sex 8M:7F [53%: 47%] 11M:4F [73%: 27%] 0.256 b

Race 0.460 a

Asian 5 [33%] 7 [46%]

Black 1 [7%] 0 [0%]

White 9 [60%] 7 [46%]

Other 0 [0%] 1 [7%]

Excluded 0 [0%] 2 [14%]

BAI 1.0 (0.0, 12.0) 1.0 (0.0, 13.0) 0.577 a

BDI-2 1.0 (0.0, 14.0) 2.0 (0.0, 17.0) 0.538 a

PCL-C 18.3 (17.0, 28.0) 18.3 (17.0, 28.0) 0.469 a

BAI = Beck Anxiety Inventory; BDI-2 = Beck Depression Inventory 2; PCL-C = Posttraumatic Stress Disorder Check

List–Civilian version.
a = Mann Whitney U statistical test.
b = Fishers exact test.

https://doi.org/10.1371/journal.pone.0201212.t001
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Galvanic skin response

The GSR was recorded with each noxious thermal stimulus. The time from the onset of the

each of noxious thermal stimuli to the peak GSR was measured in seconds. Mixed-model

regression analyses conducted across all noxious thermal stimuli (T1-5) and between groups

(nVNS vs sham) showed a significantly shorter time to peak in the nVNS group (p = .020; Fig

2A). Post-hoc comparisons between groups (with a 2-sample t test) revealed that subjects who

underwent nVNS had a shorter time to peak GSR compared with sham subjects during the

application of noxious thermal stimuli T1 and T2 (p< .05). Similar trends also approached

significance for T3 and T4 (p< .09; Fig 2A; S1 Table). We then measured the GSR slope (in

microsiemens) from the baseline GSR (prior to the application of each noxious thermal stimu-

lus) to the peak GSR (accompanying each noxious thermal stimulus) and compared how this

slope changed with each of the noxious thermal stimuli (T1-5). This GSR slope decreased

equally in both groups for T1 to T3 (Fig 2B). But in contrast to the nVNS group, which had an

average decrease in slope (-0.0461 microsiemens/second) for T3 to T5, the sham group showed

an increase in the average slope to peak GSR from T3 to T5 (0.049 microsiemens/seconds),

with a significant between-group difference observed (group x time interaction, -0.09508; p =

.0412; Fig 2B).

Within-group analysis conducted using a Mann-Whitney U test showed that the mean

GSR (measured for each of the successive noxious thermal stimuli) was successively lower in

the sham group after the application of the noxious thermal stimulus for T1, compared with

T4 and T5 (p< .05); T2 vs T3 (p< .05), T4, and T5, (p< .001); T3 vs T4 and T5 (p< .001);

and T4 vs T5 (p< .001; S2 Table). In the nVNS group, the mean GSR was successively reduced

after the application of the noxious thermal stimulus for T1 vs T3 (p = .016), T1 vs T4, and T5

(p< .005); T2 vs T3, T4, T5, (p< .001); and T3 vs T4 and T5 (p< .001; S3 Table).

Imaging results

Group differences during the application of thermal stimuli. During the application of

a noxious thermal stimulus, 21 regions met cluster thresholds in group × time LME analyses

(i.e., nVNS vs sham × time). Examination of this interaction indicated that regions in the left

insula, right cerebellum/declive, and right cuneus had large clusters of greater activation

(sham> nVNS). Additional regions important in the processing of thermal stimuli included

the left somatosensory cortex, bilateral mediodorsal thalamus, right dorsal anterior cingulate

gyrus, left supramarginal gyrus, and right medial frontal gyrus (orbitofrontal cortex [OFC];

Table 3). A TENT function analysis showed significantly greater activation during the

Table 2. Baseline pain measures.

Sham (n = 15) nVNS (n = 15) Mann-Whitney U

Mean (min, max)

[%]

Mean (min, max) [%] p

Adverse eventsa 1 [7%] 0 [0%]

MPQ 0.0 (0.0, 11.0) 5.0 (0.0, 59.0) 0.096

Heat threshold (˚C) 42.2 (39.1, 46.0 42.4 (34.0, 48.2) 0.935

Heat tolerance (˚C) 48.7 (47.1, 50.0) 49.3 (44.7, 50.6) 0.467

MPQ = McGill Pain Questionnaire.
aUnable to continue heat pain trial.

https://doi.org/10.1371/journal.pone.0201212.t002
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application of noxious thermal heat stimuli in the sham group in the SI (Fig 3A and Fig 3B),

SII (Fig 3C–3E), left dorsoposterior insula (Fig 3F and Fig 3G), and bilateral mediodorsal thal-

amus, as well as in the dorsal anterior cingulate (area 24; Fig 3H and 3J), and right medial fron-

tal gyrus (OFC; Fig 3K and Fig 3L).

Fig 2. nVNS vs sham autonomic measures of sympathetic tone galvanic skin response (GSR) with noxious

thermal challenge. (A) The time to peak galvanic skin response (GSR) measured in seconds after the application of

each of the noxious thermal stimuli was significantly reduced in the nVNS group for noxious thermal stimuli 1 and 2

(T1 and T2) (��p< .05) compared with the sham group, and approached significance for T3 and T4 (δp< .09). Mixed-

model regression showed that the combined (T1-T5) time to peak GSR in the nVNS group was significantly shorter

compared with the sham group (p< .02). (B) The GSR slope (in microsiemens) from the baseline GSR (prior to the

application of each noxious thermal stimulus) to the peak GSR (accompanying each noxious thermal stimulus) was

measured in each group. The slope from the baseline GSR to the peak response decreased in both groups with each

successively applied noxious thermal stimulus from T1 to T3. However, whereas the nVNS group showed a negative

average slope to peak GSR of -0.0461 from T3 to T5, the sham group showed a positive average slope to peak GSR of

0.049 from T3 to T5. The between-group difference (group x time interaction = -0.09508) for T3 to T5 was significant

at �p< .05. Red circles = nVNS group. Blue circles = sham group.

https://doi.org/10.1371/journal.pone.0201212.g002
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Imaging results with LME analysis

To better understand the relationships between neural and autonomic measures during ther-

mal stimuli, the GSR mean, measured from the peak after thermal stimulus for 15 seconds,

was incorporated into a group (nVNS vs sham) × linear time x GSR LME analysis using

AFNI’s 3dLME to compare time-course data from the nVNS and sham groups. The

group × time × GSR interaction showed that 3 regions met cluster thresholds; the postcentral

gyrus/somatosensory cortex (Fig 4A and Fig 4B), cerebellum/medullary brainstem (Fig 4C

and Fig 4D), and left occipital gyrus (Table 4). At the medullary level (i.e., level of the olive

from the lower pons, spanning to the lower medulla) multiple afferent fibers enter the brain-

stem, including vagus, glossopharyngeal, hypoglossal, and accessory nerves that synapse on

multiple brainstem nuclei (i.e., nucleus ambiguous (NAmb), dorsal motor nucleus of the vagus

nerve (DMNX) and nucleus tractus solitarius (NTS)). Other brainstem nuclei important for

pain processing (i.e., the rostral ventromedial medulla (RVM), rostral ventrolateral medulla

(RVLM), and nucleus reticularis (Rt)) are also found at this level. Brainstem nuclei localiza-

tions were compared with graphical representations of brainstem nuclei from the Duvernoy

atlas [52] and compared with prior grey and white matter brainstem maps by Biessner and col-

leagues [53]. Subjects in the sham and nVNS groups were separated by median into high and

low mean GSR categories, and the group × time × GSR interaction in the areas corresponding

to the above nuclei (within medulla/brainstem) were examined. During the application of nox-

ious thermal stimuli, subjects who underwent sham treatment and showed a high GSR

Table 3. Cluster results for group × time analysis of noxious thermal stimuli.

Voxels x y z Within BA t-test p-value

261 19 -63 -24 Right Cerebellum 3.976308 0.0004

131 -43 -36 28 Left Insula, Left Secondary Somatosensory 13 4.032758 0.0004

Cortex (SII), Left Dorsoposterior Insula

130 25 -80 8 Right Cuneus 17 3.994926 0.0004

88 1 -31 66 Bilateral Primary Somatosensory Cortex (SI) 3a 3.899217 0.0006

56 -18 -72 -24 Left Cerebellum 18 3.695176 0.0009

49 2 -21 -3 Bilateral Mediodorsal Thalamus 4.020902 0.0004

35 1 -31 36 Right Cingulate Gyrus 31 3.785605 0.0007

33 32 42 -12 Right Orbitofrontal Cortex 47 4.373772 0.0002

33 -21 -87 2 Left Lingual Gyrus 17 3.664152 0.001

26 7 8 44 Right Dorsal Anterior Cingulate Gyrus 24 4.024239 0.0004

25 3 -78 48 Right Precuneus 7 3.816214 0.0007

23 -40 -44 8 Left Superior Temporal Gyrus 41 4.816714 <0.0001

23 -19 -48 61 Left Precuneus 5 3.791053 0.0007

21 -36 -70 -31 Left Cerebellum 4.120962 0.0003

21 -21 -38 12 Left Caudate 48 3.740923 0.0008

20 -23 -82 31 Left Precuneus 19 3.751421 0.0008

17 -41 -16 44 Left Precentral Gyrus 4 3.636735 0.001

16 -21 -31 -2 Left Parahippocampal Gyrus 36 3.643388 0.001

16 -18 -1 15 Left Caudate 48 3.966382 0.0005

16 50 -26 22 Right Insula, Right Inferior Parietal Lobule 13 3.732593 0.0009

Right Secondary Somatosensory (SII)

16 -17 -48 24 Left Cingulate Gyrus 31 4.035837 0.0004

BA = Broadmann’s Area

https://doi.org/10.1371/journal.pone.0201212.t003
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demonstrated greater activity in the medulla/brainstem, compared with other groups (Fig 4C

and Fig 4D).

4. Discussion

The effects of VNS on the central and peripheral neural circuits involved in pain and auto-

nomic physiology are not well elucidated. In this study nVNS treatment (when compared to

Fig 3. Group differences in the time course of Blood Oxygen Level-Dependent (BOLD) responses over the

entire course of the pain experience. Imaging of (a) the bilateral somatosensory cortex (SI), and (c) SII, (f) left

dorsoposterior insula, (h) bilateral mediodorsal thalamus and dorsal anterior cingulate (area 24), and (k) right media

frontal gyrus (orbitofrontal cortex; OFC). Differential hemodynamic response curves during the application of noxious

thermal stimuli 10 to 15 minutes following VNS (turquoise) and sham treatments (pink) were generated with a

group × time, linear mixed-effects analysis showed that (b) subjects in the sham group had greater activity in the

bilateral postcentral gyrus (SI; p = .0006). Treatment with nVNS significantly decreased the response of the postcentral

gyrus during and after the application of noxious thermal stimuli (5 seconds each), up to 12 seconds after cessation of

the painful stimulus. Subjects in the sham group had greater activity in the bilateral SII (d, e) (mean and SE shown)

(right p = .0009, left p = .0009)]. Subjects in the sham group had greater activity in the left posterior insula (g) (mean

and SE shown; p = .0004), during and after the application of noxious thermal stimuli (5 seconds each). This result

demonstrates blunting of the usual temporal dynamic response of the insula (as seen in the sham group) that is most

evident during and up to 10 seconds after cessation of the painful stimulus. The sham group showed significantly

greater activity in the medial thalamus and anterior cingulate (area 24) (i, j) (mean and SE shown; mediodorsal

thalamus p = .0004, area 24 p = .0004), during and after the application of noxious thermal stimuli (5 seconds each).

Subjects in the nVNS group had significantly decreased activity in right middle frontal gyrus (l), overlapping with the

medial and lateral OFC (mean and SE shown; p = .0002) followed by an increase in OFC response (greater than sham)

that was most evident at the 10 to 15 second mark.

https://doi.org/10.1371/journal.pone.0201212.g003
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sham) resulted in reduced responses in highly relevant pain-processing nodes. There was a

significant alteration of autonomic tone, as determined by a decrease in sympathetic activity

(measured with GSR) and attenuated activity in brainstem nuclei known to contribute to

pain-mediated autonomic responses. These results provide preliminary evidence of significant

nVNS modulation of central and peripheral autonomic neural circuits relevant to pain

perception.

Fig 4. Neural and autonomic measures taken during the application of thermal stimuli (mean GSR, measured

from the peak after the application of the thermal stimulus for 15 seconds). Group (nVNS vs sham) × linear time x

GSR linear mixed-effects analysis. (A) Compared with subjects in the nVNS group, subjects who underwent sham

treatment showed significantly greater activity in the bilateral somatosensory cortex. (B) Differential hemodynamics of

pain following nVNS (turquoise) and sham (pink) treatment. (SI; mean and SE show; p = .0002). (C) Cerebellum/

medullary brain stem measures taken during the application of thermal stimuli show (D). To assist in visual

representation of this region of interest, the sham and nVNS groups were separated into high and low mean GSRs

(using a group median of 16 microsiemens; the high group included 5 subjects who received sham treatment and 7

subjects who received nVNS treatment). (D) Only the high-GSR sham group (pink shade with blue line) demonstrated

greater activity in the medulla/brain stem with the application of noxious thermal stimuli. At this medullary level (i.e.

the level of the olive from the lower pons, spanning to the lower medulla) multiple afferent fibers enter the brainstem,

including the vagus, glossopharyngeal, hypoglossal, and accessory nerves, that synapse on multiple brainstem nuclei

[i.e. the nucleus tractus solitarius (NTS), nucleus ambiguous (NAmb), and dorsal motor nucleus of the vagus nerve

(DMNX)]. Other brainstem nuclei important for nociception [i.e. the rostral ventrolateral medulla (RVLM), rostral

ventromedial medulla (RVM), and nucleus reticularis (Rt)] are also found at this level.

https://doi.org/10.1371/journal.pone.0201212.g004
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Post-Non-invasive vagus nerve stimulation with noxious thermal stimuli;

neural effects on bilateral somatosensory cortex 1 (SI) and somatosensory

sortex 2(SII) (i.e., Lateral Pain Pathway)

Compared with subjects in the sham group, group × time LME analysis showed that subjects

in the nVNS group had decreased neural activation of SI and SII, the medial dorsal thalamus,

ACC, IC, and OFC—all brain regions associated with the processing of painful stimuli. Meta-

analysis of human data from fMRI, EEG, magnetoencephalography (MEG), and positron

emission tomography (PET) studies has shown that the commonest regions found to be active

during an acute pain experience [19] are the SI and SII, thalamus, ACC, IC, and PFC, (compa-

rable to areas that show decreased activity with nVNS in this study). Analysis of the group x

time interaction showed a decrease in responses of the bilateral SI and SII somatosensory cor-

tex, suggesting that nVNS mediates this signaling during the application of a thermal stimulus.

These nVNS-mediated response changes in the SI somatosensory cortex strip match bilateral

somatotopy to the lower leg, consistent with the placement of the Peltier heat probe. It is gen-

erally believed that somatosensory stimuli are processed primarily or preferentially by the

hemisphere that is contralateral to the point of stimulation. However, evidence from clinical

studies in patients with brain lesions, and from brain-imaging studies of noxious painful sti-

muli have called this theory into question [54]. Well-established brain regions that show bilat-

eral activation upon the application of painful stimuli include the ACC, PFC, SII, insula,

thalamus, and inferior parietal lobe [55–60]; and, in some instances, SI [55, 61–63]. It is likely

that nVNS-mediated bilateral decreases in SI represent modulation of cortical context and or

anticipatory neurocircuits. We postulate that the observed effects of nVNS on bilateral pain-

processing pathways may represent bilateral nVNS afferent signaling effects; possible afferent

to bilateral efferent effects on the thermal (and possibly nociceptive) signaling pathways of the

spinal cord; or direct disruption of normal bilateral thermal and nociceptive afferent neural fir-

ing patterns that either independently or collectively change the temporal dynamics of pain

processing.

Post-Non-invasive vagus nerve stimulation with thermal stimuli; neural

effects on left dorsoposterior insula

In addition to nVNS-mediated bilateral SI and SII responses, our analysis showed a unilateral

decrease in the left dorsoposterior insula. The dorsoposterior insula exhibits an anterior-to-

posterior somatotopic organization in response to innocuous or noxious/painful stimuli as

measured with fMRI [64–68]. Various painful stimuli, including hypertonic saline injection

[65], thermal stimuli [66], and laser stimuli [69], have consistently reproduced this anteropos-

terior somatotopy within the dorsoposterior insula; specifically, rostral targets (head/neck)

localizing more anteriorly whereas caudal targets (leg) localizing posteriorly [70].

Table 4. Cluster results of group × time × GSR LME analysis.

Voxels x y z Within BA t test p value

414 3 -49 -54 Bilateral Medulla Cerebellum 5.398 <0.0001

25 4 -44 63 Bilateral Primary Somatosensory Cortex (SI) 3b 4.200 0.0002

15 -26 -92 -13 Left Lingual Gyrus 18 4.158 0.0003

GSR = galvanic skin response; LME = linear mixed effects.

BA = Broadmann’s Area

https://doi.org/10.1371/journal.pone.0201212.t004
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Dorsoposterior insular stroke results in discrete thermoanesthesia and analgesia that equiva-

lently mapped anteroposterior somatotopy, further supporting the idea that the dorsoposterior

IC plays a critical role in the pain experience [71–75]. Neuroanatomical data have demon-

strated that the lamina I spino-thalamo-cortical pathway convey both nociceptive and intero-

ceptive information mapped to the viscerosensory cortex in the posterior and mid-insular

cortex, which is then represented in the anterior insula [76–78]. Surgically implanted vagal

nerve stimulators (FDA-approved for treatment of resistant depression and epilepsy) consis-

tently [79–84] modulate insular cortex activity, thus pointing to the insula as a possible neuro-

modulatory target for nVNS. Moreover, while insular activity is known to increase during

acute VNS [79–81], recent work has shown a resultant decrease in insular activity at 10 to 15

minutes post-nVNS [43]. In our cohort, there was a significant left dorsoposterior insula

decrease in activity 10 to 17 minutes post-VNS that further support the temporally dependent

dose-response effects of VNS.

As a whole, the observed changes in the response to pain in the SI, SII, and left dorsoposter-

ior insula with nVNS infer possible nVNS-mediated changes in neuronal firing patterns, either

through direct brainstem effects, afferent cortical, or afferent cortical-to-efferent brainstem/

spinal cord effects on nociceptive signaling.

Post-Non-invasive vagus nerve stimulation with thermal stimuli; neural

effects on bilateral mediodorsal thalamus and anterior cingulate cortex

(area 24) (i.e. medial pain pathway)

Beside lateral thalamic nuclei projections (i.e., ventroposterior-lateral and ventroposterior-

medial thalamic nuclei) to the SI and SII, known to relate the sensory-discriminative aspects of

pain spinal pathways to limbic structures, the medial thalamic nuclei provide inputs to emo-

tion-related brain areas, including the insula, ACC, amygdala, PFC, and other regions impor-

tant in processing the affective-motivational dimension of the unpleasant pain experience

[85]. In our study, the nVNS group showed a decreased response in the bilateral mediodorsal

thalamus and dorsal ACC (Brodmann area 24) during the application of thermal stimulation,

(with the group x time interaction). Prior clinical work shows that the mediodorsal thalamus is

important in antinociceptive regulation [86], the processing of emotions [87], affective pain

processing (pain unpleasantness) [66, 88, 89] [90–92],[87], thought to occur through medio-

dorsal thalamic connections with dorsal ACC (area 24). In an illustrative case study, a patient

with a somatosensory cortex stroke that spared the dorsal ACC (area 24) and thalamus

(including mediodorsal thalamus) reported usual contralateral limb analgesia to painful sti-

muli, but the patient continued to report an “unpleasant” feeling with the application of pain-

ful stimulus, suggesting in vivo separation of the affective and sensory discriminative pain

pathways [89]. We observed mediodorsal thalamus and dorsal anterior cingulate deactivation

in the nVNS group, which likely indicates a key mechanism of the effect of nVNS on the

medial affective pain pathway, in agreement with previous studies [86, 93, 94]. Based on this

remarkable (but preliminary) finding in a future study we will measure nVNS effects on affec-

tive pain (i.e. pain unpleasantness).

Post-Non-invasive vagus nerve stimulation with thermal stimuli; neural

effects on right orbitofrontal cortex

In addition to the medial dorsal thalamic connections to ACC, there are known medial tha-

lamic projections to the PFC, ventromedial-prefrontal, and orbitofrontal (OFC) cortices [95,

96]. The group × time analysis in the current study showed decreases in the right OFC

response, suggesting that nVNS mediates this signaling during nociceptive stimulation (Fig 3K

nVNS alters neural and physiological responses to a noxious thermal challenge
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and Fig 3L). Prior clinical work has also demonstrated involvement of the prefrontal and fron-

tal cortical regions in reflecting the emotional, cognitive, and interoceptive components of

pain conditions, negative emotions, response conflicts, decision-making, and appraisal of

unfavorable personal outcomes [97, 98]. Multiple pain-imaging studies have found that the

frontal cortical regions are critical for controlling functional interactions among key brain loci

that produce changes in the perceptual correlates of pain, independent of changes in nocicep-

tive inputs [66, 99, 100]. Manipulating the cognitive aspects of pain, such as reappraisal, con-

trol, and coping, produce neural changes in the brain thought to be important in top-down

processing. The lateral OFC expresses a contextual modulation of response that is widely

implicated in emotional regulation and decision-making behaviors [101, 102], and it has been

postulated that the valuation of pain is context-sensitive, as classified by the OFC [103]. Activ-

ity in the ventromedial cortex and the OFC has repeatedly been shown to be modulated by

acute [80, 104–107] and chronic VNS [80, 104, 108]. In this cohort, we showed initial decrease

in OFC activation during nociceptive thermal stimulation followed by an increase in OFC

response (greater than sham) that was most evident at the post-thermal stimulation 10 to 15

second mark. This interesting finding suggests a decrease in the OFC affective appraisal of

pain (0–6 seconds) followed by a subsequent late hemodynamic response increase that may

reflect a resultant increase in pain-coping behavior. The observed nVNS-mediated decrease in

the response of the OFC during the application of maximal noxious thermal stimulation is

consistent with the results of prior VNS-treatment imaging studies, and suggests that the effect

of nVNS on the OFC likely plays a role in the processing of painful and aversive stimuli.

Non-invasive vagus nerve stimulation; combined neural effects and

physiological measures (GSR)

The group × time × GSR analysis highlighted differential interactions among nVNS, GSR, and

the temporal dynamic of pain responses in the cerebellum, medulla/brainstem nuclei, bilateral

SI, and a right occipital gyrus cluster. In addition to cortical nodes, the mid and lower medul-

lary brainstem have been shown to be important sites that demonstrate an interaction between

sympathetic output and pain, with decreases in sympathetic output (as measured with cardiac

vagal tone) shown to correlate with brain stem nuclei including: 1) RVLM, 2) Rt, 3) NAmb, 4)

DMNX and 5) the RVM, (all found superior to the obex at the level of the olive spanning to

lower medulla) [109]. In this study, medulla/brainstem clusters from sham and nVNS groups

were separated into high and low mean GSRs. Only the sham treatment group showed a high

GSR, demonstrated by greater activity in the medulla/brainstem, compared with other groups

(sham low, nVNS high, nVNS low). At the level of the medulla, where this interaction is found

(i.e., superior to the obex at the level of the olive from the lower pons, spanning to the lower

medulla) multiple afferent fibers enter the brainstem, including the vagus nerve, and the glos-

sopharyngeal, hypoglossal, and accessory nerves, as well as multiple nuclei and tracts (i.e.,

DMNX, NTS, NAmb, RVM, RVLM, and the Rt). In particular, the Rt is proposed to be pri-

marily a pronociceptive center that integrates multiple excitatory and inhibitory functions

important in nociceptive processing [110]. The premotor nuclei (i.e., NAmB and DMNX) are

critical in autonomic response patterns evoked by physiological and sensory stimuli [111] that

culminate in efferent parasympathetic outflow and play a crucial role in parasympathetic

reflexes, accepting input from the NTS that is the principal nucleus for incoming afferent sig-

nals from the vagus nerve [112]. The RVM is intricately involved in areas of endogenous pain

modulation in the brain, conveying descending pain modulatory influences from the PAG to

neurons located in the dorsal horn of the spinal cord. The ON and OFF cells of the RVM

increase or decrease activity during the application of painful stimuli, respectively [113], with
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notable effects on descending pain-inhibitory circuits [114]. In sum, decreased activity in the

medulla found in this study can be seen in reduced autonomic tone (reduced GSR in the lower

GSR sham group), or through vagal nerve stimulation (in both nVNS groups, regardless of

GSR (high or low)) suggesting that the default regulation of GSR can be decoupled through

nVNS. We postulate that, even with increased GSR output (high GSR in the nVNS group),

nVNS inhibits the response of the central nervous system to pain (in part) by blunting the

response in key nuclei in the medulla that relay autonomic responses. Support for the relation-

ship between the nVNS neural response and physiological response stems from altered auto-

nomic sympathetic output (i.e., time to peak GSR and decrease in GSR slope). Future study is

planned to examine this interaction in disease states such as Posttraumatic Stress Disorder or

Major Depressive Disorder where dysfunctional emotional regulation and dysregulated auto-

nomic output coincide.

Non-invasive vagus nerve stimulation; autonomic measures and pain

report

Time to peak GSR (i.e., time from GSR measured immediately prior to each 5 second noxious

thermal stimuli to peak post-noxious thermal stimuli) in the nVNS group was more rapid than

in the sham group, indicating changes in the temporal dynamics of pain processing and subse-

quent sympathetic output. The temporal dynamic of GSR during the application of a thermal

stimulus is an important component of autonomic responsivity [21–23], and the subsequent

emotional regulation of aversive stimuli [115, 116]. Loggia and colleagues demonstrated the

existence of a dose-response relationship between the magnitude of a thermal stimulus and the

time to peak GSR [24]. Specifically, their study showed that the greater the impact of a stressor

(increased thermal temperature), the greater the rise in GSR, thus resulting in a longer time to

peak response. In addition to the longer time to peak observed in the sham group, significant

differences between the nVNS and sham groups in the slope of the GSR rise from baseline

(prior to each noxious thermal stimuli to peak after noxious stimuli) for the latter thermal sti-

muli (T3-T5) were observed. In particular, the slope of the GSR response decreased across the

length of the task in the nVNS group, whereas the slope of the response in the sham group

increased. Taken together the longer time to peak and increase in GSR slope in the sham

group compared to the nVNS group further suggest nVNS alters sympathetic output, possibly

to due to the brainstem and cortical effects described.

We did not detect a statistically significant difference in subjective reports of pain for each

thermal stimulus with a near maximal noxious thermal stimulus (S1 Fig). However there was a

significant difference in the change in response between subjects who underwent nVNS vs

sham stimulation across thermal stimuli (T2-T4) in reports of pain, as measured by the NPRS.

The group that underwent sham stimulation showed a progressive increase in NPRS (across

thermal stimuli T2-4), whereas the nVNS group demonstrated a significant decrease in NPRS

(across thermal stimuli T2-4). To further characterize the effects of nVNS, additional work is

needed that carefully measures affective pain, such as unpleasantness and catastrophizing,

associated with the application of noxious thermal stimuli.

Non-invasive vagus nerve stimulation potential temporal dependent effects on brain &

pain. Henry and colleagues [79] first argued (2002), that neural effects which occur during

VNS are very different from those that occur after VNS, while others continue to confirm this

phenomenon [43, 44, 117]. In this study, we showed that subjects in the nVNS group had

nVNS-mediated activity decreases in the dorsoposterior insula, low medullary brainstem,

medial thalamic, and ACC compared with subjects in the sham group (occurring 10 to 17 min-

utes after nVNS treatment). Similar to our post-nVNS effects observed on the low medullary
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brainstem, Frangos and colleagues also show post-cervical transcutaneous VNS effects in this

time frame, (13–15 minutes after stimulation), in posterior insula, lower medullary brainstem

and medial thalamic/ACC deactivation at rest [44], that provide a convergence of preliminary

evidence supporting a temporal nVNS dose-response curve [44]. In line with the aforemen-

tioned post-VNS neural effects, emerging clinical literature also demonstrate post-VNS anti-

nociceptive effects [40, 118] while pronociceptive effects during VNS have also been reported

[45, 46]. Both prior literature and this study suggest that the temporally dependent neural

effects (i.e. during vs post-stimulation) of VNS may be critical to clinically relevant pro- or

anti-nociceptive effects of VNS treatment, and therefore should be taken into account in future

clinical study designs. Moreover, future studies are planned to determine the temporal dose

response curve on affective pain processing that may also be of clinical import to guide effica-

cious use of VNS for clinical comorbid pain and psychiatric syndromes.

Limitations

Our work has some important limitations. The study was carried out in healthy control sub-

jects. Because, as a pilot study, we involved only 15 subjects per group, the small sample size

may not adequately represent a larger population. Therefore, our results as described here

should be considered preliminary. However, the positive findings observed in this small cohort

of healthy control subjects were robust and significant, warranting further investigation of the

effects of cervical transcutaneous nVNS on the brain in a larger cohort of healthy control sub-

jects, and in subjects who may experience a greater magnitude of affective pain subtypes, that

may include Posttraumatic Stress Disorder or Major Depressive Disorder. Our study found

significant neural alterations in the temporal dynamics of noxious thermal-stimuli processing

known to be important in affective pain processing, and group differences in changes in the

subjective pain report across the thermal stimuli (T2-T4). But we did not detect a statistically

significant difference in subjective reports of pain for each thermal stimulus with a near maxi-

mal noxious thermal stimulus (S1 Fig). We chose a near maximal noxious thermal stimulus to

ensure clear autonomic responses (GSR). Our own work [48] as well as that of other studies

has described maximal noxious stimuli that result in maximal reports of pain and, therefore,

blunting of group differences in mean reports of pain (i.e. a ceiling effect on pain report) [119–

121] [122]. This phenomenon also could have occurred in this study. Future studies that mea-

sure affective pain (such as pain unpleasantness and catastrophizing) using maximal and sub-

maximal noxious thermal stimuli are now needed to further characterize the antinociceptive

effects of nVNS, as measured by reports of pain. While we correct for motion artifact at the

brainstem level with the (Group x time x GSR) interaction, this area can be artifact-prone due

to motion and decreased spatial resolution. Although others have shown a similar pain and

autonomic tone interaction at the same medullary brainstem level (Sclocco and colleagues

[109]) future study is planned in larger cohorts and with high spatial resolution multiband

imaging to confirm this interaction at this brainstem level.

Conclusion

We examined the neural effects of nVNS during a noxious thermal stimulus challenge, in the

context of autonomic responses. We demonstrated 3 major findings; first, nVNS activity not

only reduces peak responses to thermal stimuli in the SI, SII, medial thalamus, dorsal anterior

cingulate (area 24), dorsoposterior insula, and OFC, which are important nodes in sensory dis-

criminative pain, affective emotional pain, and interoception pathways, but also changes tem-

poral dynamic responses within these nodes. Second, nVNS alters autonomic responses to

noxious thermal stimuli, as measured by GSR, and therefore affects critical autonomic pain
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networks. Third, even with a higher GSR response being provoked by the application of nox-

ious thermal stimulus, nVNS decreased the central nervous system response by blunting the

usual reactions in key nuclei in the medulla that relay autonomic responses. These significant

findings may improve effectual nVNS that, if tuned with careful dose-response curves in

mind, could translate into efficacious targeted effects on pain and autonomic neural circuits.

Supporting information

S1 Fig. nVNS versus sham numerical pain rating with maximal noxious thermal stimuli.

After either nVNS or sham stimulation, 5 successive noxious thermal stimuli were applied (up

to 49.8˚C) for 5 seconds each (T1-T5). Mean pain, as reported by subjects using the numerical

pain rating scale (NPRS) after each noxious thermal stimulus did not differ between the sham

and nVNS groups. Both groups had lower NPRS scores at T5 compared with T1 (NPRS

decreased by -0.678 ± 0.209; t = -3.241; p = .002). In contrast to findings for the nVNS group,

subjects who underwent sham stimulation had a positive slope in NPRS scores across thermal

stimuli (i.e. the change in NPRS score with successive noxious thermal stimuli T1-T5) for T2

to T4 that was significantly different (slope in the sham group, 0.150 ± 0.122; vs the slope in

the nVNS group, -0.233 ± 0.122; p = .0301) and also approached significance from T1 to T4

(sham group, 0.010 ± 0.847; vs nVNS group, -0.203 ± 0.847; p = .0785). Red circles = nVNS

group. Blue circles = sham group. �p< .05; δp< .08.

(DOCX)

S1 Table. Between-group comparisons for the time to peak and absolute mean GSR. The

nVNS group showed significant decreases in the time to peak GSR for T1 and T2. There was

no difference in GSR absolute mean change between groups for all time points examined.

(DOCX)

S2 Table. Within-group comparisons for the time to peak GSR and absolute mean GSR for

the sham stimulation group. In the sham group, the time to peak GSR increased from T1 to

T4 and T5. The mean GSR measured after the application of noxious thermal stimuli consis-

tently increased from T2 to T5 and from T1 to T4.

(DOCX)

S3 Table. Within-group comparisons for the time to peak GSR and absolute mean GSR for

the nVNS group. In the nVNS group, the time to peak GSR did not change between each suc-

cessively applied noxious thermal stimulus. The mean GSR measured after each noxious ther-

mal stimulus did not increase from T4 to T5, or from T1 to T2.

(DOCX)

S1 File. Inclusion and exclusion criteria. Heat tolerance and threshold measurements. Cor-

relations between autonomic tone and pain reports. This file contains information on inclu-

sion exclusion criteria, a description of heat tolerance and threshold measurements and finally

pertinent correlations between autonomic tone and pain reports.

(DOCX)

S1 Data Set. Demographic and pain data sets. This data set contains demographic informa-

tion and pain rating data sets.

(XLSX)

S2 Data Set. fMRI and gsr measures during thermal stimulus. This data set contains in MRI

scanner GSR measures in sham and nVNS groups during five thermal stimuli.

(XLSX)

nVNS alters neural and physiological responses to a noxious thermal challenge

PLOS ONE | https://doi.org/10.1371/journal.pone.0201212 February 13, 2019 18 / 26

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0201212.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0201212.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0201212.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0201212.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0201212.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0201212.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0201212.s007
https://doi.org/10.1371/journal.pone.0201212
Francesca Marsili
Rectangle

Francesca Marsili
Typewriter
- 26 -



S3 Data Set. fMRI cluster data sets for all subjects GroupXTime. This data set contains clus-

ter results for group × time analysis of noxious thermal stimuli.

(CSV)

S4 Data Set. fMRI cluster data sets for all subjects GroupXTimeXGSR. This data set con-

tains cluster results for group × time x GSR analysis of noxious thermal stimuli.

(XLSX)

Acknowledgments

This study was funded by the VA San Diego through the Center for Stress and Mental Health.

All listed authors meet the criteria for authorship set forth by the International Committee of

Medical Editors. Imanuel Lerman MD MSc was the principal investigator; participated in the

design of the study, recruitment and follow-up of subjects, critical review and discussion of the

final study report, data collection and interpretation, and drafting of the study report and man-

uscript; and had final responsibility for the decision to submit for publication. All authors

were involved in the interpretation, drafting, and review of the manuscript. James Proudfoot

served as the study statistician. All authors provided input to the report and approved the final

version.

Author Contributions

Conceptualization: Imanuel Lerman, Ramesh Rao, Dewleen G. Baker, Alan N. Simmons.

Data curation: Imanuel Lerman, Bryan Davis, Mingxiong Huang, James Proudfoot, Edward

Zhong, Dewleen G. Baker, Alan N. Simmons.

Formal analysis: Imanuel Lerman, Bryan Davis, James Proudfoot, Dewleen G. Baker, Alan N.

Simmons.

Funding acquisition: Imanuel Lerman, Dewleen G. Baker, Alan N. Simmons.

Investigation: Imanuel Lerman, Bryan Davis, Alan N. Simmons.

Methodology: Imanuel Lerman, Bryan Davis, Charles Huang.

Project administration: Imanuel Lerman, Bryan Davis, Alan N. Simmons.

Resources: Imanuel Lerman.

Software: Imanuel Lerman, James Proudfoot, Edward Zhong, Alan N. Simmons.

Supervision: Imanuel Lerman, Dewleen G. Baker, Alan N. Simmons.

Validation: Imanuel Lerman, James Proudfoot, Alan N. Simmons.

Visualization: Imanuel Lerman, James Proudfoot, Alan N. Simmons.

Writing – original draft: Imanuel Lerman, Linda Sorkin, Alan N. Simmons.

Writing – review & editing: Imanuel Lerman, Mingxiong Huang, Charles Huang, Linda Sor-

kin, James Proudfoot, Donald Kimball, Ramesh Rao, Bruce Simon, Andrea Spadoni, Irina

Strigo, Dewleen G. Baker, Alan N. Simmons.

References
1. Jänig W. Integrative action of the autonomic nervous system: Neurobiology of homeostasis: Cam-

bridge University Press; 2008.

nVNS alters neural and physiological responses to a noxious thermal challenge

PLOS ONE | https://doi.org/10.1371/journal.pone.0201212 February 13, 2019 19 / 26

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0201212.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0201212.s009
https://doi.org/10.1371/journal.pone.0201212
Francesca Marsili
Rectangle

Francesca Marsili
Typewriter
- 27 -



2. Handforth A, DeGiorgio CM, Schachter SC, Uthman BM, Naritoku DK, Tecoma ES, et al. Vagus nerve

stimulation therapy for partial-onset seizures: a randomized active-control trial. Neurology. 1998; 51

(1):48–55. Epub 1998/07/23. PMID: 9674777.

3. Rush AJ, George MS, Sackeim HA, Marangell LB, Husain MM, Giller C, et al. Vagus nerve stimulation

(VNS) for treatment-resistant depressions: a multicenter study. Biol Psychiatry. 2000; 47(4):276–86.

Epub 2000/02/25. PMID: 10686262.

4. Nierenberg AA, Alpert JE, Gardner-Schuster EE, Seay S, Mischoulon D. Vagus nerve stimulation: 2-

year outcomes for bipolar versus unipolar treatment-resistant depression. Biol Psychiatry. 2008; 64

(6):455–60. Epub 2008/06/24. https://doi.org/10.1016/j.biopsych.2008.04.036 PMID: 18571625.

5. Sackeim HA, Brannan SK, Rush AJ, George MS, Marangell LB, Allen J. Durability of antidepressant

response to vagus nerve stimulation (VNS). Int J Neuropsychopharmacol. 2007; 10(6):817–26. Epub

2007/02/10. https://doi.org/10.1017/S1461145706007425 PMID: 17288644.

6. Cristancho P, Cristancho MA, Baltuch GH, Thase ME, OReardon JP. Effectiveness and safety of

vagus nerve stimulation for severe treatment-resistant major depression in clinical practice after FDA

approval: outcomes at 1 year. The Journal of clinical psychiatry. 2011; 72(10):1376–82. https://doi.

org/10.4088/JCP.09m05888blu PMID: 21295002

7. Yuan H, Silberstein SD. Vagus Nerve and Vagus Nerve Stimulation, a Comprehensive Review: Part II.

Headache. 2016; 56(2):259–66. Epub 2015/09/19. https://doi.org/10.1111/head.12650 PMID:

26381725.

8. Stefan H, Kreiselmeyer G, Kerling F, Kurzbuch K, Rauch C, Heers M, et al. Transcutaneous vagus

nerve stimulation (t-VNS) in pharmacoresistant epilepsies: a proof of concept trial. Epilepsia. 2012; 53

(7):e115–8. Epub 2012/05/05. https://doi.org/10.1111/j.1528-1167.2012.03492.x PMID: 22554199.

9. Hein E, Nowak M, Kiess O, Biermann T, Bayerlein K, Kornhuber J, et al. Auricular transcutaneous

electrical nerve stimulation in depressed patients: a randomized controlled pilot study. J Neural

Transm (Vienna). 2013; 120(5):821–7. Epub 2012/11/03. https://doi.org/10.1007/s00702-012-0908-6

PMID: 23117749.

10. Busch V, Zeman F, Heckel A, Menne F, Ellrich J, Eichhammer P. The effect of transcutaneous vagus

nerve stimulation on pain perception—an experimental study. Brain Stimul. 2013; 6(2):202–9. Epub

2012/05/25. https://doi.org/10.1016/j.brs.2012.04.006 PMID: 22621941.

11. Mourdoukoutas AP, Truong DQ, Adair DK, Simon BJ, Bikson M. High-Resolution Multi-Scale Compu-

tational Model for Non-Invasive Cervical Vagus Nerve Stimulation. Neuromodulation. 2017. Epub

2017/10/28. https://doi.org/10.1111/ner.12706 PMID: 29076212.

12. Goadsby PJ, Grosberg BM, Mauskop A, Cady R, Simmons KA. Effect of noninvasive vagus nerve

stimulation on acute migraine: an open-label pilot study. Cephalalgia. 2014; 34(12):986–93. Epub

2014/03/13. https://doi.org/10.1177/0333102414524494 PMID: 24607501.

13. Grazzi L, Egeo G, Calhoun AH, McClure CK, Liebler E, Barbanti P. Non-invasive Vagus Nerve Stimu-

lation (nVNS) as mini-prophylaxis for menstrual/menstrually related migraine: an open-label study. J

Headache Pain. 2016; 17(1):91. Epub 2016/10/05. https://doi.org/10.1186/s10194-016-0684-z PMID:

27699586; PubMed Central PMCID: PMCPMC5047863.

14. Silberstein SD, Mechtler LL, Kudrow DB, Calhoun AH, McClure C, Saper JR, et al. Non-Invasive

Vagus Nerve Stimulation for the ACute Treatment of Cluster Headache: Findings From the Random-

ized, Double-Blind, Sham-Controlled ACT1 Study. Headache. 2016; 56(8):1317–32. Epub 2016/09/

07. https://doi.org/10.1111/head.12896 PMID: 27593728; PubMed Central PMCID:

PMCPMC5113831.

15. Gaul C, Diener HC, Silver N, Magis D, Reuter U, Andersson A, et al. Non-invasive vagus nerve stimu-

lation for PREVention and Acute treatment of chronic cluster headache (PREVA): A randomised con-

trolled study. Cephalalgia. 2016; 36(6):534–46. Epub 2015/09/24. https://doi.org/10.1177/

0333102415607070 PMID: 26391457; PubMed Central PMCID: PMCPMC4853813.

16. Yuan H, Silberstein SD. Vagus Nerve Stimulation and Headache. Headache. 2017; 57 Suppl 1:29–33.

Epub 2015/10/17. https://doi.org/10.1111/head.12721 PMID: 26473407.

17. Yuan H, Silberstein SD. Vagus Nerve and Vagus Nerve Stimulation, a Comprehensive Review: Part

III. Headache. 2016; 56(3):479–90. Epub 2015/09/15. https://doi.org/10.1111/head.12649 PMID:

26364805.

18. Nonis R, D’Ostilio K, Schoenen J, Magis D. Evidence of activation of vagal afferents by non-invasive

vagus nerve stimulation: An electrophysiological study in healthy volunteers. Cephalalgia. 2017; 37

(13):1285–93. https://doi.org/10.1177/0333102417717470 PMID: 28648089

19. Apkarian AV, Bushnell MC, Treede RD, Zubieta JK. Human brain mechanisms of pain perception and

regulation in health and disease. Eur J Pain. 2005; 9(4):463–84. Epub 2005/06/28. https://doi.org/10.

1016/j.ejpain.2004.11.001 PMID: 15979027.

nVNS alters neural and physiological responses to a noxious thermal challenge

PLOS ONE | https://doi.org/10.1371/journal.pone.0201212 February 13, 2019 20 / 26

http://www.ncbi.nlm.nih.gov/pubmed/9674777
http://www.ncbi.nlm.nih.gov/pubmed/10686262
https://doi.org/10.1016/j.biopsych.2008.04.036
http://www.ncbi.nlm.nih.gov/pubmed/18571625
https://doi.org/10.1017/S1461145706007425
http://www.ncbi.nlm.nih.gov/pubmed/17288644
https://doi.org/10.4088/JCP.09m05888blu
https://doi.org/10.4088/JCP.09m05888blu
http://www.ncbi.nlm.nih.gov/pubmed/21295002
https://doi.org/10.1111/head.12650
http://www.ncbi.nlm.nih.gov/pubmed/26381725
https://doi.org/10.1111/j.1528-1167.2012.03492.x
http://www.ncbi.nlm.nih.gov/pubmed/22554199
https://doi.org/10.1007/s00702-012-0908-6
http://www.ncbi.nlm.nih.gov/pubmed/23117749
https://doi.org/10.1016/j.brs.2012.04.006
http://www.ncbi.nlm.nih.gov/pubmed/22621941
https://doi.org/10.1111/ner.12706
http://www.ncbi.nlm.nih.gov/pubmed/29076212
https://doi.org/10.1177/0333102414524494
http://www.ncbi.nlm.nih.gov/pubmed/24607501
https://doi.org/10.1186/s10194-016-0684-z
http://www.ncbi.nlm.nih.gov/pubmed/27699586
https://doi.org/10.1111/head.12896
http://www.ncbi.nlm.nih.gov/pubmed/27593728
https://doi.org/10.1177/0333102415607070
https://doi.org/10.1177/0333102415607070
http://www.ncbi.nlm.nih.gov/pubmed/26391457
https://doi.org/10.1111/head.12721
http://www.ncbi.nlm.nih.gov/pubmed/26473407
https://doi.org/10.1111/head.12649
http://www.ncbi.nlm.nih.gov/pubmed/26364805
https://doi.org/10.1177/0333102417717470
http://www.ncbi.nlm.nih.gov/pubmed/28648089
https://doi.org/10.1016/j.ejpain.2004.11.001
https://doi.org/10.1016/j.ejpain.2004.11.001
http://www.ncbi.nlm.nih.gov/pubmed/15979027
https://doi.org/10.1371/journal.pone.0201212
Francesca Marsili
Rectangle

Francesca Marsili
Typewriter
- 28 -



20. Tracey I, Mantyh PW. The cerebral signature for pain perception and its modulation. Neuron. 2007; 55

(3):377–91. Epub 2007/08/07. https://doi.org/10.1016/j.neuron.2007.07.012 PMID: 17678852.

21. Treister R, Kliger M, Zuckerman G, Goor Aryeh I, Eisenberg E. Differentiating between heat pain inten-

sities: the combined effect of multiple autonomic parameters. Pain. 2012; 153(9):1807–14. Epub

2012/06/01. https://doi.org/10.1016/j.pain.2012.04.008 PMID: 22647429.

22. Cowen R, Stasiowska MK, Laycock H, Bantel C. Assessing pain objectively: the use of physiological

markers. Anaesthesia. 2015; 70(7):828–47. Epub 2015/03/17. https://doi.org/10.1111/anae.13018

PMID: 25772783.

23. Ben-Israel N, Kliger M, Zuckerman G, Katz Y, Edry R. Monitoring the nociception level: a multi-param-

eter approach. J Clin Monit Comput. 2013; 27(6):659–68. Epub 2013/07/10. https://doi.org/10.1007/

s10877-013-9487-9 PMID: 23835792.

24. Loggia ML, Juneau M, Bushnell MC. Autonomic responses to heat pain: Heart rate, skin conductance,

and their relation to verbal ratings and stimulus intensity. Pain. 2011; 152(3):592–8. Epub 2011/01/11.

https://doi.org/10.1016/j.pain.2010.11.032 PMID: 21215519.

25. Maihofner C, Seifert F, Decol R. Activation of central sympathetic networks during innocuous and nox-

ious somatosensory stimulation. Neuroimage. 2011; 55(1):216–24. Epub 2010/12/04. https://doi.org/

10.1016/j.neuroimage.2010.11.061 PMID: 21126587.

26. Seifert F, Schuberth N, De Col R, Peltz E, Nickel FT, Maihofner C. Brain activity during sympathetic

response in anticipation and experience of pain. Hum Brain Mapp. 2013; 34(8):1768–82. Epub 2012/

03/23. https://doi.org/10.1002/hbm.22035 PMID: 22438199.

27. Dube AA, Duquette M, Roy M, Lepore F, Duncan G, Rainville P. Brain activity associated with the elec-

trodermal reactivity to acute heat pain. Neuroimage. 2009; 45(1):169–80. Epub 2008/11/26. https://

doi.org/10.1016/j.neuroimage.2008.10.024 PMID: 19027077.

28. Mobascher A, Brinkmeyer J, Warbrick T, Musso F, Wittsack HJ, Stoermer R, et al. Fluctuations in elec-

trodermal activity reveal variations in single trial brain responses to painful laser stimuli—a fMRI/EEG

study. Neuroimage. 2009; 44(3):1081–92. Epub 2008/10/14. https://doi.org/10.1016/j.neuroimage.

2008.09.004 PMID: 18848631.

29. Piche M, Arsenault M, Rainville P. Dissection of perceptual, motor and autonomic components of

brain activity evoked by noxious stimulation. Pain. 2010; 149(3):453–62. Epub 2010/04/27. https://doi.

org/10.1016/j.pain.2010.01.005 PMID: 20417032.

30. Chen SL, Wu XY, Cao ZJ, Fan J, Wang M, Owyang C, et al. Subdiaphragmatic vagal afferent nerves

modulate visceral pain. Am J Physiol Gastrointest Liver Physiol. 2008; 294(6):G1441–9. Epub 2008/

04/19. https://doi.org/10.1152/ajpgi.00588.2007 PMID: 18420825; PubMed Central PMCID:

PMCPMC3222235.

31. Bohotin C, Scholsem M, Multon S, Martin D, Bohotin V, Schoenen J. Vagus nerve stimulation in

awake rats reduces formalin-induced nociceptive behaviour and fos-immunoreactivity in trigeminal

nucleus caudalis. Pain. 2003; 101(1–2):3–12. Epub 2003/01/01. https://doi.org/10.1016/s0304-3959

(02)00301-9 PMID: 12507695.

32. Randich A, Ren K, Gebhart GF. Electrical stimulation of cervical vagal afferents. II. Central relays for

behavioral antinociception and arterial blood pressure decreases. J Neurophysiol. 1990; 64(4):1115–

24. Epub 1990/10/01. https://doi.org/10.1152/jn.1990.64.4.1115 PMID: 2258737.

33. Randich A, Aicher SA. Medullary substrates mediating antinociception produced by electrical stimula-

tion of the vagus. Brain Res. 1988; 445(1):68–76. Epub 1988/03/29. PMID: 3365559.

34. Nishikawa Y, Koyama N, Yoshida Y, Yokota T. Activation of ascending antinociceptive system by

vagal afferent input as revealed in the nucleus ventralis posteromedialis. Brain Res. 1999; 833

(1):108–11. Epub 1999/06/22. PMID: 10375683.

35. Ren K, Randich A, Gebhart GF. Effects of electrical stimulation of vagal afferents on spinothalamic

tract cells in the rat. Pain. 1991; 44(3):311–9. Epub 1991/03/01. PMID: 1646992.

36. Sedan O, Sprecher E, Yarnitsky D. Vagal stomach afferents inhibit somatic pain perception. Pain.

2005; 113(3):354–9. Epub 2005/01/22. https://doi.org/10.1016/j.pain.2004.11.012 PMID: 15661444.

37. Usichenko T, Laqua R, Leutzow B, Lotze M. Preliminary findings of cerebral responses on transcuta-

neous vagal nerve stimulation on experimental heat pain. Brain Imaging Behav. 2017; 11(1):30–7.

Epub 2016/01/20. https://doi.org/10.1007/s11682-015-9502-5 PMID: 26781484.

38. Multon S, Schoenen J. Pain control by vagus nerve stimulation: from animal to man . . .and back. Acta

Neurol Belg. 2005; 105(2):62–7. Epub 2005/08/04. PMID: 16076058.

39. Lange G, Janal MN, Maniker A, Fitzgibbons J, Fobler M, Cook D, et al. Safety and efficacy of vagus

nerve stimulation in fibromyalgia: a phase I/II proof of concept trial. Pain Med. 2011; 12(9):1406–13.

Epub 2011/08/05. https://doi.org/10.1111/j.1526-4637.2011.01203.x PMID: 21812908; PubMed Cen-

tral PMCID: PMCPMC3173600.

nVNS alters neural and physiological responses to a noxious thermal challenge

PLOS ONE | https://doi.org/10.1371/journal.pone.0201212 February 13, 2019 21 / 26

https://doi.org/10.1016/j.neuron.2007.07.012
http://www.ncbi.nlm.nih.gov/pubmed/17678852
https://doi.org/10.1016/j.pain.2012.04.008
http://www.ncbi.nlm.nih.gov/pubmed/22647429
https://doi.org/10.1111/anae.13018
http://www.ncbi.nlm.nih.gov/pubmed/25772783
https://doi.org/10.1007/s10877-013-9487-9
https://doi.org/10.1007/s10877-013-9487-9
http://www.ncbi.nlm.nih.gov/pubmed/23835792
https://doi.org/10.1016/j.pain.2010.11.032
http://www.ncbi.nlm.nih.gov/pubmed/21215519
https://doi.org/10.1016/j.neuroimage.2010.11.061
https://doi.org/10.1016/j.neuroimage.2010.11.061
http://www.ncbi.nlm.nih.gov/pubmed/21126587
https://doi.org/10.1002/hbm.22035
http://www.ncbi.nlm.nih.gov/pubmed/22438199
https://doi.org/10.1016/j.neuroimage.2008.10.024
https://doi.org/10.1016/j.neuroimage.2008.10.024
http://www.ncbi.nlm.nih.gov/pubmed/19027077
https://doi.org/10.1016/j.neuroimage.2008.09.004
https://doi.org/10.1016/j.neuroimage.2008.09.004
http://www.ncbi.nlm.nih.gov/pubmed/18848631
https://doi.org/10.1016/j.pain.2010.01.005
https://doi.org/10.1016/j.pain.2010.01.005
http://www.ncbi.nlm.nih.gov/pubmed/20417032
https://doi.org/10.1152/ajpgi.00588.2007
http://www.ncbi.nlm.nih.gov/pubmed/18420825
https://doi.org/10.1016/s0304-3959(02)00301-9
https://doi.org/10.1016/s0304-3959(02)00301-9
http://www.ncbi.nlm.nih.gov/pubmed/12507695
https://doi.org/10.1152/jn.1990.64.4.1115
http://www.ncbi.nlm.nih.gov/pubmed/2258737
http://www.ncbi.nlm.nih.gov/pubmed/3365559
http://www.ncbi.nlm.nih.gov/pubmed/10375683
http://www.ncbi.nlm.nih.gov/pubmed/1646992
https://doi.org/10.1016/j.pain.2004.11.012
http://www.ncbi.nlm.nih.gov/pubmed/15661444
https://doi.org/10.1007/s11682-015-9502-5
http://www.ncbi.nlm.nih.gov/pubmed/26781484
http://www.ncbi.nlm.nih.gov/pubmed/16076058
https://doi.org/10.1111/j.1526-4637.2011.01203.x
http://www.ncbi.nlm.nih.gov/pubmed/21812908
https://doi.org/10.1371/journal.pone.0201212
Francesca Marsili
Rectangle

Francesca Marsili
Typewriter
- 29 -



40. Kirchner A, Birklein F, Stefan H, Handwerker HO. Left vagus nerve stimulation suppresses experimen-

tally induced pain. Neurology. 2000; 55(8):1167–71. Epub 2000/11/09. PMID: 11071495.

41. Dietrich S, Smith J, Scherzinger C, Hofmann-Preiss K, Freitag T, Eisenkolb A, et al. [A novel transcu-

taneous vagus nerve stimulation leads to brainstem and cerebral activations measured by functional

MRI]. Biomed Tech (Berl). 2008; 53(3):104–11. Epub 2008/07/08. https://doi.org/10.1515/BMT.2008.

022 PMID: 18601618.

42. Kraus T, Hosl K, Kiess O, Schanze A, Kornhuber J, Forster C. BOLD fMRI deactivation of limbic and

temporal brain structures and mood enhancing effect by transcutaneous vagus nerve stimulation. J

Neural Transm (Vienna). 2007; 114(11):1485–93. Epub 2007/06/15. https://doi.org/10.1007/s00702-

007-0755-z PMID: 17564758.

43. Frangos E, Ellrich J, Komisaruk BR. Non-invasive Access to the Vagus Nerve Central Projections via

Electrical Stimulation of the External Ear: fMRI Evidence in Humans. Brain Stimul. 2015; 8(3):624–36.

Epub 2015/01/13. https://doi.org/10.1016/j.brs.2014.11.018 PMID: 25573069; PubMed Central

PMCID: PMCPMC4458242.

44. Frangos E, Komisaruk BR. Access to Vagal Projections via Cutaneous Electrical Stimulation of the

Neck: fMRI Evidence in Healthy Humans. Brain Stimul. 2017; 10(1):19–27. Epub 2017/01/21. https://

doi.org/10.1016/j.brs.2016.10.008 PMID: 28104084.

45. Ness TJ, Fillingim RB, Randich A, Backensto EM, Faught E. Low intensity vagal nerve stimulation low-

ers human thermal pain thresholds. Pain. 2000; 86(1–2):81–5. Epub 2000/04/26. PMID: 10779664.

46. Borckardt JJ, Anderson B, Andrew Kozel F, Nahas Z, Richard Smith A, Jackson Thomas K, et al.

Acute and long-term VNS effects on pain perception in a case of treatment-resistant depression. Neu-

rocase. 2006; 12(4):216–20. Epub 2006/09/27. https://doi.org/10.1080/13554790600788094 PMID:

17000590.

47. Lewine JD, Paulson K, Bangera N, Simon BJ. Exploration of the Impact of Brief Noninvasive Vagal

Nerve Stimulation on EEG and Event-Related Potentials. Neuromodulation: Technology at the Neural

Interface. 2018.

48. Lerman I, Davis BA, Bertram TM, Proudfoot J, Hauger RL, Coe CL, et al. Posttraumatic stress disorder

influences the nociceptive and intrathecal cytokine response to a painful stimulus in combat veterans.

Psychoneuroendocrinology. 2016; 73:99–108. Epub 2016/08/05. https://doi.org/10.1016/j.psyneuen.

2016.07.202 PMID: 27490714.

49. Kahl C, Cleland JA. Visual analogue scale, numeric pain rating scale and the McGill Pain Question-

naire: an overview of psychometric properties. Physical therapy reviews. 2005; 10(2):123–8.

50. R Core Team. R: A language and environment for statistical computing: R Foundation for Statistical

Computing; 2017 [cited 2017 29 May 2017]. Available from: https://www.R-project.org/.

51. Cox RW. AFNI: software for analysis and visualization of functional magnetic resonance neuroimages.

Comput Biomed Res. 1996; 29(3):162–73. Epub 1996/06/01. PMID: 8812068.

52. Naidich TP, Duvernoy HM, Delman BN, Sorensen AG, Kollias SS, Haacke EM. Duvernoys Atlas of the

Human Brain Stem and Cerebellum. Vienna: Springer-Verlag; 2009.

53. Beissner F, Schumann A, Brunn F, Eisentrager D, Bar KJ. Advances in functional magnetic resonance

imaging of the human brainstem. Neuroimage. 2014; 86:91–8. Epub 2013/08/13. https://doi.org/10.

1016/j.neuroimage.2013.07.081 PMID: 23933038.

54. Duerden EG, Albanese MC. Localization of pain-related brain activation: a meta-analysis of neuroim-

aging data. Hum Brain Mapp. 2013; 34(1):109–49. Epub 2011/12/02. https://doi.org/10.1002/hbm.

21416 PMID: 22131304.

55. Bingel U, Lorenz J, Glauche V, Knab R, Glascher J, Weiller C, et al. Somatotopic organization of

human somatosensory cortices for pain: a single trial fMRI study. Neuroimage. 2004; 23(1):224–32.

Epub 2004/08/25. https://doi.org/10.1016/j.neuroimage.2004.05.021 PMID: 15325369.

56. Bingel U, Rose M, Glascher J, Buchel C. fMRI reveals how pain modulates visual object processing in

the ventral visual stream. Neuron. 2007; 55(1):157–67. Epub 2007/07/06. https://doi.org/10.1016/j.

neuron.2007.05.032 PMID: 17610824.

57. Bingel U, Schoell E, Herken W, Buchel C, May A. Habituation to painful stimulation involves the antino-

ciceptive system. Pain. 2007; 131(1–2):21–30. Epub 2007/01/30. https://doi.org/10.1016/j.pain.2006.

12.005 PMID: 17258858.

58. Boly M, Balteau E, Schnakers C, Degueldre C, Moonen G, Luxen A, et al. Baseline brain activity fluctu-

ations predict somatosensory perception in humans. Proc Natl Acad Sci U S A. 2007; 104(29):12187–

92. Epub 2007/07/10. https://doi.org/10.1073/pnas.0611404104 PMID: 17616583; PubMed Central

PMCID: PMCPMC1924544.

nVNS alters neural and physiological responses to a noxious thermal challenge

PLOS ONE | https://doi.org/10.1371/journal.pone.0201212 February 13, 2019 22 / 26

http://www.ncbi.nlm.nih.gov/pubmed/11071495
https://doi.org/10.1515/BMT.2008.022
https://doi.org/10.1515/BMT.2008.022
http://www.ncbi.nlm.nih.gov/pubmed/18601618
https://doi.org/10.1007/s00702-007-0755-z
https://doi.org/10.1007/s00702-007-0755-z
http://www.ncbi.nlm.nih.gov/pubmed/17564758
https://doi.org/10.1016/j.brs.2014.11.018
http://www.ncbi.nlm.nih.gov/pubmed/25573069
https://doi.org/10.1016/j.brs.2016.10.008
https://doi.org/10.1016/j.brs.2016.10.008
http://www.ncbi.nlm.nih.gov/pubmed/28104084
http://www.ncbi.nlm.nih.gov/pubmed/10779664
https://doi.org/10.1080/13554790600788094
http://www.ncbi.nlm.nih.gov/pubmed/17000590
https://doi.org/10.1016/j.psyneuen.2016.07.202
https://doi.org/10.1016/j.psyneuen.2016.07.202
http://www.ncbi.nlm.nih.gov/pubmed/27490714
https://www.R-project.org/
http://www.ncbi.nlm.nih.gov/pubmed/8812068
https://doi.org/10.1016/j.neuroimage.2013.07.081
https://doi.org/10.1016/j.neuroimage.2013.07.081
http://www.ncbi.nlm.nih.gov/pubmed/23933038
https://doi.org/10.1002/hbm.21416
https://doi.org/10.1002/hbm.21416
http://www.ncbi.nlm.nih.gov/pubmed/22131304
https://doi.org/10.1016/j.neuroimage.2004.05.021
http://www.ncbi.nlm.nih.gov/pubmed/15325369
https://doi.org/10.1016/j.neuron.2007.05.032
https://doi.org/10.1016/j.neuron.2007.05.032
http://www.ncbi.nlm.nih.gov/pubmed/17610824
https://doi.org/10.1016/j.pain.2006.12.005
https://doi.org/10.1016/j.pain.2006.12.005
http://www.ncbi.nlm.nih.gov/pubmed/17258858
https://doi.org/10.1073/pnas.0611404104
http://www.ncbi.nlm.nih.gov/pubmed/17616583
https://doi.org/10.1371/journal.pone.0201212
Francesca Marsili
Rectangle

Francesca Marsili
Typewriter
- 30 -



59. Bornhovd K, Quante M, Glauche V, Bromm B, Weiller C, Buchel C. Painful stimuli evoke different stim-

ulus-response functions in the amygdala, prefrontal, insula and somatosensory cortex: a single-trial

fMRI study. Brain. 2002; 125(Pt 6):1326–36. Epub 2002/05/23. PMID: 12023321.

60. Buchel C, Bornhovd K, Quante M, Glauche V, Bromm B, Weiller C. Dissociable neural responses

related to pain intensity, stimulus intensity, and stimulus awareness within the anterior cingulate cor-

tex: a parametric single-trial laser functional magnetic resonance imaging study. J Neurosci. 2002; 22

(3):970–6. Epub 2002/02/05. PMID: 11826125.

61. Bingel U, Quante M, Knab R, Bromm B, Weiller C, Buchel C. Single trial fMRI reveals significant con-

tralateral bias in responses to laser pain within thalamus and somatosensory cortices. Neuroimage.

2003; 18(3):740–8. Epub 2003/04/02. PMID: 12667851.

62. Cole LJ, Farrell MJ, Gibson SJ, Egan GF. Age-related differences in pain sensitivity and regional brain

activity evoked by noxious pressure. Neurobiol Aging. 2010; 31(3):494–503. Epub 2008/06/03. https://

doi.org/10.1016/j.neurobiolaging.2008.04.012 PMID: 18513833.

63. Straube T, Schmidt S, Weiss T, Mentzel HJ, Miltner WH. Sex differences in brain activation to antici-

pated and experienced pain in the medial prefrontal cortex. Hum Brain Mapp. 2009; 30(2):689–98.

Epub 2008/01/26. https://doi.org/10.1002/hbm.20536 PMID: 18219622.

64. Hua le H, Strigo IA, Baxter LC, Johnson SC, Craig AD. Anteroposterior somatotopy of innocuous cool-

ing activation focus in human dorsal posterior insular cortex. Am J Physiol Regul Integr Comp Physiol.

2005; 289(2):R319–R25. Epub 2005/04/05. https://doi.org/10.1152/ajpregu.00123.2005 PMID:

15805097.

65. Henderson LA, Gandevia SC, Macefield VG. Somatotopic organization of the processing of muscle

and cutaneous pain in the left and right insula cortex: a single-trial fMRI study. Pain. 2007; 128(1–

2):20–30. Epub 2006/10/03. https://doi.org/10.1016/j.pain.2006.08.013 PMID: 17011704.

66. Brooks J, Tracey I. From nociception to pain perception: imaging the spinal and supraspinal pathways.

J Anat. 2005; 207(1):19–33. Epub 2005/07/14. https://doi.org/10.1111/j.1469-7580.2005.00428.x

PMID: 16011543; PubMed Central PMCID: PMCPMC1571498.

67. Bjornsdotter M, Loken L, Olausson H, Vallbo A, Wessberg J. Somatotopic organization of gentle touch

processing in the posterior insular cortex. J Neurosci. 2009; 29(29):9314–20. Epub 2009/07/25.

https://doi.org/10.1523/JNEUROSCI.0400-09.2009 PMID: 19625521.

68. Craig AD. The sentient self. Brain Struct Funct. 2010; 214(5–6):563–77. Epub 2010/06/01. https://doi.

org/10.1007/s00429-010-0248-y PMID: 20512381.

69. Vogel H, Port JD, Lenz FA, Solaiyappan M, Krauss G, Treede R-D. Dipole source analysis of laser-

evoked subdural potentials recorded from parasylvian cortex in humans. Journal of neurophysiology.

2003; 89(6):3051–60. https://doi.org/10.1152/jn.00772.2002 PMID: 12783950

70. Mazzola L, Isnard J, Peyron R, Guenot M, Mauguiere F. Somatotopic organization of pain responses

to direct electrical stimulation of the human insular cortex. Pain. 2009; 146(1–2):99–104. Epub 2009/

08/12. https://doi.org/10.1016/j.pain.2009.07.014 PMID: 19665303.

71. Biemond A. The conduction of pain above the level of the thalamus opticus. AMA Arch Neurol Psychia-

try. 1956; 75(3):231–44. Epub 1956/03/01. PMID: 13301084.

72. Schmahmann JD, Leifer D. Parietal pseudothalamic pain syndrome: clinical features and anatomic

correlates. Archives of Neurology. 1992; 49(10):1032–7. PMID: 1417510

73. Bassetti C, Bogousslavsky J, Regli F. Sensory syndromes in parietal stroke. Neurology. 1993; 43

(10):1942–9. Epub 1993/10/01. PMID: 8413950.

74. Greenspan JD, Lee RR, Lenz FA. Pain sensitivity alterations as a function of lesion location in the

parasylvian cortex. Pain. 1999; 81(3):273–82. Epub 1999/08/04. PMID: 10431714.

75. Birklein F, Rolke R, Muller-Forell W. Isolated insular infarction eliminates contralateral cold, cold pain,

and pinprick perception. Neurology. 2005; 65(9):1381. Epub 2005/11/09. https://doi.org/10.1212/01.

wnl.0000181351.82772.b3 PMID: 16275823.

76. Craig AD. How do you feel? Interoception: the sense of the physiological condition of the body. Nature

reviews neuroscience. 2002; 3(8):655–66. https://doi.org/10.1038/nrn894 PMID: 12154366

77. Craig AD. A new view of pain as a homeostatic emotion. Trends Neurosci. 2003; 26(6):303–7. Epub

2003/06/12. https://doi.org/10.1016/S0166-2236(03)00123-1 PMID: 12798599.

78. Craig AD. How do you feel now? the anterior insula and human awareness. Nature reviews neurosci-

ence. 2009; 10(1).

79. Henry TR. Therapeutic mechanisms of vagus nerve stimulation. Neurology. 2002; 59(6 Suppl 4):S3–

14. Epub 2002/09/25. PMID: 12270962.

80. Henry TR, Bakay RA, Pennell PB, Epstein CM, Votaw JR. Brain Blood-flow Alterations Induced by

Therapeutic Vagus Nerve Stimulation in Partial Epilepsy: II. Prolonged Effects at High and Low Levels

nVNS alters neural and physiological responses to a noxious thermal challenge

PLOS ONE | https://doi.org/10.1371/journal.pone.0201212 February 13, 2019 23 / 26

http://www.ncbi.nlm.nih.gov/pubmed/12023321
http://www.ncbi.nlm.nih.gov/pubmed/11826125
http://www.ncbi.nlm.nih.gov/pubmed/12667851
https://doi.org/10.1016/j.neurobiolaging.2008.04.012
https://doi.org/10.1016/j.neurobiolaging.2008.04.012
http://www.ncbi.nlm.nih.gov/pubmed/18513833
https://doi.org/10.1002/hbm.20536
http://www.ncbi.nlm.nih.gov/pubmed/18219622
https://doi.org/10.1152/ajpregu.00123.2005
http://www.ncbi.nlm.nih.gov/pubmed/15805097
https://doi.org/10.1016/j.pain.2006.08.013
http://www.ncbi.nlm.nih.gov/pubmed/17011704
https://doi.org/10.1111/j.1469-7580.2005.00428.x
http://www.ncbi.nlm.nih.gov/pubmed/16011543
https://doi.org/10.1523/JNEUROSCI.0400-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19625521
https://doi.org/10.1007/s00429-010-0248-y
https://doi.org/10.1007/s00429-010-0248-y
http://www.ncbi.nlm.nih.gov/pubmed/20512381
https://doi.org/10.1152/jn.00772.2002
http://www.ncbi.nlm.nih.gov/pubmed/12783950
https://doi.org/10.1016/j.pain.2009.07.014
http://www.ncbi.nlm.nih.gov/pubmed/19665303
http://www.ncbi.nlm.nih.gov/pubmed/13301084
http://www.ncbi.nlm.nih.gov/pubmed/1417510
http://www.ncbi.nlm.nih.gov/pubmed/8413950
http://www.ncbi.nlm.nih.gov/pubmed/10431714
https://doi.org/10.1212/01.wnl.0000181351.82772.b3
https://doi.org/10.1212/01.wnl.0000181351.82772.b3
http://www.ncbi.nlm.nih.gov/pubmed/16275823
https://doi.org/10.1038/nrn894
http://www.ncbi.nlm.nih.gov/pubmed/12154366
https://doi.org/10.1016/S0166-2236(03)00123-1
http://www.ncbi.nlm.nih.gov/pubmed/12798599
http://www.ncbi.nlm.nih.gov/pubmed/12270962
https://doi.org/10.1371/journal.pone.0201212
Francesca Marsili
Rectangle

Francesca Marsili
Typewriter
- 31 -



of Stimulation. Epilepsia. 2004; 45(9):1064–70. https://doi.org/10.1111/j.0013-9580.2004.03104.x

PMID: 15329071

81. Mu Q, Bohning DE, Nahas Z, Walker J, Anderson B, Johnson KA, et al. Acute vagus nerve stimulation

using different pulse widths produces varying brain effects. Biol Psychiatry. 2004; 55(8):816–25. Epub

2004/03/31. https://doi.org/10.1016/j.biopsych.2003.12.004 PMID: 15050863.

82. Conway CR, Sheline YI, Chibnall JT, George MS, Fletcher JW, Mintun MA. Cerebral blood flow

changes during vagus nerve stimulation for depression. Psychiatry Res. 2006; 146(2):179–84. Epub

2006/03/03. https://doi.org/10.1016/j.pscychresns.2005.12.007 PMID: 16510266.

83. Nahas Z, Teneback C, Chae JH, Mu Q, Molnar C, Kozel FA, et al. Serial vagus nerve stimulation func-

tional MRI in treatment-resistant depression. Neuropsychopharmacology. 2007; 32(8):1649–60. Epub

2007/01/05. https://doi.org/10.1038/sj.npp.1301288 PMID: 17203016.

84. Kosel M, Brockmann H, Frick C, Zobel A, Schlaepfer TE. Chronic vagus nerve stimulation for treat-

ment-resistant depression increases regional cerebral blood flow in the dorsolateral prefrontal cortex.

Psychiatry Res. 2011; 191(3):153–9. Epub 2011/02/11. https://doi.org/10.1016/j.pscychresns.2010.

11.004 PMID: 21306877.

85. Derbyshire SW, Jones AK, Gyulai F, Clark S, Townsend D, Firestone LL. Pain processing during three

levels of noxious stimulation produces differential patterns of central activity. Pain. 1997; 73(3):431–

45. Epub 1998/02/20. PMID: 9469535.

86. Jeanmonod D, Magnin M, Morel A. Low-threshold calcium spike bursts in the human thalamus. Com-

mon physiopathology for sensory, motor and limbic positive symptoms. Brain. 1996; 119 (Pt 2):363–

75. Epub 1996/04/01. PMID: 8800933.

87. Metzger CD, Eckert U, Steiner J, Sartorius A, Buchmann JE, Stadler J, et al. High field FMRI reveals

thalamocortical integration of segregated cognitive and emotional processing in mediodorsal and intra-

laminar thalamic nuclei. Front Neuroanat. 2010; 4:138. Epub 2010/11/23. https://doi.org/10.3389/

fnana.2010.00138 PMID: 21088699; PubMed Central PMCID: PMCPMC2981419.

88. Rainville P, Duncan GH, Price DD, Carrier Bi, Bushnell MC. Pain affect encoded in human anterior cin-

gulate but not somatosensory cortex. Science. 1997; 277(5328):968–71. PMID: 9252330

89. Ploner M, Freund H-J, Schnitzler A. Pain affect without pain sensation in a patient with a postcentral

lesion. Pain. 1999; 81(1):211–4.

90. Vogt BA, Rosene DL, Pandya DN. Thalamic and cortical afferents differentiate anterior from posterior

cingulate cortex in the monkey. Science. 1979; 204(4389):205–7. Epub 1979/04/13. PMID: 107587.

91. Goldman-Rakic PS, Porrino LJ. The primate mediodorsal (MD) nucleus and its projection to the frontal

lobe. J Comp Neurol. 1985; 242(4):535–60. Epub 1985/12/22. https://doi.org/10.1002/cne.902420406

PMID: 2418080.

92. Vogt BA, Paxinos G. Cytoarchitecture of mouse and rat cingulate cortex with human homologies.

Brain Struct Funct. 2014; 219(1):185–92. Epub 2012/12/12. https://doi.org/10.1007/s00429-012-

0493-3 PMID: 23229151.

93. Jaggi AS, Singh N. Role of different brain areas in peripheral nerve injury-induced neuropathic pain.

Brain Res. 2011; 1381:187–201. Epub 2011/01/18. https://doi.org/10.1016/j.brainres.2011.01.002

PMID: 21238432.

94. Kupers RC, Vos BP, Gybels JM. Stimulation of the nucleus paraventricularis thalami suppresses

scratching and biting behaviour of arthritic rats and exerts a powerful effect on tests for acute pain.

Pain. 1988; 32(1):115–25. Epub 1988/01/01. PMID: 3340419.

95. Jang SH, Yeo SS. Thalamocortical connections between the mediodorsal nucleus of the thalamus

and prefrontal cortex in the human brain: a diffusion tensor tractographic study. Yonsei Med J. 2014;

55(3):709–14. Epub 2014/04/11. https://doi.org/10.3349/ymj.2014.55.3.709 PMID: 24719138;

PubMed Central PMCID: PMCPMC3990063.

96. Klein JC, Rushworth MF, Behrens TE, Mackay CE, de Crespigny AJ, D’Arceuil H, et al. Topography of

connections between human prefrontal cortex and mediodorsal thalamus studied with diffusion tracto-

graphy. Neuroimage. 2010; 51(2):555–64. Epub 2010/03/09. https://doi.org/10.1016/j.neuroimage.

2010.02.062 PMID: 20206702; PubMed Central PMCID: PMCPMC2877805.

97. Eickhoff SB, Laird AR, Fox PT, Bzdok D, Hensel L. Functional Segregation of the Human Dorsomedial

Prefrontal Cortex. Cereb Cortex. 2016; 26(1):304–21. Epub 2014/10/22. https://doi.org/10.1093/

cercor/bhu250 PMID: 25331597; PubMed Central PMCID: PMCPMC4677979.

98. Sakagami M, Pan X. Functional role of the ventrolateral prefrontal cortex in decision making. Curr

Opin Neurobiol. 2007; 17(2):228–33. Epub 2007/03/14. https://doi.org/10.1016/j.conb.2007.02.008

PMID: 17350248.

nVNS alters neural and physiological responses to a noxious thermal challenge

PLOS ONE | https://doi.org/10.1371/journal.pone.0201212 February 13, 2019 24 / 26

https://doi.org/10.1111/j.0013-9580.2004.03104.x
http://www.ncbi.nlm.nih.gov/pubmed/15329071
https://doi.org/10.1016/j.biopsych.2003.12.004
http://www.ncbi.nlm.nih.gov/pubmed/15050863
https://doi.org/10.1016/j.pscychresns.2005.12.007
http://www.ncbi.nlm.nih.gov/pubmed/16510266
https://doi.org/10.1038/sj.npp.1301288
http://www.ncbi.nlm.nih.gov/pubmed/17203016
https://doi.org/10.1016/j.pscychresns.2010.11.004
https://doi.org/10.1016/j.pscychresns.2010.11.004
http://www.ncbi.nlm.nih.gov/pubmed/21306877
http://www.ncbi.nlm.nih.gov/pubmed/9469535
http://www.ncbi.nlm.nih.gov/pubmed/8800933
https://doi.org/10.3389/fnana.2010.00138
https://doi.org/10.3389/fnana.2010.00138
http://www.ncbi.nlm.nih.gov/pubmed/21088699
http://www.ncbi.nlm.nih.gov/pubmed/9252330
http://www.ncbi.nlm.nih.gov/pubmed/107587
https://doi.org/10.1002/cne.902420406
http://www.ncbi.nlm.nih.gov/pubmed/2418080
https://doi.org/10.1007/s00429-012-0493-3
https://doi.org/10.1007/s00429-012-0493-3
http://www.ncbi.nlm.nih.gov/pubmed/23229151
https://doi.org/10.1016/j.brainres.2011.01.002
http://www.ncbi.nlm.nih.gov/pubmed/21238432
http://www.ncbi.nlm.nih.gov/pubmed/3340419
https://doi.org/10.3349/ymj.2014.55.3.709
http://www.ncbi.nlm.nih.gov/pubmed/24719138
https://doi.org/10.1016/j.neuroimage.2010.02.062
https://doi.org/10.1016/j.neuroimage.2010.02.062
http://www.ncbi.nlm.nih.gov/pubmed/20206702
https://doi.org/10.1093/cercor/bhu250
https://doi.org/10.1093/cercor/bhu250
http://www.ncbi.nlm.nih.gov/pubmed/25331597
https://doi.org/10.1016/j.conb.2007.02.008
http://www.ncbi.nlm.nih.gov/pubmed/17350248
https://doi.org/10.1371/journal.pone.0201212
Francesca Marsili
Rectangle

Francesca Marsili
Typewriter
- 32 -



99. Eisenberger NI, Lieberman MD, Williams KD. Does rejection hurt? An FMRI study of social exclusion.

Science. 2003; 302(5643):290–2. Epub 2003/10/11. https://doi.org/10.1126/science.1089134 PMID:

14551436.

100. Lorenz J, Cross DJ, Minoshima S, Morrow TJ, Paulson PE, Casey KL. A unique representation of heat

allodynia in the human brain. Neuron. 2002; 35(2):383–93. Epub 2002/08/06. PMID: 12160755.

101. Schoenbaum G, Takahashi Y, Liu T-L, McDannald MA. Does the orbitofrontal cortex signal value?

Annals of the New York Academy of Sciences. 2011; 1239(1):87–99.

102. Grabenhorst F, Rolls ET. Value, pleasure and choice in the ventral prefrontal cortex. Trends Cogn Sci.

2011; 15(2):56–67. Epub 2011/01/11. https://doi.org/10.1016/j.tics.2010.12.004 PMID: 21216655.

103. Winston JS, Vlaev I, Seymour B, Chater N, Dolan RJ. Relative valuation of pain in human orbitofrontal

cortex. J Neurosci. 2014; 34(44):14526–35. Epub 2014/10/31. https://doi.org/10.1523/JNEUROSCI.

1706-14.2014 PMID: 25355207; PubMed Central PMCID: PMCPMC4212059.

104. Lomarev M, Denslow S, Nahas Z, Chae J-H, George MS, Bohning DE. Vagus nerve stimulation (VNS)

synchronized BOLD fMRI suggests that VNS in depressed adults has frequency/dose dependent

effects. Journal of Psychiatric Research. 2002; 36(4):219–27. https://doi.org/10.1016/s0022-3956(02)

00013-4 PMID: 12191626

105. Conway CR, Sheline YI, Chibnall JT, Bucholz RD, Price JL, Gangwani S, et al. Brain blood-flow

change with acute vagus nerve stimulation in treatment-refractory major depressive disorder. Brain

Stimul. 2012; 5(2):163–71. Epub 2011/11/01. https://doi.org/10.1016/j.brs.2011.03.001 PMID:

22037127; PubMed Central PMCID: PMCPMC3270206.

106. Bohning DE, Lomarev MP, Denslow S, Nahas Z, Shastri A, George MS. Feasibility of vagus nerve

stimulation-synchronized blood oxygenation level-dependent functional MRI. Invest Radiol. 2001; 36

(8):470–9. Epub 2001/08/14. PMID: 11500598.

107. Conway CR, Chibnall JT, Gangwani S, Mintun MA, Price JL, Hershey T, et al. Pretreatment cerebral

metabolic activity correlates with antidepressant efficacy of vagus nerve stimulation in treatment-resis-

tant major depression: a potential marker for response? J Affect Disord. 2012; 139(3):283–90. Epub

2012/03/09. https://doi.org/10.1016/j.jad.2012.02.007 PMID: 22397889; PubMed Central PMCID:

PMCPMC3598572.

108. Zobel A, Joe A, Freymann N, Clusmann H, Schramm J, Reinhardt M, et al. Changes in regional cere-

bral blood flow by therapeutic vagus nerve stimulation in depression: an exploratory approach. Psychi-

atry Res. 2005; 139(3):165–79. Epub 2005/07/27. https://doi.org/10.1016/j.pscychresns.2005.02.010

PMID: 16043331.

109. Sclocco R, Beissner F, Desbordes G, Polimeni JR, Wald LL, Kettner NW, et al. Neuroimaging brain-

stem circuitry supporting cardiovagal response to pain: a combined heart rate variability/ultrahigh-field

(7 T) functional magnetic resonance imaging study. Philos Trans A Math Phys Eng Sci. 2016; 374

(2067):20150189. Epub 2016/04/06. https://doi.org/10.1098/rsta.2015.0189 PMID: 27044996;

PubMed Central PMCID: PMCPMC4822448.

110. Martins I, Carvalho P, de Vries MG, Teixeira-Pinto A, Wilson SP, Westerink BH, et al. GABA acting on

GABAB receptors located in a medullary pain facilitatory area enhances nociceptive behaviors evoked

by intraplantar formalin injection. Pain. 2015; 156(8):1555–65. Epub 2015/05/02. https://doi.org/10.

1097/j.pain.0000000000000203 PMID: 25932688.

111. Saper CB. The central autonomic nervous system: conscious visceral perception and autonomic pat-

tern generation. Annu Rev Neurosci. 2002; 25:433–69. Epub 2002/06/08. https://doi.org/10.1146/

annurev.neuro.25.032502.111311 PMID: 12052916.

112. Critchley HD. Neural mechanisms of autonomic, affective, and cognitive integration. J Comp Neurol.

2005; 493(1):154–66. Epub 2005/10/29. https://doi.org/10.1002/cne.20749 PMID: 16254997.

113. Silva M, Amorim D, Almeida A, Tavares I, Pinto-Ribeiro F, Morgado C. Pronociceptive changes in the

activity of rostroventromedial medulla (RVM) pain modulatory cells in the streptozotocin-diabetic rat.

Brain Res Bull. 2013; 96:39–44. Epub 2013/05/07. https://doi.org/10.1016/j.brainresbull.2013.04.008

PMID: 23644033.

114. Heinricher MM, Barbaro NM, Fields HL. Putative nociceptive modulating neurons in the rostral ventro-

medial medulla of the rat: firing of on-and off-cells is related to nociceptive responsiveness. Somato-

sensory & motor research. 1989; 6(4):427–39.

115. Beissner F, Meissner K, Bar KJ, Napadow V. The autonomic brain: an activation likelihood estimation

meta-analysis for central processing of autonomic function. J Neurosci. 2013; 33(25):10503–11. Epub

2013/06/21. https://doi.org/10.1523/JNEUROSCI.1103-13.2013 PMID: 23785162; PubMed Central

PMCID: PMCPMC3685840.

116. Urry HL, van Reekum CM, Johnstone T, Davidson RJ. Individual differences in some (but not all)

medial prefrontal regions reflect cognitive demand while regulating unpleasant emotion. Neuroimage.

nVNS alters neural and physiological responses to a noxious thermal challenge

PLOS ONE | https://doi.org/10.1371/journal.pone.0201212 February 13, 2019 25 / 26

https://doi.org/10.1126/science.1089134
http://www.ncbi.nlm.nih.gov/pubmed/14551436
http://www.ncbi.nlm.nih.gov/pubmed/12160755
https://doi.org/10.1016/j.tics.2010.12.004
http://www.ncbi.nlm.nih.gov/pubmed/21216655
https://doi.org/10.1523/JNEUROSCI.1706-14.2014
https://doi.org/10.1523/JNEUROSCI.1706-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25355207
https://doi.org/10.1016/s0022-3956(02)00013-4
https://doi.org/10.1016/s0022-3956(02)00013-4
http://www.ncbi.nlm.nih.gov/pubmed/12191626
https://doi.org/10.1016/j.brs.2011.03.001
http://www.ncbi.nlm.nih.gov/pubmed/22037127
http://www.ncbi.nlm.nih.gov/pubmed/11500598
https://doi.org/10.1016/j.jad.2012.02.007
http://www.ncbi.nlm.nih.gov/pubmed/22397889
https://doi.org/10.1016/j.pscychresns.2005.02.010
http://www.ncbi.nlm.nih.gov/pubmed/16043331
https://doi.org/10.1098/rsta.2015.0189
http://www.ncbi.nlm.nih.gov/pubmed/27044996
https://doi.org/10.1097/j.pain.0000000000000203
https://doi.org/10.1097/j.pain.0000000000000203
http://www.ncbi.nlm.nih.gov/pubmed/25932688
https://doi.org/10.1146/annurev.neuro.25.032502.111311
https://doi.org/10.1146/annurev.neuro.25.032502.111311
http://www.ncbi.nlm.nih.gov/pubmed/12052916
https://doi.org/10.1002/cne.20749
http://www.ncbi.nlm.nih.gov/pubmed/16254997
https://doi.org/10.1016/j.brainresbull.2013.04.008
http://www.ncbi.nlm.nih.gov/pubmed/23644033
https://doi.org/10.1523/JNEUROSCI.1103-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/23785162
https://doi.org/10.1371/journal.pone.0201212
Francesca Marsili
Rectangle

Francesca Marsili
Typewriter
- 33 -



2009; 47(3):852–63. Epub 2009/06/03. https://doi.org/10.1016/j.neuroimage.2009.05.069 PMID:

19486944; PubMed Central PMCID: PMCPMC2766667.

117. Vonck K, Boon P, Van Laere K, D’Have M, Vandekerckhove T, O’Connor S, et al. Acute single photon

emission computed tomographic study of vagus nerve stimulation in refractory epilepsy. Epilepsia.

2000; 41(5):601–9. Epub 2000/05/10. PMID: 10802767.

118. Ness TJ, Randich A, Fillingim R, Faught RE, Backensto EM. Neurology. Left vagus nerve stimulation

suppresses experimentally induced pain. United States 2001. p. 985–6.

119. Wallace MS, Barger D, Schulteis G. The effect of chronic oral desipramine on capsaicin-induced allo-

dynia and hyperalgesia: a double-blinded, placebo-controlled, crossover study. Anesth Analg. 2002;

95(4):973–8, table of contents. Epub 2002/09/28. PMID: 12351279.

120. Wallace MS, Laitin S, Licht D, Yaksh TL. Concentration-effect relations for intravenous lidocaine infu-

sions in human volunteers: effects on acute sensory thresholds and capsaicin-evoked hyperpathia.

Anesthesiology. 1997; 86(6):1262–72. Epub 1997/06/01. PMID: 9197294.

121. Park KM, Max MB, Robinovitz E, Gracely RH, Bennett GJ. Effects of intravenous ketamine, alfentanil,

or placebo on pain, pinprick hyperalgesia, and allodynia produced by intradermal capsaicin in human

subjects. Pain. 1995; 63(2):163–72. Epub 1995/11/01. PMID: 8628581.

122. Wallace M, Schulteis G, Atkinson JH, Wolfson T, Lazzaretto D, Bentley H, et al. Dose-dependent

effects of smoked cannabis on capsaicin-induced pain and hyperalgesia in healthy volunteers. Anes-

thesiology. 2007; 107(5):785–96. Epub 2007/12/13. https://doi.org/10.1097/01.anes.0000286986.

92475.b7 PMID: 18073554.

nVNS alters neural and physiological responses to a noxious thermal challenge

PLOS ONE | https://doi.org/10.1371/journal.pone.0201212 February 13, 2019 26 / 26

https://doi.org/10.1016/j.neuroimage.2009.05.069
http://www.ncbi.nlm.nih.gov/pubmed/19486944
http://www.ncbi.nlm.nih.gov/pubmed/10802767
http://www.ncbi.nlm.nih.gov/pubmed/12351279
http://www.ncbi.nlm.nih.gov/pubmed/9197294
http://www.ncbi.nlm.nih.gov/pubmed/8628581
https://doi.org/10.1097/01.anes.0000286986.92475.b7
https://doi.org/10.1097/01.anes.0000286986.92475.b7
http://www.ncbi.nlm.nih.gov/pubmed/18073554
https://doi.org/10.1371/journal.pone.0201212
Francesca Marsili
Rectangle

Francesca Marsili
Typewriter
- 34 -



See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/349636163

Clinical Effectiveness of Percutaneous Auricular Vagus Nerve Stimulation in

Chronic Back Pain Patients - A Single-Centre Retrospective Analysis

Article · January 2021

CITATION

1
READS

151

6 authors, including:

Some of the authors of this publication are also working on these related projects:

Vagus Nerve Stimulation View project

Antioxidant and antiinflammatory role of statins in abdominal aortic aneurysm View project

Jozsef Constantin Szeles

University of Vienna

63 PUBLICATIONS   990 CITATIONS   

SEE PROFILE

Stefan Kampusch

AURIMOD GmbH

67 PUBLICATIONS   532 CITATIONS   

SEE PROFILE

Eugenijus Kaniusas

TU Wien

215 PUBLICATIONS   1,398 CITATIONS   

SEE PROFILE

Christoph Neumayer

Medical University of Vienna

152 PUBLICATIONS   2,440 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Stefan Kampusch on 26 February 2021.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/349636163_Clinical_Effectiveness_of_Percutaneous_Auricular_Vagus_Nerve_Stimulation_in_Chronic_Back_Pain_Patients_-_A_Single-Centre_Retrospective_Analysis?enrichId=rgreq-0f29c2b086dfc943c69dcad315752aab-XXX&enrichSource=Y292ZXJQYWdlOzM0OTYzNjE2MztBUzo5OTU0Njk1MDk1NTQxNzhAMTYxNDM0OTgzNDg0Mw%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/349636163_Clinical_Effectiveness_of_Percutaneous_Auricular_Vagus_Nerve_Stimulation_in_Chronic_Back_Pain_Patients_-_A_Single-Centre_Retrospective_Analysis?enrichId=rgreq-0f29c2b086dfc943c69dcad315752aab-XXX&enrichSource=Y292ZXJQYWdlOzM0OTYzNjE2MztBUzo5OTU0Njk1MDk1NTQxNzhAMTYxNDM0OTgzNDg0Mw%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Vagus-Nerve-Stimulation-3?enrichId=rgreq-0f29c2b086dfc943c69dcad315752aab-XXX&enrichSource=Y292ZXJQYWdlOzM0OTYzNjE2MztBUzo5OTU0Njk1MDk1NTQxNzhAMTYxNDM0OTgzNDg0Mw%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Antioxidant-and-antiinflammatory-role-of-statins-in-abdominal-aortic-aneurysm?enrichId=rgreq-0f29c2b086dfc943c69dcad315752aab-XXX&enrichSource=Y292ZXJQYWdlOzM0OTYzNjE2MztBUzo5OTU0Njk1MDk1NTQxNzhAMTYxNDM0OTgzNDg0Mw%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-0f29c2b086dfc943c69dcad315752aab-XXX&enrichSource=Y292ZXJQYWdlOzM0OTYzNjE2MztBUzo5OTU0Njk1MDk1NTQxNzhAMTYxNDM0OTgzNDg0Mw%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jozsef-Szeles-2?enrichId=rgreq-0f29c2b086dfc943c69dcad315752aab-XXX&enrichSource=Y292ZXJQYWdlOzM0OTYzNjE2MztBUzo5OTU0Njk1MDk1NTQxNzhAMTYxNDM0OTgzNDg0Mw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jozsef-Szeles-2?enrichId=rgreq-0f29c2b086dfc943c69dcad315752aab-XXX&enrichSource=Y292ZXJQYWdlOzM0OTYzNjE2MztBUzo5OTU0Njk1MDk1NTQxNzhAMTYxNDM0OTgzNDg0Mw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_Vienna?enrichId=rgreq-0f29c2b086dfc943c69dcad315752aab-XXX&enrichSource=Y292ZXJQYWdlOzM0OTYzNjE2MztBUzo5OTU0Njk1MDk1NTQxNzhAMTYxNDM0OTgzNDg0Mw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jozsef-Szeles-2?enrichId=rgreq-0f29c2b086dfc943c69dcad315752aab-XXX&enrichSource=Y292ZXJQYWdlOzM0OTYzNjE2MztBUzo5OTU0Njk1MDk1NTQxNzhAMTYxNDM0OTgzNDg0Mw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Stefan-Kampusch?enrichId=rgreq-0f29c2b086dfc943c69dcad315752aab-XXX&enrichSource=Y292ZXJQYWdlOzM0OTYzNjE2MztBUzo5OTU0Njk1MDk1NTQxNzhAMTYxNDM0OTgzNDg0Mw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Stefan-Kampusch?enrichId=rgreq-0f29c2b086dfc943c69dcad315752aab-XXX&enrichSource=Y292ZXJQYWdlOzM0OTYzNjE2MztBUzo5OTU0Njk1MDk1NTQxNzhAMTYxNDM0OTgzNDg0Mw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Stefan-Kampusch?enrichId=rgreq-0f29c2b086dfc943c69dcad315752aab-XXX&enrichSource=Y292ZXJQYWdlOzM0OTYzNjE2MztBUzo5OTU0Njk1MDk1NTQxNzhAMTYxNDM0OTgzNDg0Mw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Eugenijus-Kaniusas?enrichId=rgreq-0f29c2b086dfc943c69dcad315752aab-XXX&enrichSource=Y292ZXJQYWdlOzM0OTYzNjE2MztBUzo5OTU0Njk1MDk1NTQxNzhAMTYxNDM0OTgzNDg0Mw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Eugenijus-Kaniusas?enrichId=rgreq-0f29c2b086dfc943c69dcad315752aab-XXX&enrichSource=Y292ZXJQYWdlOzM0OTYzNjE2MztBUzo5OTU0Njk1MDk1NTQxNzhAMTYxNDM0OTgzNDg0Mw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/TU-Wien?enrichId=rgreq-0f29c2b086dfc943c69dcad315752aab-XXX&enrichSource=Y292ZXJQYWdlOzM0OTYzNjE2MztBUzo5OTU0Njk1MDk1NTQxNzhAMTYxNDM0OTgzNDg0Mw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Eugenijus-Kaniusas?enrichId=rgreq-0f29c2b086dfc943c69dcad315752aab-XXX&enrichSource=Y292ZXJQYWdlOzM0OTYzNjE2MztBUzo5OTU0Njk1MDk1NTQxNzhAMTYxNDM0OTgzNDg0Mw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Christoph-Neumayer?enrichId=rgreq-0f29c2b086dfc943c69dcad315752aab-XXX&enrichSource=Y292ZXJQYWdlOzM0OTYzNjE2MztBUzo5OTU0Njk1MDk1NTQxNzhAMTYxNDM0OTgzNDg0Mw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Christoph-Neumayer?enrichId=rgreq-0f29c2b086dfc943c69dcad315752aab-XXX&enrichSource=Y292ZXJQYWdlOzM0OTYzNjE2MztBUzo5OTU0Njk1MDk1NTQxNzhAMTYxNDM0OTgzNDg0Mw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Medical-University-of-Vienna?enrichId=rgreq-0f29c2b086dfc943c69dcad315752aab-XXX&enrichSource=Y292ZXJQYWdlOzM0OTYzNjE2MztBUzo5OTU0Njk1MDk1NTQxNzhAMTYxNDM0OTgzNDg0Mw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Christoph-Neumayer?enrichId=rgreq-0f29c2b086dfc943c69dcad315752aab-XXX&enrichSource=Y292ZXJQYWdlOzM0OTYzNjE2MztBUzo5OTU0Njk1MDk1NTQxNzhAMTYxNDM0OTgzNDg0Mw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Stefan-Kampusch?enrichId=rgreq-0f29c2b086dfc943c69dcad315752aab-XXX&enrichSource=Y292ZXJQYWdlOzM0OTYzNjE2MztBUzo5OTU0Njk1MDk1NTQxNzhAMTYxNDM0OTgzNDg0Mw%3D%3D&el=1_x_10&_esc=publicationCoverPdf
Francesca Marsili
Typewriter
- 35 -



Remedy Publications LLC.

Annals of Pain Medicine

2021 | Volume 3 | Issue 1 | Article 10091

Clinical Effectiveness of Percutaneous Auricular Vagus 
Nerve Stimulation in Chronic Back Pain Patients - A 

Single-Centre Retrospective Analysis

OPEN ACCESS

 *Correspondence:
Jozsef Constantin Széles, Department 

of General Surgery, Division of Vascular 
Surgery, Medical University of Vienna, 
Währinger Gürtel 18-20, 1090 Vienna, 

Austria,
E-mail: jozsef.szeles@meduniwien.

ac.at
Received Date: 01 Dec 2020
Accepted Date: 06 Jan 2021
Published Date: 11 Jan 2021

Citation: 
Széles JC, Kampusch S, Le VH, Enajat 

DP, Kaniusas E, Neumayer C. Clinical 
Effectiveness of Percutaneous Auricular 

Vagus Nerve Stimulation in Chronic 
Back Pain Patients - A Single-Centre 
Retrospective Analysis. Annals Pain 

Med. 2021; 3(1): 1009.

Copyright © 2021 Jozsef Constantin 
Széles. This is an open access 

article distributed under the Creative 
Commons Attribution License, which 
permits unrestricted use, distribution, 

and reproduction in any medium, 
provided the original work is properly 

cited.

Research Article
Published: 11 Jan, 2021

Abstract
Objectives: Chronic back pain is one of the biggest causes of disability today. The objective of this 
study was to evaluate the safety and effectiveness of percutaneous auricular Vagus Nerve Stimulation 
(pVNS) for chronic back pain patients in routine clinical practice.

Methods: Data were retrospectively sourced from a clinical database. Mean reduction in average and 
maximum pain intensity at three weeks as compared to baseline using Numeric Rating Scale (NRS) 
pain intensity was assessed. A patient responder was defined as having at least 50% improvement in 
average NRS pain intensity, assessed at 1-, 3- and 6-weeks, as well as 3 months. In addition, analgesic 
intake, subjective well-being and number and type of Adverse Events (AEs) were reported.

Results: A total of 148 patients underwent pVNS stimulation and met all inclusion criteria. Average 
NRS pain intensity significantly decreased from 6.36 ± 2.18 at baseline to 3.25 ± 1.83 (p<0.001) at 
three weeks of treatment. One week into treatment, the responder rate was 32.4%, while reaching a 
maximum of 58.8% at six weeks of treatment. 60% of patients taking opioid analgesics at baseline 
were able to decrease or stop their opioid usage. Reported AEs were mild and pVNS was well-
tolerated.

Discussion: Our results suggest that pVNS may be a safe and effective adjunct treatment for difficult 
to treat chronic back pain patients. Given the retrospective nature of this study, further research is 
warranted to confirm these findings.

Introduction
Chronic pain conditions are by far the biggest cause of disability today [1]. Estimates suggest 

that every second person in the EU will suffer from back pain at some point in their life. 15% of these 
patients will be on sick leave for one month or longer because of their condition [2,3]. Besides the 
personal dimension, this generates costs to the European Union of up to 441 billion Euros each year 
[4]. For the US, the economic burden is in the range of €468 to €530 billion per year, including both 
the cost of healthcare and loss of productivity [5].

The current standard of care following international guidelines suggests as first-line therapy 
the use of acetaminophen and Nonsteroidal Anti-Inflammatory Drugs (NSAIDs) [6,7], and under 
specific conditions short courses of skeletal muscle relaxants or opioid analgesics, in conjunction 
with non-pharmacological strategies such as multidisciplinary rehabilitation, cognitive-behavioral 
therapy, or acupuncture. Given the fact that those therapies may often provide only mild 
symptomatic improvements [6], big efforts are currently put in towards finding adjunct, non-
pharmacologic treatment options.

With the recent advances in bioelectronics, growing evidence suggests that neurostimulation 
of the vagus nerve may be used to modulate nociception and pain perception [8,9]. Vagus nerve 
stimulation using implantable neurostimulation devices is used for the treatment of refractory 
epilepsy and major depression [10,11]. Disadvantages of implantable systems are frequent Adverse 
Events (AEs) due to surgical procedure and stimulation of efferent vagus nerve fibers (e.g., hoarseness, 
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sore throat, shortness of breath and coughing). Non-invasive or 
minimally-invasive stimulation techniques can mitigate these 
disadvantages [12]. Percutaneous auricular Vagus Nerve Stimulation 
(pVNS) allows for a minimal-invasive electrical stimulation of the 
auricular branch of the vagus nerve [13]. Several small studies and 
randomized controlled trials have demonstrated safety and efficacy of 
pVNS in producing antinociceptive effects for various pain conditions 
[9]. These conditions include postoperative acute pain, chronic low 
back pain, or cervical syndrome. Sator-Katzenschlager et al. [14], 
conducted a randomized control trial in patients with chronic low 
back pain and found over 70% reduction in pain intensity in those 
patients receiving auricular electrical stimulation over six weeks as 
compared to sham. Pain reduction came along with reduced intake of 
opioid rescue medication (over 95% reduction in intake of tramadol), 
as well as improved quality of sleep, well-being, and physical activity. 
All positive effects sustained up to a 12 weeks’ follow-up. Similarly, a 
high trial success rate was observed in patients with chronic cervical 
pain during a six-week therapy [15]. So far, there are no studies 
investigating the clinical safety and effectiveness of pVNS in a larger 
cohort of patients in clinical routine.

This retrospective study aims at evaluating the safety and 
effectiveness of pVNS in chronic back pain patients that had 
previously failed first-line therapy, in a real-world clinical setting.

Materials and Methods
Study design and procedures

This was a monocentric, retrospective data analysis study. Data for 
this study were drawn from medical records of all attending patients 
who were trialed and/or treated for pain with pVNS at the outpatient 
clinic for special pain therapy at the Medical University of Vienna, 
Department of Surgery (Vienna, Austria), from February 2002 to 
June 2010. Combined, a total of 349 patients underwent treatment 
with pVNS. The study was approved by the ethics committee at the 
Medical University of Vienna (1789/2020). All authors had full access 
to the study data.

Inclusion/Exclusion criteria
Patient data were included in an Intention-To-Treat (ITT) 

analysis if the patient met the following criteria: (1) Adult patients 
18 years of age or older with a history of back pain, meeting the 
diagnostic criteria listed in ICD-10 M54 (2019); (2) have not had 
an adequate response to first-line pharmacological therapy with 
acetaminophen, NSAIDs, and/or opioid analgesics; (3) plausible 
pain diary documentation, i.e., Numeric Rating Scale (NRS) scorings 
higher or equal than 0 and smaller or equal 10, maximum > average > 
minimum NRS scorings; and (4) received at least one pVNS therapy, 
which included a minimum of two documented visits (baseline and 
one consecutive therapy visit, with a maximum of 21 days in between 
the two visits).

Patient data were included in a Per Protocol (PP) analysis if the 
patient additionally had: (1) At least four documented consecutive 
visits (baseline and three consecutive therapy visits); and (2) the 
interval between two visits was between three and eight days.

Stimulation procedure
pVNS was performed using P-STIM (Biegler Medizinelektronik 

GmbH, Mauerbach, Austria). P-STIM is a single-use miniaturized 
(Figure 1), battery-powered, percutaneous electrical stimulator with 
a pre-programmed amplitude (3.8 V), stimulation frequency (1 Hz), 

pulse width (1 ms), and duty cycle (3 h ON/3 h OFF). The procedure 
has been described previously in [14,15]. Needles were positioned 
in the cymba and cavity of concha as well as the crura of antihelix, 
i.e., regions partly or solely innervated by the auricular vagus nerve 
[16,17]. Positions were chosen close to local blood vessels, running 
in parallel or close to targeted nerve fibers [9,18-19]. Each patient 
received pVNS continuously over a period of four days a week. At 
each therapy visit, a new device was applied.

Data collection and outcome measures
Standardized data, collected by clinical personnel under 

supervision of the first author, at baseline and/or at each scheduled 
therapy visit, were retrieved retrospectively from medical records 
at the Medical University of Vienna. Baseline data refer to the data 
collected at the time of patient consent prior to pVNS treatment. 
These included: patient sex, age at start of the therapy, medical history, 
presenting pain symptoms, and pain severity on a NRS 11-point scale 
(from 0 = no pain to 10 = worst imaginable pain; [20]). From the last 
visit, additional variables were extracted related to number and type 
of AEs, demand for additional medication (i.e., increased, decreased 
or unchanged), and change in subjective well-being on a 6-point scale 
(from 0 = very good to 5 = very bad).

The primary endpoint of the study was the mean reduction 
in average and maximum NRS pain intensity at three weeks as 
compared to baseline in the PP analysis. Secondary endpoints were: 
(1) Percentage of patients achieving different thresholds of pain relief 
in maximum and average NRS pain intensity compared to baseline 
[21], i.e., ≥ 30% (moderate), ≥ 50% (substantial), and ≥ 80% (which 
we defined as extensive improvement), at one week, three weeks, six 
weeks, and three months; (2) percentage of patients decreasing or not 
requiring additional analgesic medication as a result of the treatment; 
(3) change in subjective well-being; and (4) number and type of AEs.

Statistical analysis
Analyses were conducted in both PP group (i.e., patients 

completing primary endpoint assessment) and ITT group (i.e., 
patients who were administered the treatment at least once).

For the PP analysis, if a patient visited the outpatient clinic 
more than once per week, the data from the last visit of that week 
was taken. All other data from that week were omitted. For the 
ITT analysis, only the baseline and the last visit of a patient were 
considered. If a patient visited the outpatient clinic irregularly with 
a break of more than 21 days between two consecutive visits, only 
the data up to this point were considered. All the data after the break 
were omitted. For the ITT analysis, missing data for time points 
after the last visit of a patient were imputed using last observation 
carried forward. A decrease of ≥ 50% in average NRS pain intensity 
was considered significant. Patients reaching this improvement were 
called responders. Responder analysis was performed for two time 
points, i.e., after one week and after three months of treatment.

NRS pain intensity is presented as mean ± standard deviation, 
unless otherwise stated. Comparison between baseline and therapy 
visits was performed using χ2-tests and paired t-tests. To compare 
responders and non-responders, a Welch t-test and χ2-test were 
performed. Threshold for significance of statistical comparisons 
was set to p<0.05. Bonferroni correction was used for multiple 
comparisons. AEs and medication usage were reported descriptively 
for all patients. Statistical analysis was done using Python 3.7.4 with 
NumPy 1.18.1 and SciPy 1.4.1.
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Results
Patients and baseline statistics

During the study period, a total of 349 patients were treated 
with pVNS at our institution. Patients presented to the outpatient 
clinic with a range of chronic pain conditions, including back pain 
(51%), abdominal pain (4.3%), pain localized to other parts of lower 
abdomen (3.2%), shoulder pain (3.7%), postoperative pain (3.7%), 
migraine (2.3%) and other complex pain patterns (31.8%, either 
different location or not sufficiently documented). Of the total 349 
patients, 171 patients were excluded due to not meeting the diagnostic 
criteria listed in ICD-10 M54 (dorsalgia). From the remaining 178 
chronic back pain patients, 30 had to be excluded due to a missing 
therapy visit within 21 days after the baseline visit. The remaining 148 
patients met all inclusion criteria and constituted the ITT population. 
Of those patients, 59 (39.9%) met the PP criteria. Patient baseline 
characteristics and demographics are summarized in Table 1.

Patients for the ITT analysis were 62.9 ± 15.7 years of age, 64.9% 
female. Among these, 36.5% suffered from lumbago with sciatica, 
23.6% from low back pain, 18.2% from cervicalgia, 16.3% from 
unspecified dorsalgia, and 5.4% from radiculopathy. The minimum, 
average and maximum NRS pain intensity at baseline was 5.52 ± 2.60, 
6.56 ± 2.15, and 7.49 ± 1.94, respectively. Baseline characteristics for 
the PP population were comparable to those of the ITT population 
(Table 1).

Pain reduction and responder rates
Per protocol (PP) analysis: Maximum and average NRS 

pain intensity decreased significantly over the first three weeks of 
treatment in the PP analysis (n=59), as shown in Figure 2. Average 
NRS pain intensity decreased from 6.36 ± 2.18 at baseline to 4.31 ± 
1.70 (p<0.001) at one week, to 3.68 ± 2.20 (p<0.001) at two weeks, and 
to 3.25 ± 1.83 (p<0.001) at three weeks. Similarly, the maximum NRS 
pain intensity decreased from 7.42 ± 1.88 at baseline to 6.41 ± 1.99 
(p=0.002) at one week, 5.25 ± 2.58 (p<0.001) at two weeks, and 4.88 ± 
2.55 (p<0.001) after three weeks.

Intention-to-treat (ITT) analysis: Pain intensity changes from 
baseline to the last therapy visit of each patient in the ITT analysis 
(n=148) were analyzed for four separate time points (one week, three 
weeks, six weeks, and three months), with regards to the percentage 
of patients experiencing an average and maximum NRS pain intensity 
reduction of ≥ 30%, ≥ 50% and ≥ 80%, respectively.

As shown in Table 2 and Figure 3, the percentage of patients 
achieving more than 30% reduction in average NRS pain intensity 
increased from 51.4% after one week to 70.3% at three weeks and 
remained relatively constant at six weeks (72.3%) and three months 
(75.0%). Similarly, 32.4% of all patients in the ITT population 
exhibited a ≥ 50% improvement of average NRS pain intensity 
after one week, 49.3% at three weeks and 58.8% at six weeks. The 
proportion of patients achieving a ≥ 80% improvement in average 
NRS pain intensity increase slower from 7.4% at one week to 20.3% at 
six weeks and 25% at three months. The ratio of patients with complete 
symptom remission increased from 3.4% at one week to 14.2% at 
three months. In contrast, ratio of patients not improving over the 
treatment decreases from 31.1% at one week to 11.5% at three months 
(Figure 2). A similar behavior could be seen for maximum NRS pain 
intensities, showing a smaller relative reduction from baseline to the 
last study visit (Table 2).

In this study, responders were defined as patients showing 
an average NRS pain intensity reduction of at least 50%. When 
comparing responders with non-responders for one week and six 
weeks of treatment, significant differences in the baseline NRS pain 
intensity values of these groups can be found (Table 3). Responders at 
six weeks had significantly higher minimum NRS pain intensities (6.10 
± 2.45 vs. 4.69 ± 2.57, p=0.014), average NRS pain intensities (7.06 ± 
2.06 vs. 5.85 ± 2.07, p=0.009), and maximum NRS pain intensities 
(7.89 ± 1.89 vs. 6.92 ± 1.88, p=0.003) compared to non-responders. 
In contrast, this was not the case when comparing baseline values of 
responders and non-responders at one week of treatment.

Medication and adverse events
Patients were subject to various pharmacological therapies, prior 

to pVNS treatment, including the use of acetaminophen (4.3% of all 
reported medication), NSAIDs (48.7%), muscle relaxants (5.1%), 
anticonvulsants (4.3%), opioid analgesics (18.8%), and others (18.8%). 
In 45.3% of patients we had detailed reporting on concomitant 
medication. From these patients, 26.9% were able to discontinue 
their pain medication, 22.4% reduced intake, 40.3% did not change, 
and 10.4% increased their medication intake. Opioid analgesics were 
taken by 29.9% of patients at baseline. 60% of those patients were able 
to decrease or stop their opioid usage during pVNS treatment.

Subjective well-being was available for 36.5% of patients. On 
average, subjective well-being improved by 1.89 ± 1.66 points.

In general, reported AEs were mild and pVNS treatment was 

ITT group 
(n=148)

PP group 
(n=59)

Age (years) 62.9 ± 15.7 64.3 ± 13.9
Number of female/male patients 96/52 39/20

Dorsalgia (ICD-10, M54) (%) 100 100

     Radiculopathy (M54.1) 5.4 8.5

     Cervicalgia (M54.2) 18.2 16.9

     Lumbago with sciatica (M54.4) 36.5 33.9

     Low back pain (M54.5) 23.6 22.1

     Dorsalgia, unspecified (M54.9) 16.3 18.6

NRS Max ± STD 7.49 ± 1.94 7.42 ± 1.88

NRS Mean ± STD 6.56 ± 2.15 6.40 ± 2.36

NRS Min ± STD 5.52 ± 2.60 5.27 ± 2.88

Table 1: Patient characteristics at baseline.

Data are expressed as n, mean ± STD or n (%). ITT: Intention-to-Treat group; 
PP: Per Protocol group; NRS: Numeric Rating Scale; STD: Standard Deviation

Figure 1: P-STIM® device.
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ITT group (n=148) 1 week 3 weeks 6 weeks 3 months

Max NRS 50% reduction (%) 13.5 32.4 41.2 46.6

Average NRS 50% reduction (%) 32.4 49.3 58.8 58.8

Max NRS 80% reduction (%) 3.4 12.8 14.9 17.6

Average NRS 80% reduction (%) 7.4 18.2 20.3 25

Max NRS 30% reduction (%) 29.7 47.3 55.4 56.1

Average NRS 30% reduction (%) 51.3 70.3 72.3 75

Table 2: Percentage of patients reaching a 30%, 50%, and 80% improvement in maximum and average NRS pain intensity at timepoints (one week, three weeks, six 
weeks, and three months) of pVNS treatment.

NRS: Numeric rating scale; ITT: Intention-to-Treat group

ITT group (n = 148)
NRS baseline responders NRS baseline non-responders

1 Week 
(n=48)

6 Weeks 
(n=87)

1 Week 
(n=100)

6 Weeks 
(n=61)

NRS Max ± STD 7.81 ± 1.86 7.89 ± 1.89 7.33 ± 1.97 (p=1.84) 6.92 ± 1.88 (p=0.033)

NRS Mean ± STD 7.13 ± 1.90 7.06 ± 2.06 6.29 ± 2.21 (p=0.25) 5.85 ± 2.07 (p=0.009)

NRS Min ± STD 6.23 ± 2.29 6.10 ± 2.45 5.18 ± 2.67 (p=0.19) 4.69 ± 2.57 (p=0.014)

Table 3: Baseline NRS scores in the responder and non-responder groups (50% reduction in average NRS pain intensity) after 1 week and 6 weeks of pVNS treatment.

NRS: Numeric Rating Scale; STD: Standard Deviation; ITT: Intention-to-Treat group

a) b) 

c) d) 

Figure 3: Percentage improvement of patients in average NRS pain intensity at the last therapy visit compared to baseline at (a) one week, (b) three weeks, (c) six 
weeks, and (d) three months of pVNS treatment. Lines indicate patient populations with improvements of ≥ 30%, ≥ 50%, and ≥ 80%.

Figure 2: Longitudinal (a) maximum and (b) average NRS pain intensity for chronic back pain patients (n=59) over three weeks of pVNS treatment (mean ± 
standard deviation).
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well-tolerated. Twenty patients experienced an unwanted device 
disconnection during therapy requiring re-affixation, fifteen patients 
did not perceive the stimulation at some point of therapy, four 
patients developed skin irritations due to device application on the 
neck, and one patient each experienced decreased quality of sleep, 
dizziness, headache, and pain at stimulation site in the ear, all mild 
and transient. Twenty patients reported improved motility, three 
patients reported improved quality of sleep, and one patient reported 
reduced anxiety. No unexpected side effects were reported. Six 
patients discontinued therapy, four patients due to insufficient pain 
reduction, one due to skin irritations on the neck at device application 
site, and one due to cost of therapy.

Treatment duration and compliance
From 148 patients, 106 (71.6%) used the device regularly for three 

weeks, declining to 61 (41.2%) for six weeks, and 28 (18.9%) for three 
months. Considering the results presented above, with responder 
rates of roughly 30% at one week, 49% at three weeks, and 59% at 
six weeks, this indicates moderate compliance with treatment. The 
duration of therapy for individual patients varied greatly, from 1 day 
up to 568 days. However, in median each patient had 31 (14-56, 25th 
to 75th percentile) stimulation days with 8.05 ± 10.01 therapy visits. 
In addition, the mean interval between two therapy visits was 8.14 ± 
3.25 days.

Discussion
This work constitutes the first study to date evaluating clinical 

safety and effectiveness of pVNS for patients with difficult to treat 
chronic back pain in a routine clinical setup. In a total of 148 
patients we showed that 32.4% of patients experienced at least 50% 
improvement in average NRS pain intensity immediately after the 
first week of treatment, while the responder rate reached a maximum 
of 58.8% at six weeks of treatment. Additionally, several patients 
reached full symptom remission, decreased their analgesic usage, and 
increased their subjective well-being. Thus, pVNS may elicit fast and 
clinically meaningful responses with a low side-effect profile in this 
group of chronic back pain patients.

Comparison with other studies on pVNS in chronic pain 
conditions is difficult, because of inhomogeneous trial designs [9]. A 
reduction in average NRS pain intensity at six weeks of adjuvant pVNS 
treatment for chronic cervical pain patients could be shown in [15]. 
Similarly, a high trial success rate with pVNS was observed in patients 
with chronic low back pain [14], in comparison to traditional manual 
auricular acupuncture as sham treatment. The present data extends 
above findings and shows a clinically significant improvement in a 
rather inhomogeneous clinical cohort over a comparable timespan 
of several weeks.

Using the IMMPACT’s benchmarks for identifying clinically 
important changes in pain intensity outcome measures [21], the 
maximum benefit for patients with a ≥ 30% and ≥ 50% response 
occurred at three or six weeks of therapy, respectively, and thereafter 
leveled off, which is in line with published data on Spinal Cord 
Stimulation (SCS; 22,23), but seems to contradict data on the slow 
accrual of clinical benefits over time reported in VNS studies in 
epilepsy, chronic migraine and depression [24-26]. Our data might 
suggest that participants, who do not achieve minimal or substantial 
improvement within the first six weeks of treatment, are likely to 
discontinue the pVNS treatment. In contrast, participants who 
continued treatment may represent self-identified responders for 

whom the device is effective, whereas a long-term use of pVNS in 
treatment responders would be fully justifiable (i.e., beyond 3 months 
or longer). Hence, a six weeks’ timeframe might allow a physician 
to separate responders from non-responders and to decide on more 
accurate treatment strategies (i.e., continuing or switching the 
therapy).

The modulation of nociception and pain perception by pVNS is 
suggested to be highly dependent on the specific electrical stimulation 
pattern and localization of stimulation [9,13]. In this study, 
stimulation amplitude was fixed and mostly produced a tingling (but 
not painful) sensation at the stimulation region. In particular, pVNS 
targets Aβ-fibers responsible for cutaneous mechanoreception and 
touch sensation while avoiding activation of Aδ-fibers, which are 
involved in affective-emotional pain functions [9]. The frequency of 
stimulation of 1 Hz was used to interfere positively with the bodies’ 
own cardiac rhythm, facilitating stimulation effects. For instance, the 
positive influence of the timing between pVNS and the respiratory 
cycle in pain reduction was demonstrated earlier [27-29].

Furthermore, several patients either substantially reduced or 
completely abolished analgesic intake, whereas some patients even 
reported that they stopped or cut down their use of opioid analgesics. 
Similar results have been described in the pVNS literature for opioid 
analgesics such as tramadol [14,15], remifentanil [36], morphine 
hydrochloride [30], naproxen and tramadol and morphine [31,32]. 
In addition, pVNS reduced anesthetic requirements in response to 
noxious electrical stimulation, as shown in a clinical trial in [33], and 
reduced analgesic medication intake after abdominal and accident/
trauma surgery, as shown by a case series in Szeles et al. [34] and 
Qureshi et al. [35].

The lack of AEs typically seen with implantable VNS such as 
hoarseness, sore throat, shortness of breath, and coughing, might be 
a factor positively influencing patient’s compliance, long-term pain 
control, and an improvement in function in patients who received 
pVNS therapy. Similar to our study, many studies have shown that 
pVNS is a safe therapy in treating chronic pain, with AEs being 
generally minor and transient [14,15,36-39].

Study Limitations
As a retrospective investigation of standard clinical practice, this 

study has several limitations. Since administration in clinical practice 
is less rigorous than in clinical trials, documentation of outcomes and 
data from patient follow-up were sometimes inconsistent. Because 
pain scores were self-reported and assessed in a non-blinded manner, 
there is a possibility that positive responses regarding the outcome of 
pVNS treatment were over-reported or under-reported and as such 
these results should be interpreted with caution. In addition, some 
patients had a full set of scores for pain, medication, and subjective 
well-being, whereas others did not. Both factors resulted in an 
inhomogeneous data set with a declining patient number throughout 
follow-up, which could hide a sub-cohort of non-responders, 
potentially biasing the presented outcome. An alternative explanation 
may be that, if a patient is doing well, they may not feel the need to 
attend more therapy sessions. In such scenario, there would be a 
significant potential for under reporting successful clinical outcomes. 
Whereas randomized controlled trials unquestionably hold many 
advantages over retrospective studies, the current study serves the 
purpose of assessing the clinical effectiveness of pVNS treatment 
in difficult to treat patients seen in general practice, contributing to 
previous knowledge.
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Conclusion
pVNS treatment led to rapid clinically meaningful pain relieve 

in patients with chronic back pain that improved with time on 
treatment. Already after one to six weeks of treatment, substantial 
reductions in average and maximum pain intensity were observed, 
along with a decreased need for analgesic medication. Our results 
suggest that pVNS may be a safe and effective adjunct treatment for 
difficult to treat chronic back pain patients.
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Abstract
Objective—Previous Vagus Nerve Stimulation (VNS) studies have demonstrated anti-
nociceptive effects, and recent non-invasive approaches; termed transcutaneous-VNS, or t-VNS,
have utilized stimulation of the auricular branch of the vagus nerve in the ear. The dorsal
medullary vagal system operates in tune with respiration, and we propose that supplying vagal
afferent stimulation gated to the exhalation phase of respiration can optimize t-VNS.

Design—counterbalanced, crossover study.

Patients—patients with chronic pelvic pain (CPP) due to endometriosis in a specialty pain clinic.

Interventions/Outcomes—We evaluated evoked pain analgesia for Respiratory-gated
Auricular Vagal Afferent Nerve Stimulation (RAVANS) compared with Non-Vagal Auricular
Stimulation (NVAS). RAVANS and NVAS were evaluated in separate sessions spaced at least
one week apart. Outcome measures included deep tissue pain intensity, temporal summation of
pain, and anxiety ratings, which were assessed at baseline, during active stimulation, immediately
following stimulation, and 15 minutes after stimulus cessation.

Results—RAVANS demonstrated a trend for reduced evoked pain intensity and temporal
summation of mechanical pain, and significantly reduced anxiety in N=15 CPP patients, compared
to NVAS, with moderate to large effect sizes (eta2>0.2).

Conclusion—Chronic pain disorders such as CPP are in great need of effective, non-
pharmacological options for treatment. RAVANS produced promising anti-nociceptive effects for
QST outcomes reflective of the noted hyperalgesia and central sensitization in this patient
population. Future studies should evaluate longer-term application of RAVANS to examine its
effects on both QST outcomes and clinical pain.

Introduction
Previous Vagus Nerve Stimulation (VNS) studies have demonstrated anti-nociceptive
effects [1], particularly in patients with depression [2]. However, moderate morbidity has
been associated with the surgical procedure and maintenance of VNS [3]. Furthermore, it is
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still unclear whether VNS is an analgesic treatment in general or for a specific chronic pain
syndrome. In this study, we propose a novel, non-invasive procedure based on the
neurobiology of VNS treatment - Respiratory-gated Auricular Vagal Afferent Nerve
Stimulation (RAVANS), which synchronizes stimulation to the respiratory cycle. The
auricular branch of the vagus nerve extends to the pinna of the ear and can be electrically
depolarized with minimal invasiveness, a procedure referred to as transcutaneous-VNS, or t-
VNS [4, 5]. Respiration is known to cyclically modulate activity in both input and output
vagal brainstem regions. Hence, the brainstem vagal input-output system operates in tune
with respiration and t-VNS can be synchronized with respiratory events to better optimize
stimulation, which may improve the analgesic benefits of VNS.

Multiple studies have suggested that VNS can produce anti-nociceptive effects. Studies in a
rat model have linked stimulation of vagal afferents with antinociception [6, 7]. Both animal
studies [8] and a recent study in humans [9], suggest that during active VNS, pro-
nociception can occur when stimulus intensity is low, but anti-nociceptive effects
predominate when stimulus intensity is high (non-noxious, detectable stimulation, in mA
range). Moreover, Kirchner et al. have found in humans that chronic VNS (at mean 0.7 to
1.4mA) raises pain thresholds for both tonic pinch and heat pain, as well mitigating pain
wind-up phenomenon for mechanical stimuli [10, 11]. These results demonstrate promising
analgesic effects of VNS, although it is unclear whether findings involving implanted vagal
stimulators in patients with intractable seizure disorders will generalize to trials of t-VNS in
patients with chronic pain.

Classical VNS involves surgery, with the stimulator lead implanted within the carotid
sheath, wrapped around the vagus nerve in the left neck [12]. This can induce morbidity
stemming either from co-activation of efferent vagal fibers (e.g. bradycardia, asystole [13],
larynx/pharynx disorders [14], dysphagia [15]), or from infection or hardware failure [15].
Ultimately, as the mechanisms for VNS likely involve afferent, and not efferent vagal fibers
[16], isolation of afferent fibers in vagal stimulation would eliminate potential negative
effects due to efferent stimulation, while accessing these fibers without surgical intervention
would eliminate infection-associated morbidity. In sum, there are many advantages to a
minimally invasive and less costly vagal nerve stimulation device, which would serve to
benefit a larger number of chronic pain patients.

The analgesic mechanisms of VNS have not been fully elucidated, but are likely mediated
by afferent (not efferent) input to supraspinal brain regions [16]. Vagal afference is relayed
to the nucleus tractus solitarious (NTS) in the medullary brainstem. Importantly, the NTS
also receives somatosensory afference via the auricular branch of the vagus (ABV) nerve
from specific portions of the auricle [17]. ABV afference is transmitted to both the NTS [17]
and the spinal trigeminal nucleus (SpV) [18], by neurons located in the superior (jugular)
ganglion of the vagus nerve. Respiration can modulate NTS activity directly (the lungs are
innervated by the vagus nerve) and indirectly. In regard to the latter, inspiration increases
venous return to the thorax, which increases arterial pressure, and hence vagal (and
glossopharyngeal n.) afference to the NTS via aortic and carotid baroreceptors, respectively
[19]. The NTS then inhibits efferent vagal outflow to the heart [20, 21], leading to a
transient inspiratory tachycardia with every breath. This feedback loop is termed
“respiratory sinus arrhythmia” [22]. Hence, the dorsal medullary vagal system operates in
tune with respiration, and we propose that supplying vagal afferent stimulation gated to the
exhalation phase of respiration (i.e. when thoracic baroreceptor afference does not enter the
NTS), will optimize t-VNS therapy (see Figure 1 for schematic). Furthermore, such
intermittent, irregular stimulation (i.e., varying with respiration) will also mitigate classical
neuronal adaptation/accomodation, which can occur with continuous stimulation of NTS
neurons [23].
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While VNS is a general analgesic mechanism at the level the brain, perhaps enhancing the
activity of descending inhibitory systems, the vagus nerve has widespread projections
throughout the abdominal and pelvic viscera. Thus, a likely target of VNS in initial clinical
use could be abdominal and/or pelvic pain. Chronic pelvic pain (CPP) is a syndrome in
urgent need of innovative and effective therapies [24]. CPP encompasses a number of
common and debilitating syndromes including interstitial cystitis, endometriosis-mediated
pain, and cancer pain [25]. Evidence from quantitative sensory testing (QST) studies has
indicated that hyperalgesic mechanisms and central sensitization play a role in the chronicity
and severity of this pain syndrome [26–28], supporting the use of QST measures as primary
outcomes in evaluating potential therapeutic interventions for pelvic pain. In this study, we
evaluated the effects of RAVANS on evoked, experimental pain ratings in patients with CPP
due to endometriosis, using a counterbalanced crossover design. Patients completed two
sessions utilizing QST evaluations before and after either RAVANS or an active control
procedure, Non-Vagal Auricular Stimulation (NVAS). This was identical to RAVANS,
except for the auricular location of stimulation. We hypothesized that RAVANS would
produce greater evoked pain analgesia compared to the NVAS control.

Methods
Our randomized, crossover, pilot study was conducted at the Pain Management Center in the
Department of Anesthesiology at Brigham and Women’s Hospital in Boston, MA. All
patients completed informed consent procedures according to the protocol approved by the
Partners Human Research Committee (PHRC).

Subjects
In an effort to select a more homogenous pelvic pain condition, patients with CPP due to
endometriosis were recruited from the Pain Management Center of Brigham and Women’s
Hospital. However, we recognize that endometriosis-linked CPP is difficult to classify and
characterize as well, and that the etiology of pain is often unclear. For this initial study of
RAVANS treatment, we targeted a sample size of approximately 15 patients. Crossover
studies in patient groups which use QST as outcome measures often employ sample sizes of
20 or lower (e.g., n=10 in Staahl et al., 2007).

Inclusion criteria consisted of the following: a) female volunteers between 21 and 64 years
of age with chronic pelvic pain for more than six months thought to be due to endometriosis
by self report (six months of chronic pain is the criteria most often used in CPP research
[24]); b) confirmed by determination of a gynecologist or pain physician specializing in
pelvic pain (AV); c) average pain intensity of ≥4 on a scale from 0 to 10; and d) at least an
8th grade English-reading level. In addition, exclusion criteria consisted of the following: a)
any interventional procedure for CPP two weeks prior to the study or during the two-week
study period, such as lumbar epidural steroids, nerve root blocks, etc.; b) any etiology for
CPP due to a known other local somatic lesion for the pain (e.g. fibroids) documented by the
patient’s gynecologist, surgery and/or imaging; c) opioid usage, either oral or intrathecal; d)
surgical therapy in the previous 12 weeks, the intent to undergo surgery during the study
period, or any clinically unstable systemic illness that is judged to interfere with the trial; e)
non-ambulatory status; f) history of severe cardiac or nervous system disease; g) cancer or
other malignant disease; and i) pregnancy.

We did not evaluate study subjects during a specific phase of menstrual cycle. While the
effects of menstrual cycle phase on pain sensitivity have been controversial [29], we chose
not to control for this factor as (1) we anticipated that multiple subjects would be
menopausal due to either post-hysterectomy, or other endometriosis treatment, (2) our study
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outcomes focused on within-session change scores, and (3) multiple subjects would be on
oral contraceptives which are known to blunt any potential cycle related variability in pain
sensitivity [30, 31].

Session Protocol
Subjects completed two experimental sessions, spaced at least one week apart, though given
the duration of the treatment, we did not expect any carryover effects. The two sessions
included either RAVANS (patent pending by Massachusetts General Hospital, not by the
authors) or non-vagal auricular stimulation (NVAS), occurring in a counter-balanced order.

Subjects were seated in a reclined position for both sessions. During the RAVANS
stimulation session, two 0.20 x 1.5mm modified press-tack electrodes (DBC, Korea and
Vinco, China) were inserted in the left ear. Auricular locations were (1) the cymba concha
and (2) the slope between the antihelix and cavum concha (Figure 2). These locations were
chosen based on previous knowledge of vagus innervation of the human auricle. While
variability exists, anatomic dissection in 7 cadavers (14 ears) found that the cymba concha,
anti-helix, and cavum concha were innervated by the afferent branch of the vagus nerve in
100%, 75%, and 45% of ears, respectively [32]. During the control, NVAS, procedure, two
electrodes were inserted into the ear lobe of the left auricle. Peuker et al. found that the ear
lobe was innervated by the great auricular nerve in 100% of ears studied [32]. The stimulus
duration, intensity, pulse frequency, and all other stimulation parameters were the same
between RAVANS and NVAS. As all aspects of the protocol including transcutaneous
electrical stimulation parameters, but not site of stimulation, were matched in the 2 treatment
conditions, NVAS should be considered an active control.

Electrical stimulation was provided by a Cefar Acus II (Cefar Medical, Lund, Sweden).
Stimuli consisted of rectangular pulses with 450 μS pulse width, delivered at 30Hz.
Stimulus duration was 0.5 seconds, and was gated to the exhalation phase of respiration (see
below). Current intensity was set to achieve moderate to strong (but not painful) sensation,
and pulse frequency/duration was set following pilot testing to achieve a subjectively
comfortable stimulus sensation.

Respiratory gating for stimulation required real-time evaluation of the respiratory cycle. A
pneumatic belt was placed around the subject’s lower thorax. Low-compliance tubing
connected this belt to a pressure transducer (PX138-0.3D5V, Omegadyne, Inc., Sunbury,
Ohio), thereby producing voltage data that corresponded to changes in respiratory volume
[33]. The voltage signal from the transducer was acquired by a laptop-controlled device
(National Instruments USB DAQCard 6009, 14bit i/o, with Labview 7.0 data acquisition
software). Computer code detected end-inspiration and end-expiration in real-time and a
TTL signal was output to a miniature high-frequency relay (G6Z-1P-DC5, Omron
Electronics Components, Schaumburg, IL). The TTL pulse was output to the relay 0.5
second after end-inspiration (i.e. during expiration), which allowed stimuli to pass to the ear
electrodes for 0.5 seconds. Real-time evaluation of respiratory cycle is non-trivial, and an
adaptive threshold detection method was employed. Correct expiratory-cycle stimulation
was confirmed in real-time by the experimenter via running chart of the respiration signal
and stimulus pulse. Post-hoc review of these tracings was also performed and demonstrated
accurate expiratory stimulation.

Physiological Monitoring
In addition to QST and clinical outcomes, we also collected physiological monitoring data,
as our RAVANS intervention was mediated by the afferent vagus nerve, and efferent vagal
feedback may have also been affected at medullary and higher brain levels. We collected
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both respiratory and electrocardiography (ECG) data, at 400Hz. Respiration was monitored
with a pneumatic belt as part of the RAVANS procedure.

Respiration and ECG data were used to calculate respiratory rate, heart rate (HR), and heart
rate variability (HRV). HRV analysis has been applied to indirectly estimate sympathetic
and parasympathetic modulation to the heart [34–37]. While some controversy in
interpretation remains, the spectral peak in a low frequency band (LF, 0.01–0.15Hz) is
thought to be influenced by both parasympathetic and sympathetic activity, while the peak
in a high frequency band (HF, 0.15–0.50Hz) is influenced solely by parasympathetic
(cardiovagal) activity [36]. The LF/HF ratio has been used to approximate the balance
between sympathetic and parasympathetic modulation to the heart. All physiological metrics
were evaluated for 5-minute windows at baseline, and at the end of stimulation (window
ending at termination of stimulus). ECG data were processed with the WFDB (WaveForm
DataBase) Software Package [38] and MATLAB 7.4.0 (The Mathworks, Inc. Natick, MA).
Data were automatically annotated with careful manual correction for QRS peak detection in
order to form an R-R interval time series. Respiration rate and HRV were evaluated using
spectral methods over the window of interest. We used a conventional FFT-based analysis
using the Yule-Walker algorithm, a parametric spectral estimation method.

Within each window of interest, modulation of physiological metrics (HR, respiratory rate,
LF-HRV, HF-HRV, LF/HF) was evaluated with a 2 x 2 ANOVA (PASW Statistics 18,
SPSS Inc., Chicago, IL) was performed with factors STIM (RAVANS and NVAS) and
TIME (baseline and end-stim) as independent variables. Post-hoc testing was performed
with Student’s t-tests, significant at alpha = 0.05.

Quantitative Sensory Testing (QST)
Our primary outcome measures included psychophysical responses to several forms of
noxious mechanical stimulation. QST measures serve as markers of sensitization and
hyperalgesia, and have been studied as predictors of pain treatment outcomes. Prior research
in a variety of patient samples has indicated that QST measures predict responses to opioid
medications in both patients [39] and controls [40]. Other treatment studies have revealed
that changes in responses to standardized noxious stimuli are associated with changes in
clinical pain [41–44].

Since numerous studies have demonstrated that CPP is associated with generalized
hyperalgesia at various body sites [26, 45, 46], we elected to study RAVANS’ impact on
indices of hyperalgesia and central sensitization. Hence, we evaluated repeated mechanical
stimuli that produce windup (a phenomenon related to central sensitization) and tonic, deep-
tissue mechanical pain.

During the session, subjects were seated comfortably in a reclining chair. Tonic, deep tissue
mechanical pain was assessed using an inflatable cuff. Cuff pressure algometry (CPA) is a
recently-characterized method that is now included in many quantitative sensory testing
studies. In brief, tonic, deep-tissue, mechanical stimulation is applied using a pneumatic
tourniquet cuff, which is inflated to and maintained at a particular pressure [47]. One
advantage to the application of cuff algometry is that unlike more superficial methods of
evaluating mechanical sensitivity, cuff pain responses are unaffected by sensitization or
desensitization of the skin, indicating that this procedure primarily assesses sensitivity in
muscle and other deep tissues [48, 49]. The present protocol utilized a Hokanson rapid cuff
inflator, as in some of our previous cuff studies [50, 51]. A standard blood pressure cuff was
wrapped comfortably around the lower leg, over the gastrocnemius muscle. A computer-
controlled air compressor maintained the pressure at a level that was individually tailored,
for each subject, to produce a pain intensity rating of 40/100. Cuff inflation was maintained
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for 2 minutes, and subjects rated pain intensity and unpleasantness at 30-second intervals.
Cuff pain intensity and unpleasantness were averaged across the 2-minute cuff stimulation
period.

Mechanical probes were used to assess windup. First, as in previous work [52], participants
underwent an assessment of mechanical temporal summation using a set of seven custom-
made weighted pinprick stimulators developed by the German research Network on
Neuropathic Pain [53, 54]. These punctuate mechanical probes have a flat contact area of 0.2
mm in diameter, and exert forces between 8 and 512 mN. Punctate stimuli were delivered to
the skin on the dorsum of the middle finger of the right hand. In each session, we determined
the lowest force stimulator that produced a sensation of mild to moderate pain (128 or 256
mN for most subjects), and then applied a train of 10 stimuli at the rate of 1 per second.
Participants rated the painfulness of the first, fifth, and tenth stimulus. All ratings were on a
0–100 verbal pain intensity scale used in previous studies [55, 56]. We used these ratings to
evaluate temporal summation of mechanical pain (i.e., the human analog to “wind-up”), a
frequently used index of central pain facilitation. The assessment of temporal summation
involves rapidly applying a series of identical noxious stimuli and determining the increase
in pain across trials. Animal studies have suggested that temporal summation occurs
centrally in second-order neurons in the spinal cord as a consequence of sustained C-fiber
afferent input [57].

We also evaluated the two measures described above, concurrently, in order to study the
modulatory effects of one stimulus on the other. Recent psychophysical pain research has
recognized the role of endogenous inhibitory systems in shaping an individual’s perception
of pain. In particular, diffuse noxious inhibitory controls (DNIC), refers to one noxious
stimulus inhibiting the pain produced by a second noxious stimulus [58]. DNIC depends on
opioid-mediated supraspinal mechanisms [59], is a sensitive measure of deficits in pain
modulation in fibromyalgia and related disorders [60] and predicts the development of long-
term clinical pain [61]. In this study, we assessed the effects of RAVANS and NVAS
stimulation on the magnitude of DNIC by assessing changes in the painfulness of punctuate
mechanical stimulation during cuff algometry. That is, at the conclusion of the 2-minute cuff
stimulus, the sequence of 10 punctate mechanical probe stimuli was repeated while
maintaining cuff inflation around the gastrocnemius.

Each set of pain responses (temporal summation, cuff algometry, DNIC) was assessed at
baseline, at the midpoint (15 minutes) of a half-hour-long period of RAVANS (or NVAS),
immediately post-RAVANS (or post-NVAS), and 15 minutes after the conclusion of
RAVANS (or NVAS). A 2 X 3 repeated measures ANOVA was performed on change
scores from baseline. The factor with 2 levels was STIM (RAVANS vs. NVAS), and the
factor with 3 levels was TIME (change from baseline at the 3 time points: during
stimulation, immediately after stimulation, and 15 min following the end of stimulation).
Post-hoc testing was performed with Student’s t-tests, significant at alpha = 0.05.

Exploratory Outcomes
Exploratory, or secondary, outcome measures included clinical pain ratings (on a 0–10
scale), which were obtained at numerous time points during the psychophysical testing
session. Sensations evoked by RAVANS and NVAS stimulation were assessed using a
psychophysical instrument, the MASS scale, developed for acupuncture and acupuncture-
like interventions [62]. The MASS scale can be summarized by the MASS Index, which
aggregates the breadth and depth of different sensations evoked by needle penetration and
stimulation [62]. In addition, as in prior QST studies (Edwards, Smith et al. 2006;
Kuzminskyte, Kupers et al. 2010), current verbal ratings of anxiety (on a 0–100 scale, with
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“no anxiety” and “severe anxiety” as the respective anchors) were also obtained during the
testing session. Finally, we performed exploratory correlation analyses to evaluate if
changes in perceived anxiety were correlated to changes in pain report for both cuff pain
ratings and windup scores.

Results
A total of eighteen (18) women were enrolled in the study. Fifteen (15) women completed
the study. Their mean age was 36.3 years old (SD = 10.6, range = 20–58 years), and the
mean pelvic pain duration was 12.3 years (SD = 9.2, range = 1–39 years). Subjects
completed two experimental sessions, spaced at least one week apart (Mean: approximately
2 weeks, Range: 1 week to 6 weeks). 3 more subjects completed a single session but did not
return for the second session. No subjects dropped out due to stimulus discomfort.

All of the subjects tolerated the RAVANS and NVAS procedures. The average electrical
current intensity used for stimulation did not differ (p=0.31) between RAVANS (0.43 ± 0.25
mA, μ±σ), and NVAS (0.34 ± 0.20 mA). Similarly, the intensity of sensations evoked by
the stimulation did not differ, as MASS Index (assessed in only 9 of the 15 patients due to a
paperwork error) did not differ (p=0.18) across the testing sessions (RAVANS: 3.3 ± 2.3, μ
±σ; NVAS: 2.5 ± 1.4).

Subjects rated the pain intensity and unpleasantness evoked by cuff pressure. One subject’s
cuff algometry data was dropped due to inadvertent within-session alterations in the cuff
pressure. Hence, 14 participants are included in this analysis. Average cuff inflation pressure
to reach a 40/100 pain rating did not differ (p=0.34) between RAVANS (133.8 ± 43.0
mmHg, μ±σ) and NVAS (144.6 ± 45.4 mmHg) visits. In addition, baseline cuff pain
intensity and unpleasantness ratings did not differ across study visits (p’s > 0.5). A 2 x 3
repeated measures ANOVA with factors STIM and TIME demonstrated that for cuff pain
intensity, a significant main effect of STIM was observed [F(1,13)= 4.7, p=0.049, eta2 =
0.27], with no significant main effect of TIME [F(2, 12)= 1.8, p=0.21] or interaction
[F(2,12)= 0.5, p=0.65]. Follow-up t-tests (see Figure 3) revealed that cuff pain intensity
ratings were reduced from baseline at each time point in both sessions (p’s< 0.05), but that
the reduction tended to be larger in the RAVANS session for each time period: during the
stimulation [t(13)=1.9, p= 0.08], immediately after the stimulation [t(13)= 2.0, p= 0.07], and
15 minutes after the end of stimulation [t(13)= 1.9, p= 0.08]. For cuff pain unpleasantness,
neither main effect nor the interaction was significant (p’s> .1).

Temporal summation of mechanical pain was calculated by subtracting the pain rating of the
first stimulus from the maximum pain rating during the sequence of 10 punctate stimuli. The
amount of temporal summation at baseline did not differ significantly (p=0.16) between the
RAVANS (30.7 ± 20.8, μ±σ) and NVAS (20.7 ± 18.9) sessions. As with the cuff algometry
data, a 2 (STIM) X 3 (TIME) repeated measures ANOVA was performed on temporal
summation change scores from baseline. While no significant main effects of STIM
[F(1,14)= 1.1, p=0.33] or TIME [F(2, 13)= 0.8, p=0.45] were observed, the interaction was
significant [F(2,13)= 3.6, p=0.04, eta2 = 0.20]. Follow-up t-tests (Figure 4) revealed that the
only significant change from baseline was observed during stimulation in the RAVANS
session (p=0.05), and there was a similar trend for windup to be reduced immediately post-
stimulation in the RAVANS session (p=0.07). At 15 minutes after RAVANS stimulation,
and at all 3 time points in the NVAS session, there was no significant change from baseline
in windup (p’s > 0.1). Comparing change scores in the RAVANS and NVAS sessions, there
was a trend for reductions in windup to be greater during stimulation in the RAVANS
relative to the NVAS session [t(15)= 1.8, p=0.09), but no trend for any session differences at
the immediate post-stimulation and 15-minute post-stimulation time points (p’s>0.4).
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DNIC was explored by evaluating temporal summation on the fingers during cuff algometry
on the leg, at both RAVANS and NVAS sessions. At baseline, temporal summation of
mechanical pain was unchanged during cuff algometry (p’s> 0.1 for both RAVANS and
NVAS), suggesting an absence of DNIC effects in these patients. A 2 X 3 repeated measures
ANOVA on change scores from baseline revealed no significant main effects of TIME or
STIM and no interaction (p’s> 0.1).

Clinical Pain was also explored by having patients rate (0–100) the intensity of their pelvic
pain prior to QST and at each of the study time points. Pain ratings at baseline differed
significantly (p=0.02) between the RAVANS (32.8 ± 28.7, μ±σ) and NVAS (mean= 44.0 ±
27.0) sessions. However, a 2 (STIM) X 3 (TIME) repeated measures ANOVA on change
scores from baseline revealed no significant main effects of Time or Session and no
interaction (p’s> 0.3).

We also specifically assessed anxiety prior to QST at each of the study time points (Figure
5). Anxiety ratings at baseline did not differ significantly (p=0.12) between the RAVANS
(17.0 ± 16.9, μ±σ) and NVAS (10.5 ± 17.2) sessions. A 2x3 ANOVA on change scores
revealed a significant main effect of STIM [F(1,14)= 9.1, p< 0.01, eta2 = 0.40], but no main
effect of TIME or interaction (p’s> 0.2). Follow-up t-tests revealed that anxiety scores were
lower (compared to baseline) at each of the subsequent time points in the RAVANS session
(p’s< 0.01), but there was no change from baseline at any time points in the NVAS session
(p’s> 0.3). Direct comparison of change scores at each time point indicated that reductions
in anxiety were significantly larger in the RAVANS than the NVAS session at each time
point (p’s< 0.05).

We examined associations between changes in anxiety and changes in pain responses using
correlation coefficients. Because correlations can be strongly affected by outlying values, we
evaluated the distributions of change scores. Visual inspection of these distributions did not
reveal any obvious outliers, and Grubb’s test indicated that no individual values were
significant outliers (p’s> 0.05). After Bonferroni correction for multiple comparisons, none
of the correlations were significant (p’s> 0.05), suggesting that treatment-associated changes
in anxiety and treatment-associated changes in pain responses were largely independent.

While RAVANS stimulation specifically targeted afferent, and not efferent, vagal
stimulation, physiological outflow variables (HR, respiratory rate, and HRV metrics) were
evaluated to investigate potential feedback modulation of ANS outflow. These metrics were
evaluated at baseline, before QST, and at the very end of RAVANS and NVAS stimulation.
Due to excessive noise in the ECG signal (stemming from concurrent stimulation and line
noise), the ECG data for some subjects were excluded from HR and HRV analyses. Due to
variable cross-interference between electrical stimulation and ECG signal acquisition, we
were only able to successfully annotate ECG data for 10 RAVANS and 12 NVAS sessions.
A 2x2 ANOVA demonstrated no significant effect of STIM, TIME, or interaction (p’s>0.7)
on HR. A similar result was also found for HRV indices HF-HRV, LF-HRV, and LF/HF
ratio (p’s>0.7), with 1 subject’s data dropped because their respiratory rate (at both baseline
and end-stimulation) was below the HF frequency band cutoff). Respiratory rate was
assessed in 11 RAVANS sessions and 14 NVAS sessions. A 2x2 ANOVA demonstrated no
significant effect of STIM, TIME, or interaction (p’s>0.8) on respiratory rate (RAVANS:
baseline = 14.6 ± 1.3 breaths per minute, μ±σ; end-stim = 14.6 ± 1.2 bpm; NVAS: baseline
= 15.1 ± 1.0 bpm; end-stim = 16.1 ± 1.0 bpm).
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Discussion
Our pilot counterbalanced, crossover study found that RAVANS demonstrated a trending
reduction of both evoked deep pain intensity and temporal summation of mechanical pain
(windup) in patients with chronic pelvic pain due to endometriosis. RAVANS was also
found to reduce anxiety levels. These reductions in pain responses and anxiety showed
moderate to large effect sizes (eta2>0.2 [63]) and tended to be greater than those produced
by control stimulation at auricular sites not innervated by the ABV nerve. Furthermore,
analgesic responses were independent of reductions in anxiety, suggesting independent
mechanisms. These results are promising and further longitudinal studies are warranted,
utilizing QST and clinical outcomes as primary endpoints.

Analgesic effects of the auricular, non-invasive variant of VNS, t-VNS, have been evaluated
by several studies in the previous decade. In healthy adults, Johnson et al. found that
electrical stimulation of auricular locations, including the cavum concha (a noted site of
ABV receptors), increased experimental pain threshold by 30% to 50% in a subset of
subjects [64]. While we also did not find modulation of autonomic variables such as HR or
HRV, we did find significant evoked pain analgesia in our group of CPP patients. Notable
differences between our study and that of Johnson et al. included the group of subjects
evaluated (i.e. CPP patients versus healthy adults), and the duration of stimulation, which
was only 15 minutes in the study by Johnson et al, and was 30 minutes in our study.
Interestingly, several previous longitudinal trials of electrical stimulation on three points on
the auricle (one of which was the anti-helix, noted to be innervated by vagal afferents [32])
have demonstrated analgesia for chronic low back pain [65], cervical pain [66], and for
acute pain during in-vitro fertilization [67]. Similarly, future studies should also evaluate
potential analgesia produced by RAVANS in a longitudinal trial in CPP and other chronic
pain populations.

While RAVANS produced more significant analgesia compared to NVAS, some mild
analgesia was also noted following this active control stimulation. Auricular vagal
stimulation accesses higher brain regions through both the NTS and SpV [17]. As our
control stimulation provided input to great auricular nerve receptors localized on the ear
lobe, the SpV nucleus would also be processing NVAS stimulation. Thus, the mild evoked
pain analgesia imparted by NVAS stimulation, suggests that input to the SpV might also
contribute to anti-nociception, though less significant compared to vagal input relayed by
both NTS and SpV. In addition to the scientific rationale for being an active control, the lack
of differences in stimulation parameters (e.g. current amplitude) or in subject ratings of the
stimulation sensations between treatment conditions support the credibility of NVAS as an
active control.

Our lack of response in different cardiac autonomic variables (reflecting the safety of
RAVANS) may simply reflect the innervation of the auricle, which is innervated by afferent,
and not efferent, fibers of the vagus nerve [32], the latter of which innervate the
chronotropic sinoatrial node of the heart. In fact, this specificity of innervation is one of the
advantages of t-VNS stimulation over that of classical VNS stimulation, which affects both
afferent and efferent branches of the main vagus nerve, with multiple side-effects resulting
from the stimulation of the latter. However, side-effects for t-VNS via afferent-efferent
vagal reflexes may also exist and include Arnold’s cough reflex (incidence 2.3–4.2%) [18,
68], ear-gag reflex (~1.8%), ear-lacrimation reflex (~2%), and ear-syncope reflex (~0.6%).
Thus, feedback loops, similar to the more extensively studied autonomic baroreflex [69],
also exist for ABV signaling, but are rare and we did not encounter any side effects
consistent with such reflexes in our study. Interestingly, somatosensory afference tuned to
the respiratory rhythm has been found in previous studies to modulate autonomic outflow.
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For instance, when stimulation was applied to the arm, gated to respiration, heart rate was
found to decrease more substantially than for continuous stimulation at the same location
[70]. Thus, future studies should continue to evaluate cardiac and other autonomic measures
in response to RAVANS, as subtle modulations noted in this study may demonstrate
significance with larger sample sizes, and may ultimately relate to clinically-relevant
outcomes.

There is a dearth of studies exploring t-VNS mechanisms of action. The afferent vagus
nerve, including the ABV, synapses bilaterally on the nucleus tractus solitarius (NTS) in the
dorsal medulla of the brainstem. The NTS sends information to efferent (premotor)
parasympathetic nuclei, including the dorsal motor nucleus of the vagus (DMNX) and the
nucleus ambiguus (NAmb), as well as higher brain regions known to modulate pain, such as
the rostral ventromedial medulla, periaqueductal gray, and anterior cingulate cortex [71–74].
Thus the NTS connects with a diffuse system of brain regions modulating pain. This
supraspinal network of brain regions has been hypothesized to be the mechanistic substrate
of VNS therapeutic effects [16]. In humans, Fallgetter et al. report evoked brainstem
potentials following t-VNS [75]. Additionally, fMRI has demonstrated that t-VNS
modulates limbic brain regions and induces positive effects on mood [4]. The latter finding
is supported by our data, which showed reduced anxiety following RAVANS, and not
NVAS. Reduced anxiety was not correlated with reductions in pain outcomes, suggesting an
independent mechanism specific to ABV stimulation. More study is needed on the neural
mechanisms of t-VNS and on the optimum location for stimulation, as neither of these
neuroimaging studies stimulated the cymba or cavum concha, instead focusing on the tragus,
which was found by Peuker et al. to be innervated by the ABV in only 45% of ears studied
[32].

Future studies will need to more thoroughly optimize various stimulus parameters for
longitudinal application of RAVANS. In clinical application, classical VNS uses stimulus
parameters that vary depending on patient tolerance. However, typical usage includes a 30–
90 second, 20–50hz (0.5mS pulse width) burst of stimulation with current amplitude 1–
3mA, which is applied every 5–10 minutes throughout the day [12]. Furthermore, the
specific contribution of respiratory gating should be addressed by adding control
intervention groups with ABV stimulation only during inspiration, intermittently
irrespective of respiratory cycle, and/or continuously throughout the stimulus period.
Important design parameters would have to be addressed, including whether stimulation in
this control group is continuous at the same frequency (perhaps leading to greater energy
input, but also more chance for habituation or sensitization, compared to respiratory-gated
stimulation). Another option would be to have pulsed stimuli gated to exhalation (similar to
RAVANS), but instead of a fixed delay, these control stimuli could occur after a random
delay, i.e. during exhalation or inhalation for the next breath.

Several limitations should be noted. We did not find any reduction of clinical pain by either
RAVANS or the control NVAS stimulation. This is not surprising given that chronic pain
was assessed after a single treatment. Future studies may need to include longer-duration
RAVANS stimulation over the course of multiple treatment sessions. Another issue is the
effect size of the analgesia observed. Clinically significant analgesia for clinical pain
outcomes is at least a 30% improvement [76]. For evoked pain outcomes (i.e., QST), no
consensus has emerged to define the magnitude of clinically meaningful analgesia, and
effects vary as a function of numerous factors such as the modality of the noxious stimulus,
the location of its application, etc. [77]. However, recent studies of oral opioids have
revealed that oxycodone reduces deep-tissue mechanical pain by approximately 15–25% in
healthy volunteers [78, 79] and by 40–50% in a study of chronic pain patients [80]. We
report RAVANS-associated reductions of evoked pain ratings of approximately 30–50% in
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models of deep tissue mechanical pain and mechanical temporal summation. This suggests
that RAVANS stimulation may have effects on deep-tissue evoked pain that are comparable
in magnitude to those of potent opioids such as oxycodone, though direct comparison
studies would be necessary to confirm this. An additional limitation stems from the
possibility that CPP patients may have disrupted central pain modulation circuitry [26–28].
While we did not find any significant DNIC effects during RAVANS stimulation, healthy
subjects, who would have intact DNIC circuitry, should also be evaluated in future studies,
as a comparison group. While we have included our rationale for not controlling for phase of
menstrual cycle in our patient cohort, this lack of control should nevertheless be noted as
another limitation. Finally, due to technical difficulties we were not able to use the ECG
signal in all subjects. Thus, the negative findings of RAVANS effects on autonomic outflow
to the heart, while consistent with similar investigations in healthy adults [64], should be
confirmed in future studies.

In conclusion, RAVANS demonstrated a trend for reduced evoked pain intensity and
temporal summation of mechanical pain, and significantly reduced anxiety in CPP patients.
Chronic pain disorders such as CPP are in great need of effective, non-pharmacological
options for treatment. RAVANS produced promising anti-nociceptive effects for QST
outcomes reflective of the noted hyperalgesia and central sensitization in this patient
population. Future studies should evaluate RAVANS for longitudinal reduction of both QST
outcomes and clinical pain.
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Figure 1. Schematic of Integrative Innervation of the NTS
The nucleus tractus solitarius (NTS) in the medulla integrates afferent inputs from the
cervical vagus (X, e.g. aortic arch baroreceptors, lungs), glossopharyngeal nerve (IX, e.g.
carotid baroreceptors), and auricular branch of the vagus (ABV). NTS input to higher brain
regions processing different aspects of pain is thought to underlie the anti-nociceptive
effects of vagus nerve stimulation (VNS). N.b. SpV = trigeminal nucleus, PB = parabrachial
nucleus, LC = locus ceruleus, PAG = periaqueductal gray, hyp = hypothalamus, amyg =
amygdala, thal = thalamus, ins = insula, ACC = anterior cingulate cortex, PFC = prefrontal
cortex, S1 = primary somatosensory cortex.
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Figure 2. Schematic of the RAVANS procedure
(A) Subjects were outfitted with a thoracic belt to measure respiratory excursions. This
signal was transduced and fed into a laptop controller, allowing for left t-VNS stimulation to
occur only during the expiratory phase of respiration. (B) Auricular anatomy includes
important regions including the cymba and cavum conchae, as well as the antihelix. (C)
Auricular electrodes were placed within the cymba concha and antihelix, the two regions
found to be most consistently innervated by the ABV nerve [32].
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Figure 3. Response of deep pain intensity to RAVANS vs. NVAS
Evoked deep pain intensity was reduced (p<0.05) during, immediately after, and 15 minutes
following cessation of both RAVANS and NVAS, with a trend (p=0.07–0.08) for greater
pain reduction following RAVANS stimulation. N.b. * = p<0.05, + = 0.05 < p < 0.1; error
bars represent SEM.
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Figure 4. Response of temporal summation of pain to RAVANS vs. NVAS
Temporal summation of pain was reduced (p=0.05) during RAVANS stimulation, while a
trend (p=0.07) was found for reduction immediately following RAVANS stimulation, and
comparing RAVANS and NVAS during stimulation. N.b. * = p<0.05, + = 0.05 < p < 0.1;
error bars represent SEM.
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Figure 5. Response of anxiety ratings to RAVANS vs. NVAS
Anxiety was reduced (p’s < 0.01, compared to baseline) during, immediately after, and 15
minutes after cessation of RAVANS. There was no change from baseline (p’s> 0.3) at any
time points in the NVAS session. Reductions in anxiety were significantly larger in the
RAVANS than the NVAS session at each time point (p’s< .05). N.b. * = p<0.05, ** =
p<0.01; error bars represent SEM.
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Different modulation effects of 1 Hz 
and 20 Hz transcutaneous auricular vagus nerve 
stimulation on the functional connectivity 
of the periaqueductal gray in patients 
with migraine
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Abstract 

Background:  A growing body of evidence suggests that transcutaneous auricular vagus nerve stimulation (taVNS) 
may relieve symptoms of migraineurs. Frequency is one of the key stimulation parameters. The aim of this study is to 
investigate the modulation effect of taVNS frequency on the descending pain modulation system (DPMS) in patients 
with migraine.

Methods:  Twenty-four episodic migraineurs without aura (21 females) were recruited for the single-blind, crossover, 
functional magnetic resonance imaging (fMRI) study. Each participant attended two separate fMRI scan sessions, one 
for 1 Hz and another for 20 Hz taVNS, in a random order. Seed-based functional connectivity analysis was applied 
using the ventrolateral periaqueductal gray (PAG) as the region of interest.

Results:  Compared with the pre-taVNS resting state, continuous 1 Hz taVNS (during) produced a significant increase 
in functional connectivity between the PAG and the bilateral middle cingulate cortex (MCC), right precuneus, left mid-
dle frontal gyrus (MFG), and left cuneus. Compared with 20 Hz taVNS, 1 Hz taVNS produced greater PAG connectivity 
increases with the MCC, right precuneus/posterior cingulate cortex, left insula, and anterior cingulate cortex (ACC). A 
significant negative correlation was observed between the number of migraine attacks in the previous 4 weeks and 
the PAG-MCC functional connectivity in the pre-taVNS resting-state before 1 Hz taVNS.

Conclusions:  Our findings suggest that taVNS with different frequencies may produce different modulation effects 
on the descending pain modulation system, demonstrating the important role of stimulation frequency in taVNS 
treatment.
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Background
The vagus nerve consists of a complex system that may 
regulate pain, mood, and the neuro-endocrine-immune 
axis [1–7]. Thus, stimulating the vagus nerve to modulate 
the function of the nerve and related organs has drawn 
the attention of clinicians and investigators for a long 
time. Anatomical studies found peripheral branches of 
the vagus nerve distributed on the ear [8, 9], and accord-
ing to the bottom-up mechanism of the central nervous 
system, the propagation of electrical stimuli may follow 
an afferent path from the peripheral nerves towards the 
brain stem and central structures [10, 11]. Thus, direct 
stimulation of the nerve fibers on the ear may produce 
an effect similar to classic vagus nerve stimulation. This 
plausibility has led to the development of transcutane-
ous auricular vagus nerve stimulation (taVNS), a non-
invasive, low-cost, and easily implementable alternative 
to classic vagus nerve stimulation [12–15]. A growing 
body of evidence suggests that taVNS can induce antino-
ciception, which may affect peripheral and central nocic-
eption, inflammatory responses, autonomic activity, and 
pain-related behavior [1, 16–18].

While taVNS has demonstrated its potentials, the opti-
mal parameters for taVNS, such as frequency, remain 
unclear [12]. Accumulating evidence suggests differ-
ent frequencies may be associated with different physi-
ological and treatment effects. For instance, investigators 
compared the effect of 2, 10, and 20  Hz stimulation on 
heart rate in healthy subjects, and they found that both 
10 and 20  Hz could decrease heart rate [19]. Further-
more, studies suggest that the optimal taVNS frequency 
may vary across different disorders. For example, a recent 
clinical research study on taVNS treatment of drug-
resistant epilepsy showed a significant reduction in sei-
zure frequency in patients of the 25 Hz group compared 
to the 1 Hz group [20]. However, in another clinical study 
of migraine patients, investigators found that although 
both 1 Hz and 25 Hz taVNS improved clinical outcomes 
in patients with chronic migraine, 1 Hz taVNS produced 
greater improvement [21]. Nevertheless, the underly-
ing mechanism of different taVNS frequencies remains 
unclear.

Recently, brain imaging has been widely used to inves-
tigate the central mechanism of taVNS, and these stud-
ies demonstrate that intermittent taVNS can modulate 
activity of certain brain regions consistent with the vagus 
nerve central projections [22–28]. For instance, investiga-
tors have assessed brainstem fMRI response to 2, 10, 25, 

and 100 Hz taVNS in healthy individuals, and found that 
the strongest brainstem response was evoked by 100 Hz 
stimulation [29]. In recent studies, we also applied the 
resting-state functional connectivity method to inves-
tigate the functional connectivity alteration during “the 
continuous taVNS” (20  Hz) and found that taVNS can 
modulate the functional connectivity of the ventral stria-
tum and hypothalamus [30, 31].

Nevertheless, the neural substrates underlying fre-
quency have rarely been investigated in a patient pop-
ulation such as migraine; elucidating how different 
frequencies can modulate pathways associated with 
migraine may further facilitate the development of this 
promising neuromodulation method.

Recently, the role of descending pain modulatory sys-
tem (DPMS) in pain modulation and the physiopathology 
of chronic pain has drawn more and more attention [32–
34]. Yet, investigating the functional status of the DPMS 
in humans remains a challenge. In an earlier study [35], 
we investigated the resting state functional connectivity 
(rsFC) of the periaqueductal grey (PAG), a key region in 
the DPMS in healthy subjects and found significant rsFC 
between the PAG and central regions of the DPMS, such 
as the anterior cingulate cortex (ACC), rostroventral 
medulla (RVM) and anterior insula, demonstrating the 
feasibility of using functional connectivity methods to 
non-invasively investigate the DPMS in humans.

Following the study, the PAG functional connectiv-
ity has been applied to investigate the physiopathology 
of chronic pain disorders including migraine [35–43], 
menstrual pain [44–46], postherpetic neuralgia [47], 
fibromyalgia [48], myofascial pain [49], visceral pain [50], 
low back pain [36], and neck pain [51]. Further, studies 
have also shown that effective treatment can significantly 
modulate the PAG functional connectivity in patients 
with migraine [41], chronic low back pain [52], and knee 
osteoarthritis [53]. We also found that continuous elec-
troacupuncture stimulation alters PAG functional con-
nectivity [54]. Taken together, these findings demonstrate 
the important role of PAG functional connectivity in pain 
research.

Thus, in this study, we investigate how continuous 
taVNS at 1  Hz versus 20  Hz (a relatively low frequency 
versus a moderate frequency) that are widely applied in 
taVNS studies [12] can modulate the PAG functional 
connectivity in patients with migraine without aura, 
using a cross-over design. We hypothesize that taVNS at 
1 Hz versus 20 Hz may produce greater PAG functional 

Keywords:  Transcutaneous auricular vagus nerve stimulation, Functional connectivity, Periaqueductal gray, 
Descending pain modulation network, Frequency
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connectivity changes due to its greater improvement in 
patients with migraine [21].

Methods
The study was conducted in accordance with the Decla-
ration of Helsinki, and the protocol was approved by the 
Ethics Committee of the Second Affiliated Hospital of 
Guangzhou University of Chinese Medicine (Z2016-079-
01). All participants provided written informed consent 
before starting the study.

Participants
Twenty-four episodic migraineurs without aura were 
recruited in the present study from outpatient neurology 
clinics of the Second Affiliated Hospital of Guangzhou 
University of Chinese Medicine. Similar to our previous 
studies [55, 56], the diagnosis of migraine was based on 
the International Classification of Headache Disorders, 
2nd Edition (ICHD-II), as diagnosed by a specialist work-
ing at the neurology outpatient service.

Patients were eligible for participation if they: (1) 
were 18 to 45 years of age, (2) self-reported being right-
handed, (3) have at least 6 months of migraine duration, 
(4) have at least one headache attack per month, (5) have 
not taken any prophylactic headache medications dur-
ing the past 4 weeks, (6) have not taken any psychoactive 
or vasoactive drugs during the past 3  months. Patients 

were excluded if there was a/an: (1) headache induced by 
other diseases, (2) headache attack within 48  h prior to 
the experiment or during the experiment, (3) pregnant 
or lactating, (4) any other chronic pain conditions, (5) 
severe head deformity or intracranial lesions, (6) score on 
the Self-Rating Depression Scale [57] or Self-Rating Anx-
iety Scale [58] > 50, and (7) inability to provide informed 
consent for oneself.

Study design
A single-blind, crossover functional magnetic resonance 
imaging (fMRI) trial design was applied in the present 
study to investigate the modulation effects of 1  Hz and 
20  Hz taVNS in patients with migraine without aura. 
Specifically, each participant attended two taVNS fMRI 
scan sessions with identical parameters, one for 1 Hz and 
another for 20  Hz taVNS in a random order (Fig.  1A). 
Each session was separated by at least 7  days to avoid 
sensitization to the stimuli. All scans were applied during 
an interictal period when the participants were free from 
headache symptoms.

Interventions
In the current study, we applied taVNS on the partici-
pant’s left concha (cymba and cavum, Fig. 1B, Additional 
file  1: Fig. S1) [59]. The electrical stimulation was per-
formed using the Electronic Acupuncture Treatment 

Fig. 1  Overview of study procedure and taVNS sites. A Study procedure. B taVNS sites
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Instrument (SDZ IIB, Huatuo, Suzhou, China) with the 
self-made MRI compatible electrode to deliver electric 
current at 1 Hz or 20 Hz with a continuous wave (width: 
~ 0.2  ms). The 1  Hz/20  Hz taVNS stimulation lasted 
about 8 min. Similar to our previous studies, stimulation 
current intensity was adjusted to the strongest nonpain-
ful sensation that participants could tolerate (approxi-
mately 4 mA) [31, 55, 60–62].

Clinical assessments
Migraine duration, migraine attacks during the past 
4  weeks, and average migraine intensity of the past 
4  weeks on the 0 (“not at all”) to 100 (“extremely”) vis-
ual analog scale (VAS) were assessed preceding the first 
MRI scan session. Participants were also asked to com-
plete the Migraine Specific Quality-of Life Questionnaire 
[63] to measure the impact of migraine on health‐related 
quality of life.

MRI data acquisition
All imaging data was acquired at the Second Affiliated 
Hospital of Guangzhou University of Chinese Medicine 
using a 3  T MRI System (Siemens MAGNETOM Verio 
3.0  T, Erlangen, Germany) with a 24-channel phased-
array head coil. Each scan session included a pre-taVNS 
resting-state fMRI (8  min), the 1  Hz or 20  Hz continu-
ous taVNS (8 min) fMRI, and a post-taVNS resting-state 
fMRI (8 min).

fMRI scans were acquired with the following param-
eters: time repetition = 2000 ms, time echo = 30 ms, flip 
angle = 90°, field of view = 224  mm × 224  mm, matrix 
size = 64 × 64, slice thickness = 3.5  mm with 0.7  mm 
inter-slice gap, 31 axial slices paralleled and 240 time 
points. During the fMRI scans in resting-state and con-
tinuous taVNS, participants were asked to stay awake, 
keep their heads still, eyes closed, and ears plugged and 
to not think about any particular thing. A T1-weighted 
structural image was acquired by an isotropic multi-
echo magnetization-prepared rapid gradient-echo pulse 
sequence for anatomic localization of significant signal 
changes: time repetition = 1900 ms, time echo = 2.27 ms, 
flip angle = 9°, field of view = 256  mm × 256  mm, data 
matrix = 256 × 256, and slice thickness = 1.0 mm.

Functional connectivity analysis
Data and calculations of functional connectivity were 
conducted using the CONN toolbox version 18.b (http://​
www.​nitrc.​org/​proje​cts/​conn) [64]. We used the default 
preprocessing pipeline for seed-to-voxel functional 
connectivity analysis. The specific steps were as fol-
lows: functional realignment and unwarping, slice tim-
ing correction, head motion correction, co-registration 
of the anatomical image to the mean functional image, 

segmentation of the anatomical gray matter, white mat-
ter, and CSF, normalization to Montreal Neurological 
Institute (MNI) 152 standard template and smoothing 
with a 6-mm full width at half maximum (FWHM) ker-
nel. A default frequency window of 0.008 to 0.09 Hz was 
used for band-pass filtering.

To eliminate correlations caused by head motion and 
artifacts, we identified outlier time points in the motion 
parameters and global signal intensity using ART (http://​
www.​nitrc.​org/​proje​cts/​artif​act_​detect). Images whose 
composite movement exceeded 0.5 mm or whose global 
mean intensity was greater than three standard devia-
tions from the mean image intensity were treated as 
outliers. The time series of the head motion matrix of 
outliers was also entered as first-level covariates.

Similar to our previous studies [35, 36, 41], we selected 
the right ventrolateral periaqueductal gray (vlPAG) with 
a 2 mm radius sphere (MNI coordinates x = 4, y = − 26, 
z = − 14) as the region of interest (ROI). In addition, we 
also chose seeds with a 2 mm radius in the fourth ventri-
cle (MNI coordinates: x = 4, y = 10, z = 12; x = − 4, y = 10, 
z = 12) as a control. Seeds were created using the SPM 
Wake Forest University Pickatlas toolbox (http://​fmri.​
wfubmc.​edu/​softw​are/​picka​tlas) [65].

In the first-level analysis, we produced a correlation 
map for each participant by extracting the blood oxy-
genation level dependent time course separately from the 
vlPAG and the control seeds and computing Pearson’s 
correlation coefficients between the time course in the 
vlPAG/control seeds and every voxel of the whole brain. 
Correlation coefficients were Fisher transformed into “z” 
scores to increase normality.

In seed-to-voxel functional connectivity analyses, we 
first used a pairwise t-test to compare the vlPAG-based 
functional connectivity between the pre-taVNS resting-
state and during continuous taVNS (1  Hz and 20  Hz 
taVNS, respectively). Next, we compared the difference 
of vlPAG-based functional connectivity change (dur-
ing continuous taVNS minus pre-taVNS resting-state) 
between 1 and 20  Hz taVNS. Finally, we compared the 
vlPAG-based functional connectivity difference between 
the pre-taVNS and post-taVNS resting-state between the 
1 Hz and 20 Hz taVNS.

For whole brain analysis, a threshold of voxel-wise 
p < 0.005, and pFDR < 0.05 at cluster level was applied. 
Also, given the important role of the anterior cingulate 
cortex (ACC), medial prefrontal cortex (mPFC), insula, 
amygdala, and thalamus in the DPMS [32, 36, 53, 66] and 
pathophysiology of migraine [41, 67–72], we pre-defined 
these areas as regions of interest (ROIs), and derived 
masks of each region from the Automated Anatomi-
cal Labeling brain atlas using the Wake Forest Univer-
sity Pickatlas toolbox as ROIs. A threshold of voxel-wise 

http://www.nitrc.org/projects/conn
http://www.nitrc.org/projects/conn
http://www.nitrc.org/projects/artifact_detect
http://www.nitrc.org/projects/artifact_detect
http://fmri.wfubmc.edu/software/pickatlas
http://fmri.wfubmc.edu/software/pickatlas
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p < 0.005 was used in data analysis. Similar to previ-
ous studies [73–75], Monte Carlo simulations using the 
3dFWHMx and 3dClustSim (as part of the Analysis of 
Functional NeuroImages program [http://​afni.​nimh.​nih.​
gov] released in July 2017) were applied for the p value 
correction for pre-defined ROIs. For each region, the 
minimum voxel size required for p < 0.05 cluster level p 
value correction is indicated as the k value in the results 
presented below.

To explore the association between the initial clinical 
assessments and the vlPAG-based pre-taVNS resting-
state functional connectivity for 1 Hz and 20 Hz respec-
tively, we also selected significantly altered vlPAG-based 
connectivity clusters (during continuous taVNS minus 
pre-taVNS resting-state) and extracted the average 
z-score values of peak MNI of clusters above significance 
in vlPAG-based pre-taVNS resting-state. Correlation 
analyses were conducted using the R program in JASP 

open-source statistical software (Version 0.8.1, http://​
www.​jasp-​stats.​org), and p values were Bonferroni cor-
rected (see “Results” for details).

Results
Demographic and clinical assessments
Twenty-four participants completed the study and 
were included in the data analysis [21 females; age 
31.33 ± 1.55 years, mean ± standard error (SE)]. No par-
ticipant reported administration of acute migraine medi-
cation or having an attack 48 h prior to the MRI sessions. 
Detailed results for demographic and clinical assessments 
are shown in Table 1. All participants reported acceptable 
stimulation intensity underneath the electrodes during 
the continuous taVNS, with no adverse effects reported. 
The interval period of the two taVNS/fMRI scan sessions 
was 8.79 ± 0.74 (mean ± SE) days.

vlPAG‑based functional connectivity analysis results
Compared with pre-taVNS resting state, 1 Hz continuous 
taVNS (during) produced significant functional connec-
tivity increases between the vlPAG and the bilateral mid-
dle cingulate cortex (MCC), the right precuneus, the left 
middle frontal gyrus (MFG), and the left cuneus (Table 2, 
Fig. 2A). There was no significant finding detected when 
we applied the same analysis on the 20  Hz taVNS data 
set.

In addition, we compared the vlPAG-based connec-
tivity difference in 1  Hz vs. 20  Hz taVNS [(during 1  Hz 
taVNS minus 1  Hz pre-taVNS resting-state) vs. (during 
20  Hz taVNS minus 20  Hz pre-taVNS resting-state)], 
and found that compared to 20  Hz, 1  Hz taVNS pro-
duced greater vlPAG-based connectivity increases with 
the MCC, the right precuneus/posterior cingulate cortex 
(PCC), the left insula (k = 18), and the anterior cingulate 
cortex (ACC) (k = 41) (Table  3, Fig.  2C). No significant 

Table 1  Demographic and clinical assessments

Migraine attacks assessed attack times during the past 4 weeks. The VAS 
assessed the average migraine intensity of the 4 weeks preceding the first MRI 
scan. The MSQ, SDS, SAS were assessed preceding the first MRI scan

VAS visual analog scale, MSQ Migraine Specific Quality of Life, SDS Self-rating 
Depression Scale, SAS Self-rating Anxiety Scale

Demographic

 Participant count 24

 Sex (female/male) 21/ 3

 Age (mean ± SE, yrs) 31.33 ± 1.55

Clinical assessments

 Migraine duration (mean ± SE, yrs) 8.68 ± 1.47

 Migraine attacks (mean ± SE) 1.67 ± 0.25 
(ranging from 
1 to 5)

 VAS (mean ± SE) 38.60 ± 3.30

 MSQ (mean ± SE) 74.83 ± 1.90

 SDS (mean ± SE) 42.14 ± 1.82

 SAS (mean ± SE) 39.69 ± 1.85

Table 2  Comparisons of the vlPAG functional connectivity change in 1 Hz and 20 Hz taVNS

“Pre-resting” indicated pre-taVNS resting-state. Results were significant at cluster pFDR < 0.05, corrected at the whole brain level

vlPAG ventrolateral periaqueductal gray, MCC middle cingulate cortex, PCu precuneus, MFG middle frontal gyrus

Comparisons Brain Regions Cluster size (voxel 
number)

Peak T MNI coordinates

x y z

1 Hz taVNS > pre-resting MCC 282 6.36 − 4 − 12 40

PCu 200 4.71 4 − 50 44

MFG 232 4.56 − 30 30 42

Cuneus 191 4.05 − 6 − 76 32

pre-resting > 1 Hz taVNS

20 Hz taVNS > pre-resting No regions survive the threshold

pre-resting > 20 Hz taVNS

http://afni.nimh.nih.gov
http://afni.nimh.nih.gov
http://www.jasp-stats.org
http://www.jasp-stats.org
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decrease in vlPAG-based functional connectivity was 
detected.

With the threshold we set, no significant result has 
been found in the comparison of vlPAG-based pre- and 

post-taVNS resting-state functional connectivity differ-
ences between the 1 Hz and 20 Hz taVNS.

We found that 1  Hz taVNS increased vlPAG resting 
state functional connectivity with the MCC, precuneus, 

Fig. 2  vlPAG based connectivity results. A Compared to pre-taVNS resting-state, 1 Hz taVNS had significantly greater connectivity with the MCC, 
precuneus, Cuneus, and left MFG (not present in the figure). B Significant negative correlation was observed in migraine attacks and vlPAG-MCC 
connectivity in pre-taVNS resting-state preceding to the 1 Hz taVNS. Bonferroni correction was applied, and the significance threshold was adjusted 
to p < 0.0125 because four significant clusters were identified. C Compared to 20 Hz, 1 Hz taVNS had significant connectivity increases (stimulation 
minus pre-taVNS resting-state) with the MCC, precuneus, ACC, and left insula. FC functional connectivity, vlPAG ventrolateral periaqueductal gray, 
MCC middle cingulate cortex, PCu precuneus, MFG middle frontal gyrus, ACC​ anterior cingulate cortex, INS insula

Table 3  Comparisons of vlPAG functional connectivity change produced by 1 Hz and 20 Hz taVNS

Change presented in continuous taVNS minus pre-taVNS resting-state. “*” identified results significant at cluster p < 0.05 after 3dFWHMx and 3dClustSim correction. 
Other results were significant at cluster pFDR < 0.05 corrected at the whole brain level

vlPAG ventrolateral periaqueductal gray, MCC middle cingulate cortex, PCu precuneus, PCC posterior cingulate cortex, INS insula, ACC​ anterior cingulate cortex

Comparisons Brain Regions Cluster size Peak T MNI coordinates

x y z

1 Hz > 20 Hz MCC 225 5.37 − 6 − 12 40

PCu/PCC 216 4.74 4 − 48 46

*INS 148 5.35 − 44 − 6 − 6

*ACC​ 45 3.50 − 4 42 18

20 Hz > 1 Hz No regions survive the threshold
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MFG and cuneus compared with the pre-taVNS resting 
state. To explore the potential clinical meaning of these 
functional connectivity increases, we performed correla-
tion analyses between the vlPAG resting-state functional 
connectivity with these regions during the pre-taVNS 
(1  Hz) and the clinical measures (migraine attacks in 
the past 4 weeks and VAS). Results showed a significant 
negative correlation between the number of preceding 
migraine attacks and the vlPAG-MCC functional connec-
tivity in the pre-taVNS resting-state preceding the 1 Hz 
taVNS (r = − 0.52, p = 0.01, significant after Bonferroni 
correction p < 0.05/4 = 0.0125 because four significant 
clusters were identified, please see Table  2 and Fig.  2B 
for details). No other significant vlPAG-based functional 
connectivity finding was detected.

We also performed the above analysis using bilateral 
seeds from the fourth ventricle. No result was found at 
the threshold we set in functional connectivity analysis.

Discussion
In the present study, we compared the vlPAG connectiv-
ity changes evoked by 1 Hz and 20 Hz taVNS in migraine 
patients. Results showed that compared to pre-taVNS 
resting-state, continuous 1 Hz taVNS produced increased 
connectivity in the MCC, MFG, precuneus and cuneus. 
Compared to 20 Hz, 1 Hz taVNS produced greater con-
nectivity increases in the MCC, ACC, precuneus and left 
insula. There is a significant negative association between 
migraine attacks in the past 4 weeks and the vlPAG-MCC 
connectivity during resting-state. Our findings suggest 
that taVNS with different stimulation frequencies may 
produce different modulation effects on the descending 
pain modulation system.

As a non-invasive and safe peripheral neuromodula-
tion method, taVNS has been applied in a wide range of 
disorders such as depression, epilepsy, tinnitus, migraine, 
as well as cognitive and behavioral disorders [12, 21, 76–
78]. Nevertheless, one challenge for the development of 
taVNS is to elucidate the modulation effect of taVNS with 
different parameters so that we can optimize its effects 
for different disorders.

As a key parameter of taNVS, frequency is a continu-
ous measurement. Thus, it is not possible to test/com-
pare the effects of different frequencies in one study. As 
a start of this line of work, we have chosen 1  Hz as a 
representative of low frequency. The 20  Hz frequency 
has been used to treat depression, and previous stud-
ies have found that 20  Hz taVNS can significantly 
modulate the multiple brain networks [27, 60–62], 
particularly the functional connectivity of the amyg-
dala [62], default mode network [60], hypothalamus 
[79], and ventral striatum [30], all of which are associ-
ated with pathophysiology of migraine [80, 81]. Further, 

investigators found that 20  Hz taVNS in healthy sub-
jects could decrease heart rate [19], and 20  Hz is also 
close to the higher frequency used in a previous study 
in which the authors have compared the treatment 
effect of 1 Hz and 25 Hz in [21]. Thus, we have chosen 
20 Hz to represent a moderate frequency in this study.

We found that continuous 1  Hz taVNS can signifi-
cantly increase vlPAG-MCC connectivity. In addition, 
the vlPAG-MCC connectivity during resting-state before 
1 Hz taVNS was negatively associated with participants’ 
migraine attacks. Literature suggests that the MCC is 
involved in the affective, cognitive, attention, and orient-
ing aspects of pain [82–84]. A previous study found that 
migraine is associated with decreased grey matter at the 
MCC [85] and increased activation during experimen-
tal heat pain (compared to healthy controls). The pain-
induced MCC activation is associated with migraine 
attacks in migraineurs [86]. Interestingly, we found that 
the vlPAG-MCC connectivity increased during 1  Hz 
taVNS, but not during 20  Hz taVNS, which may pro-
vide a neural mechanistic support to a previous clinical 
trial [21], in which researchers investigated the thera-
peutic effects of daily 1 Hz and 25 Hz taVNS on chronic 
migraineurs over 3 months, and demonstrated that 1 Hz 
taVNS was more prominent in migraine alleviation.

Furthermore, we observed that continuous 1 Hz taVNS 
can produce vlPAG-rACC connectivity increases com-
pared to 20 Hz. In addition, we also detected an increase 
in vlPAG-rACC connectivity (compared to resting-
state) at a less conservative threshold (p = 0.01, cluster 
size = 14). The rACC is a key region of the DPMS [35, 
36], and contains numerous opioid receptors [87]. Pre-
vious studies have suggested that the rACC plays an 
important role in the pathophysiology of migraine [88, 
89]. Findings from the current study are consistent with 
our prior study, in which migraine patients are associated 
with reduced connectivity of the PAG-rACC, compared 
to healthy subjects, and effective acupuncture treatment 
can normalize the decreased connectivity in PAG-rACC 
correspondingly [41]. Further, the study demonstrates 
that a DPMS abnormality might be an underlying patho-
logical mechanism of migraine, and such an abnormality 
can be normalized by effective treatment.

In addition, we found that 1  Hz taVNS can increase 
vlPAG connectivity with the precuneus and cuneus. The 
precuneus is a key region in the default mode network. 
Studies suggest that the default mode network (DMN) 
is a pivotal network affected by migraine [90–92]. We 
found that migraineurs showed decreased functional 
connectivity between the right frontoparietal network 
and precuneus compared with healthy controls, and the 
connectivity significantly increased after effective treat-
ment [93]. In a more recent study, we found abnormal 
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posterior thalamus (pulvinar nucleus) dynamic network 
functional connectivity with the precuneus, and the 
changes were significantly correlated with the headache 
frequency of migraine [79].

The cuneus is a key region of the visual network. In 
a recent longitudinal study on grey matter volume of 
migraineurs, researchers found that migraineurs devel-
oped a decreased grey matter volume of visual regions, 
including the cuneus. The decreased volume was associ-
ated with the level of migraine severity, in terms of dis-
ease duration, pain intensity, and attack frequency [94]. 
We found migraine is associated with altered posterior 
thalamus dynamic network functional connectivity with 
the visual cortex [79], and the abnormal functional con-
nectivity within the visual, default mode, sensorimotor, 
and frontal-parietal networks, which could discrimi-
nate migraineurs from healthy controls, with 93% sensi-
tivity and 89% specificity [95]. More recently, we found 
that 4-week taVNS at 1 Hz can decrease the connectiv-
ity between the  occipital cortex-related thalamus sub-
region and the  postcentral gyrus/precuneus [96]. Taken 
together, these studies demonstrate the important role of 
the precuneus and cuneus in the pathology of migraine. 
Our study further suggests that 1 Hz taVNS may modu-
late the connectivity between the descending pain modu-
lation system, the default mode network, and the visual 
network.

Nevertheless, the question whether the effective fre-
quency of taVNS that influences migraine is different 
from other diseases remains open [19, 20, 97]. Further 
studies are needed to determine the optimal frequency 
of taVNS for different diseases. Additionally, as a brain 
imaging study, the aim of this study was to investigate 
and compare if 1 Hz and 20 Hz taVNS can modulate the 
vlPAG functional connectivity in a migraine population 
rather than assessing the efficacy/clinical effects of 1 Hz 
and 20 Hz taVNS. In addition, we used seeds in the ven-
tricle as a control ROI, and the lack of significant results 
further validated our findings.

Potential limitations of this work include a rela-
tively small sample size of migraine participants with 
low-frequency migraine attacks. Future studies are 
needed to investigate if the findings can be replicated in 
migraineurs with high attack frequencies in a larger sam-
ple size. Also, there are only three male participants (of 
24 in total) included in this study. This ratio is partly con-
sistent with epidemiology studies showing the prevalence 
rate of female migraineurs is much higher than male 
migraineurs [98]. Nevertheless, we have applied a cross-
over design, which should have controlled the potential 
gender effects in this study. This study is not designed to 
answer the question of gender differences. A future study 

is needed to elucidate if male and female migraineurs are 
associated with same taVNS response.

Furthermore, our MRI scans were applied when par-
ticipants were migraine-free, so we could not assess the 
acute effects of taVNS on headache intensity. Also, clini-
cal trials on migraine usually assess the clinical improve-
ment (migraine attack time or pain intensity) in the past 
month, thus, we could not investigate/compare the clini-
cal improvement produced by single 1 Hz/20 Hz taVNS 
treatment, as well as the association between functional 
connectivity changes (evoked by 1 Hz and 20 Hz taVNS) 
and clinical improvement. Moreover, although still under 
investigation, some studies suggest that different stimula-
tion frequencies of taVNS may induce different changes 
in heart rate, which can be considered as a confounding 
factor of functional connectivity [19, 99]. Nevertheless, 
the heart rate changes evoked by taVNS are relatively 
small, and studies also show no significant change on 
blood pressure values after taVNS [100]. Future study 
should consider measuring this confounding factor and 
adjust for it during data analysis.

Conclusion
In summary, we found continuous 1 Hz taVNS can sig-
nificantly modulate functional connectivity between the 
vlPAG and key regions of the DPMS in patients with 
migraine. Our findings demonstrate the important role 
of stimulation parameters (particularly the frequency) in 
taVNS treatment of different disorders.
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Acute and long-term VNS effects on pain perception in case of
treatment-resistant depression
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ABSTRACT

Vagus Nerve Stimulation (VNS) is approved by the FDA for treatment of both epilepsy and depression. Recent work
has shown that VNS acutely affects pain perception in humans, actually increasing pain sensitivity momentarily while
the device is firing. It is unclear how this acutely increased sensitivity might change over time with treatment and how
it might relate to longer-term therapeutic effects of VNS on pain. We describe a patient with treatment-resistant
depression and a history of severe lumbar degenerative disease with resultant chronic low back pain. His depression
and pain symptoms both seemed to respond to VNS. He eventually stopped all medications and remained depression
and pain free for 35 months with no change in his device settings. Sixty-six months after VNS implantation and 64
months after his initial clinical antidepressant response, under single-blind conditions, we performed quantitative
sensory testing with laboratory thermal pain procedures during acute VNS-on and -off conditions. Interestingly,
despite a significant and profound anti-nociceptive clinical response for the previous 35 months, he had significant
increases in painfulness ratings while the VNS device was actively firing compared with device-off conditions. This
case suggests that VNS-induced acute increases in pain sensitivity can coexist with a clinical anti-nociceptive
response. If the acutely increased sensitivity sets the stage for the slower chronic anti-pain effects, the increased acute
sensitivity does not disappear. Acute and chronic effects of VNS on pain perception merit further research.

https://www.tandfonline.com/doi/abs/10.1080/13554790600788094
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The effect of transcutaneous vagus nerve stimulation on pain
perception - An experimental study
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ABSTRACT

Background
Recent preclinical work strongly suggests that vagus nerve stimulation efficiently modulates nociception and pain
processing in humans. Most recently, a medical device has offered a transcutaneous electrical stimulation of the
auricular branch of the vagus nerve (t-VNS) without any surgery.

Objective
Our study investigates whether t-VNS may have the potential to alter pain processing using a controlled design.
Methods: Different submodalities of the somatosensory system were assessed with quantitative sensory testing (QST)
including a tonic heat pain paradigm in 48 healthy volunteers. Each subject participated in two experimental sessions
with active t-VNS (stimulation) or sham t-VNS (no stimulation) on different days in a randomized order (crossed-
over). One session consisted of two QST measurements on the ipsi- and contralateral hand, each before and during 1
h of a continuous t-VNS on the left ear using rectangular pulses (250 μS, 25 Hz).

Results
We found an increase of mechanical and pressure pain threshold and a reduction of mechanical pain sensitivity.
Moreover, active t-VNS significantly reduced pain ratings during sustained application of painful heat for 5 min
compared to sham condition. No relevant alterations of cardiac or breathing activity or clinical relevant side effects
were observed during t-VNS.

Conclusions
Our findings of a reduced sensitivity of mechanically evoked pain and an inhibition of temporal summation of
noxious tonic heat in healthy volunteers may pave the way for future studies on patients with chronic pain addressing
the potential analgesic effects of t-VNS under clinical conditions.

https://www.researchgate.net/publication/225057997_The_effect_of_transcutaneous_vagus_nerve_stimulatio
n_on_pain_perception_-_An_experimental_study
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