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A B S T R A C T

Background: Stimulation of the vagus nerve via implanted electrodes is currently used to treat refrac-
tory epilepsy and depression. Recently, a non-invasive approach to vagal stimulation has demonstrated
similar beneficial effects, but it remains unclear whether these effects are mediated via activation of af-
ferent vagal fibers.
Objective: The present study was designed to ascertain whether afferent vagal projections can be ac-
cessed non-invasively by transcutaneous electrical stimulation of the antero-lateral surface of the neck,
which overlies the course of the vagus nerve.
Methods: Thirteen healthy subjects underwent 2 fMRI scans in one session. Transcutaneous electrical
stimulation was applied for 2 min to the right postero-lateral surface of the neck during scan #1 (control
condition, sternocleidomastoid stimulation: “SCM”) and to the right antero-lateral surface of the neck
during scan #2 (experimental condition, non-invasive vagus nerve stimulation: “nVNS”). Two analyses
were conducted using FSL (whole-brain and brainstem; corrected, p < 0.01) to determine whether nVNS
activated vagal projections in the brainstem and forebrain, compared to baseline and SCM stimulation.
Results: Compared to baseline and control (SCM) stimulation, nVNS significantly activated primary vagal
projections including: nucleus of the solitary tract (primary central relay of vagal afferents), parabrachial
area, primary sensory cortex, and insula. Regions of the basal ganglia and frontal cortex were also sig-
nificantly activated. Deactivations were found in the hippocampus, visual cortex, and spinal trigeminal
nucleus.
Conclusion: The present findings provide evidence in humans that cervical vagal afferents can be ac-
cessed non-invasively via transcutaneous electrical stimulation of the antero-lateral surface of the neck,
which overlies the course of the nerve, suggesting an alternative and feasible method of stimulating vagal
afferents.

Published by Elsevier Inc.

Introduction

Electrical stimulation applied directly to the main trunk of the
vagus in the neck via surgically implanted electrodes has been used
therapeutically to treat refractory epilepsy and depression, but re-
quires costly invasive surgery andmay generate side effects including
hoarseness, dyspnea, nausea, pain, and anxiety [1]. Recent devel-
opments in non-invasive techniques for vagal stimulation, i.e.,
electrical stimulation of the auricular branch of the vagus nerve
(“ABVN”), have demonstrated beneficial effects against epilepsy, de-

pression, and pain [2–5]. Functional brain imaging studies have
provided evidence that stimulation of the ABVN accesses central
vagal projections [6,7], including the nucleus of the solitary tract
(“NTS”) [8] which is the first central relay of vagal afferents.

Self-administered transcutaneous electrical stimulation on the
antero-lateral surface of the neck superficial to the trajectory of
the vagus nerve has been reported recently to abort, and/or reduce
the frequency of, acute attacks of cluster headaches even one year
after treatment [9]. The non-invasive vagus nerve stimulation (nVNS)
device used in that study was a portable, battery-operated device
with adjustable intensities and a 2 min electrical stimulus dura-
tion. In a proof-of-concept study using the same nVNS approach
(i.e., transcutaneous stimulation of the surface of the neck) on a
rat model of middle cerebral artery occlusion, Ay et al. [10] re-
ported inhibition of ischemia-induced immune activation, reduction
in both tissue damage and functional deficit, and c-Fos labeling

Abbreviations: ABVN, auricular branch of the vagus nerve; fMRI, functional mag-
netic resonance imaging; NTS, nucleus tractus solitarius; nVNS, non-invasive vagus
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within the NTS, which, they claimed, is indicative of afferent vagus
nerve activity.

Despite reports of favorable results using nVNS, it remains un-
resolved as to whether the effects observed in humans are mediated
specifically by nVNS-induced afferent vagus nerve activity. Further-
more, the regional brain responses to nVNS during and after
stimulation are unknown. Thus, the present study, using fMRI, was
designed to ascertain: (1) whether transcutaneous (non-invasive)
electrical stimulation of the neck superficial to the trajectory of the
cervical vagus nerve activates vagal afferents, by assessing the ac-
tivity of the NTS and its projections, and (2) the neural correlates
of nVNS during and after stimulation. Wemapped brain regions that
responded to transcutaneous electrical stimulation of the right
antero-lateral surface of the neck (overlying the cervical vagus nerve,
“nVNS” condition), compared to stimulation of the control region,
overlying the right sternocleidomastoid muscle (postero-lateral
surface of the neck, “SCM” condition).

Materials and methods

The study received approval from the Rutgers University Insti-
tutional Review Board; in addition, the “Rutgers University Brain
Imaging Center (RUBIC) Common Practices for fMRI” guidelines were
strictly followed.

Research participants

Thirteen healthy participants (8 females and 5 males; age range
20–29 years; mean ± SD: 23.1 ± 3.3 years) were recruited for the study
by word of mouth and met the inclusion/exclusion criteria: no clin-
ical diagnoses of migraines, epilepsy, depression, or chronic pain;
not on medications or claustrophobic; and no MRI-related
contraindications.Written informed consent was obtained from each
participant. All 13 individuals participated in the two parts of the
study: the practice session, and 3–7 days later, the fMRI session con-
sisting of an anatomical scan and two functional scans. In both parts
of the study, participants received transcutaneous electrical stim-
ulation at each of two regions of the right surface of the neck: the
region of sternocleidomastoid muscle (postero-lateral surface of the
neck beneath the earlobe: control condition), and the region of the
right cervical vagus nerve (antero-lateral surface of the neck: ex-
perimental condition). Placement of the electrodes for the
experimental condition was determined by the location of each in-
dividual’s carotid pulse, as the anatomical location of the cervical
vagus nerve courses alongside the carotid artery (Fig. 1). No par-
ticipants reported discomfort or adverse effects throughout the study,
and all received an honorarium for their participation.

Stimulation device

A hand-held battery-operated stimulation device with a pair of
non-ferromagnetic stainless steel surface electrodes (1 cm diame-
ter) was used to stimulate the neck. The electrodes were connected
to the stimulation unit by an 8-meter-length fMRI-compatible
shielded, grounded cable. The non-adjustable parameters of the
device were 1-ms duration bursts of 5 sinusoidal wave pulses at
5000 Hz with a repetition rate of 25 Hz, and a continuous train du-
ration of 2min. The stimulation intensity was adjustable using a dial
that ranged from 0 to 5 a.u. (arbitrary units) with a corresponding
output ranging from 0 to 48V. In preparing the participant in the
fMRI scanner, two separate pairs of electrodes, each pair con-
nected to its own stimulation unit, were applied to the neck, one
in the experimental and the other in the control location. Both pairs
of electrodes were held in place with a Velcro strap that was ad-
justed to each person’s level of comfort. This enabled the two scans

to be performed in succession without necessitating re-adjustment
of the electrodes during the scans, thereby minimizing head
movement.

Practice session

The practice session prepared each participant for the fMRI
session that took place approximately 3–7 days later. During this
session, participants received the actual stimulation as they would
in the scanner. Each participant sat upright as the electrodes were
applied to the experimental and control locations. Participants were
then asked to lie supine on a foam mat in a comfortable position
and remain as still as possible during the stimulation procedures.
For each condition, they were cued 3 seconds prior to the start of
stimulation (blind to the experimental or control condition). Par-
ticipants were reminded that the stimulation intensity would
increase gradually and be set at a comfortable intensity that they
would report to us, and should not be tolerated if uncomfortable.
At the start of stimulation, the intensity was increased gradually until
each participant said, “stop”. The stimulation continued at the se-
lected intensity. The duration of stimulation for each condition was
2 min.

In rehearsal for the scanning procedure, each participant watched
an accelerated version (approximately 2min) of the cues that would
be shown to them during the actual scanning procedure. They were
asked to pay particular attention to the cue requiring them to press
a button, as this action would convey to us, the investigators, the
signal to stop the gradual increase of the stimulus intensity, and then
establish and maintain that intensity during the control and ex-
perimental conditions.

The practice session took place in a Rutgers laboratory space
outside of the fMRI facility; duration was approximately 20 min.

Figure 1. Electrode configuration for SCM (control) stimulation over the sterno-
cleidomastoid muscle, and nVNS (experimental) stimulation over the vagus nerve
(yellow) as guided by the carotid artery (red). The two pairs of electrodes were held
in place with a Velcro strap. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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fMRI procedure

The scanning session consisted of an anatomical scan, a field map
scan, and two functional scans using a 3T Siemens Trio with a
Siemens 12-channel head coil. As in Frangos et al. [8], acquisition
parameters were optimized for both whole-brain and lower brain-
stem regions. Anatomical images were acquired usingmagnetization
prepared rapid gradient echo (MPRAGE) sequences (176 slices in
the sagittal plane using 1mm thick isotropic voxels, TR/TE = 1900ms/
2.52 ms, field-of-view = 256, 256 × 256 matrix, flip angle = 9°; 50%
distance factor). Field maps (phase and magnitude) were collect-
ed to correct for inhomogeneity in themagnetic field and to increase
accuracy of registration during the data analysis. Gradient-echo EPI
sequences were acquired of the whole brain including the entire
medulla oblongata (33 slices in the axial plane using 3 mm isotro-
pic voxels, TR/TE = 2000 ms/30 ms, interslice gap = 1.5 mm, flip
angle = 90°, field-of-view = 192, 64 × 64). The same parameters were
used for the field maps with the exception of the flip angle (60°)
and TR/TE1/TE2 (400 ms/5.19 ms/7.65 ms). The fMRI-compatible
wires and electrodes were passed into the scanner room via a wave-
guide tube. The stimulation devices remained in the control room,
at a distance of approximately 4 meters from the participant in the
scanner. While in the scanner room prior to starting the image ac-
quisition protocols, the same two pairs of electrodes were applied
to the same experimental and control neck locations used during
the practice session. Earplugs were used by each participant and
they were instructed to lie down comfortably on the scanner gurney
as cushions were placed around the head to restrict movement. A
button box was placed under the left hand to be used when cued
during the functional scanning procedures. The participants were
instructed to remain alert and awake throughout the entire scan-
ning procedure.

Experimental paradigm

Scan #1 – control (SCM) stimulation
The following data were collected in a 19.5 min scan while sub-

jects viewed a series of travelogue images: rest (2 min), stimulus
commencing cue (8 sec), continuous SCM stimulation (2min; “Press
button to stop increase” cue was displayed until button was pressed,
then travelogue images continued), and rest (15 min). Synchroni-
zation of the stimulation with the scan sequence was performed
manually by the same investigator for all participants.

Scan #2 – experimental (nVNS) stimulation
Identical sequence, but stimulation was applied via the second

pair of electrodes to the surface of the neck overlying the vagus nerve.
The control condition (scan #1) and experimental condition (scan

#2) were not counterbalanced, as a carry-over effect was ex-
pected from the experimental condition based on findings observed
in Frangos et al. [8]. Subjects were blind as to which condition they
were going to experience. The interval between the end of scan #1
and beginning of scan #2 was less than 5 min. The average stimu-
lation intensities, as indicated by each participant’s perceptual
threshold, were 18.7V ± 10.8V for the control condition, and
23.9V ± 12.3V for the experimental condition.

Data analysis

All data were preprocessed and statistically analyzed using
FMRIB’s Software Library (“FSL,” Center for Functional Magnetic Res-
onance Imaging of the Brain, University of Oxford, UK) version 6.00.
Lower-level fMRI data processing was carried out using FMRI Expert
Analysis Tool (FEAT). The following preprocessing steps were per-
formed at the individual level: removal of skull and non-brain tissue

from the anatomical, functional images, and magnitude images, fol-
lowed by a manual approach to ensure the removal of non-brain
tissue around the brainstem; standard motion correction (average
motion was <0.5 mm during both stimulation conditions); spatial
smoothing using a 5 mm full-width at half-maximum Gaussian
kernel; field inhomogeneities were corrected using B0 Unwarping
in FEAT; grand-mean intensity normalization; and high pass tem-
poral filtering (Gaussian-weighted least-squares straight line fitting,
σ = 600s for scans #1 and #2 [11–15]. For analysis of the brain-
stem, the above pre-processing analyses were carried out a second
timewithout spatial smoothing to reduce the likelihood of false posi-
tives and to enable detection of discrete activity within regions of
the brainstem, which are smaller in size than forebrain regions [8,16].

Registration of the functional images to the high-resolution an-
atomical images was performed using Boundary-Based Registration
[17]. High-resolution anatomicals were registered non-linearly to
MNI152 standard space using FMRIB’s Nonlinear Registration Tool
[18,19].

For statistical analyses, the following explanatory variables (EVs)
were created at the individual level for the experimental condi-
tion and used as regressors to determine the average activity elicited
by each condition: whole duration nVNS (2 min), pre-button-
press nVNS, post-button-press nVNS, and early (initial 3 min), mid
(middle 3 min), and late (last 3 min) post-stimulation. The same
process was conducted for the control condition. Higher-level, mixed-
effects analyses were carried out to determine mean group effects,
followed by contrast analyses to determine differences between nVNS
and SCM stimulation. These analyses were carried out once as a
whole-brain analysis, and a second time for brainstem analysis using
“unsmoothed” data [8,16]. Brainstem regions were localized using
the Duvernoy brainstem atlas [20]. Contrast-masking was in-
cluded to ensure that all contrast results were driven by positive
z-statistic voxels of both conditions. All higher-level analyses were
corrected for multiple comparisons. The whole-brain and brain-
stem analyses were processed with a cluster-significance threshold
of p = 0.01 and p = 0.001, respectively. The range of z-scores for each
analysis is indicated on each figure (the lower interval indicates the
cluster-forming threshold for that particular analysis).

Results

The findings are summarized in Table 1.

Active stimulation period

Whole-brain analyses
nVNS compared to baseline. Classical vagal projections were acti-
vated in response to the 2 min nVNS stimulation. By comparison
with baseline, bilateral activation was observed in: the “visceral
region” of the primary sensory cortex (S1), the operculum, anterior-,
mid- and posterior insula, dorsolateral prefrontal cortex, anterior
cingulate cortex, supramarginal gyrus, thalamus, caudate, and
putamen. Contralateral (left) activation was observed in the lateral
occipital and middle temporal cortices and cerebellum. Ipsilateral
activation was observed in the superior frontal and orbitofrontal cor-
tices, and in the supplementary motor area. Extensive deactivation
was found bilaterally in visual areas, and in the right hippocam-
pus and parahippocampus (Fig. 2).

SCM compared to baseline. The control stimulation condition (ster-
nocleidomastoid muscle) activated the following forebrain regions:
bilateral posterior insula, operculum, and neck/shoulder region of
S1. Contralateral activationwas observed in the primarymotor cortex.
Deactivation was found in the visual cortex.
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Table 1
Significant findings with coordinates of max z-score.

Active stimulation period

Whole-brain

nVNS > BL z-score x y z

Activations
Left
Anterior cingulate 3.87 −2 22 34
Caudate 3.16 −12 −2 16
Cerebellum 3.89 −32 −72 −32
Dorsal lateral prefrontal cortex 4.16 −30 32 40
Insula 3.39 −38 2 4
Lateral occipital cortex/mid-temporal gyrus 3.86 −62 −62 6
Operculum 3.35 −58 −18 16
Putamen 3.15 −22 10 8
Primary sensory cortex 4.14 −60 −20 30
Supramarginal gyrus 4.16 −62 −38 36
Thalamus 3.83 −10 −16 10
Right
Orbitofrontal cortex 3.33 40 30 −2
Supplementary motor area 3.13 4 4 66
Anterior cingulate 4.13 10 34 12
Caudate 3.93 16 24 6
Dorsal lateral prefrontal cortex 4.01 54 20 36
Insula 4.11 38 20 0
Operculum 3.87 36 2 16
Putamen 3.11 24 12 −4
Primary sensory cortex 3.21 58 −14 30
Superior frontal cortex 4.68 20 10 64
Supramarginal gyrus 4.30 58 −44 52
Thalamus 2.83 18 −16 12

Deactivations
Left
Lateral occipital cortex 3.31 −28 −88 18
Temporal occipital fusiform cortex 3.66 −28 −48 −8
Right
Hippocampus 3.14 32 −16 −16
Lateral occipital cortex 3.67 32 −78 22
Parahippocampus 3.04 30 −28 −20
Temporal occipital fusiform cortex 4.28 26 −46 −12

SCM > BL z-score x y z

Activations
Left
Operculum 3.87 −52 −36 20
Posterior insula 4.24 −36 −18 16
Premotor cortex 3.98 −12 −12 68
Primary sensory cortex 3.96 −20 −44 62
Right
Insula 3.74 44 −6 0
Operculum 3.80 40 −20 20
Primary sensory cortex 5.61 26 −38 68

Deactivations
Lateral occipital cortex 3.28 38 −84 −8

nVNS > SCM z-score x y z

Activations
Left
Dorsal lateral prefrontal cortex 4.01 −30 32 40
Anterior cingulate 3.16 −2 16 34
Caudate 3.04 −12 −2 16
Cerebellum 3.90 −32 −70 −28
Lateral occipital cortex 3.75 −50 −74 −12
Paracingulate 3.56 −2 42 30
Primary sensory cortex (visceral) 3.13 −60 −20 30
Supramarginal gyrus 3.88 −52 −42 56
Thalamus 3.70 −10 −16 10
Right
Dorsal lateral prefrontal cortex 3.49 52 16 42
Anterior cingulate 4.04 10 36 12
Anterior insula 3.15 38 22 0
Caudate 3.72 16 20 8
Paracingulate 4.20 2 38 36
Putamen 2.70 24 12 −4
Superior frontal gyrus 4.45 22 12 68
Thalamus 2.97 18 −16 12

Brainstem (unsmoothed)

nVNS > SCM z-score x y z

Activations
Left
Parabrachial area 1.21 −4 −40 −22
Ventral tegmental area 1.21 −2 −22 −14
Nucleus cuneiformis 1.32 −4 −26 −14
Brachium conjunctivum 1.46 −2 −24 −14
Right
Medial longitudinal fasciculus 1.06 0 −42 −60
Nucleus of the solitary tract (NTS) 1.14 2 −46 −58
NTS/dorsal motor nucleus of vagus 1.32 −4 −44 −52
Parabrachial area 1.39 6 −40 −22
Substantia nigra 1.58 16 −16 −12
Vestibular nucleus 1.67 4 −44 −46
Nucleus cuneiformis 1.09 8 −28 −18

Deactivations
Left
Nucleus of the solitary tract 1.32 −2 −46 −60
Corticospinal tract 1.91 −2 −34 −60
Pontine nuclei 1.93 −6 −26 −32
Right
Spinal trigeminal nucleus caudalis 1.26 6 −44 −60

Post-nVNS period

Whole-brain

Early post-nVNS z-score x y z

Deactivations
Left
Medial frontal cortex 3.04 −4 32 −24
Medial temporal gyrus 4.13 −54 −20 −8
Paracingulate 3.63 −2 42 28
Right
Medial frontal cortex 3.71 2 36 −24
Paracingulate 2.94 2 42 30

Mid-post-nVNS z-score x y z

Activations
Left
Anterior cingulate 2.55 −2 38 2
Hypothalamus 3.15 −4 0 −6
Parahippocampus 2.76 −32 −34 −14
Precuneus 3.50 −8 −52 10
Thalamus 2.84 −20 −30 6
Right
Amygdala 3.01 24 −4 −16
Anterior cingulate 2.67 6 22 20
Anterior insula 3.52 32 18 −4
Hippocampus 2.42 30 −10 −20
Precuneus 3.13 16 −52 16
Thalamus 2.75 8 −8 0

Late post-nVNS z-score x y z

Activations
Left
Cerebellum 3.62 −32 −52 −50
Precentral gyrus 3.15 −32 −16 52
Precuneus 3.50 −6 −54 36
Putamen 3.14 −22 18 −2
Superior frontal gyrus 3.52 −4 36 44
Thalamus 3.19 −4 −12 8
Right
Caudate 2.67 14 8 12
Precentral gyrus 3.50 12 −28 62
Precuneus 3.38 8 −70 50
Superior frontal gyrus 3.56 16 4 62
Thalamus 2.96 6 −24 8

Brainstem (unsmoothed)

Early post-nVNS z-score x y z

Right
Substantia nigra 2.25 8 −18 −18
Midline
Dorsal raphe nucleus 2.09 0 −30 −22

(continued on next page)
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nVNS > SCM. By comparison of nVNS with control, muscle stimu-
lation (Fig. 3), bilateral activation was observed in: dorsolateral
prefrontal, paracingulate and anterior cingulate cortices, caudate,
and thalamus. Contralateral activation was observed in the “vis-
ceral region” of S1, supramarginal and lateral occipital cortices, and
cerebellum. Ipsilateral activationwas observed in the superior frontal
and premotor cortices, anterior insula, and putamen. No regions were
activated significantly more by SCM than by nVNS (i.e., in the
SCM > nVNS comparison).

Lower brainstem analyses
To avoid activation of brainstem nuclei responsive to move-

ment and sensation associated with the participants’ button press,
we analyzed the “post-button press” period of the 2 min nVNS and
SCM stimulation conditions. Within the lower brainstem, we found
significantly greater activation in response to nVNS than to SCM
(nVNS > SCM) in the following regions: ipsilateral (right) NTS, region
of contralateral NTS/dorsal motor nucleus of the vagus, medial lon-
gitudinal fasciculus, vestibular nuclei, bilateral parabrachial area, and

nuclei cuneiformis, and contralateral (left) brachium conjunctivum;
scattered activation was observed in the substantia nigra and ventral
tegmental area (Figs. 4 and 5). Significant deactivations in re-
sponse to nVNSwere observed in the region of the contralateral (left)
NTS, the cortical spinal tract, and pontine nuclei, and in the ipsi-
lateral (right) spinal trigeminal nucleus caudalis (Fig. 5).

The lower brainstem analysis indicated that the NTS, which is
the first central relay of vagal afferents, was significantly activated
during nVNS by comparison with SCM stimulation.

Post-nVNS period

Whole-brain analyses
Based on other vagus stimulation paradigms in which behav-

ioral effects persisted beyond the stimulation period, we analyzed
the activity in the 15min post-stimulation period by dividing it into
3 phases – early (minutes 1–3), middle (minutes 7–9), and late
(minutes 13–15).

In the forebrain, during the initial post-nVNS period, we found
no significant regional activation; however, there was deactiva-
tion of the medial frontal and paracingulate cortices (bilateral), and
medial temporal gyrus (contralateral). Similarly, in the late post-
stimulation period, there was no significant regional activation, but
extensive deactivation of regions including the bilateral thalamus,
superior frontal gyrus, precentral gyrus, and precuneus, contralat-
eral putamen and cerebellum, and ipsilateral caudate.

By striking contrast, the following brain regions became acti-
vated during the mid-post-stimulation period (compared to
baseline): ipsilateral hippocampus, amygdala, and anterior insula,
contralateral parahippocampal gyrus and hypothalamus, bilateral
thalamus, precuneus, anterior cingulate, and prefrontal cortex (Fig. 6).

Table 1 (continued)

Mid-post-nVNS z-score x y z

Left
Dorsal raphe nuclei 1.43 −2 −28 −18
Right
Nucleus cuneiformis 2.35 8 −28 −16
Midline
Periaqueductal gray 1.41 0 −32 −18
Ventral tegmental area 1.76 0 −24 −18

Late post-nVNS z-score x y z

Left
Dorsal raphe nuclei 1.68 −2 −28 −18
Right
Nucleus cuneiformis 2.61 10 −26 −14
Substantia nigra 1.98 8 −20 −16
Midline
Periaqueductal gray 1.64 0 −32 −18
Ventral tegmental area 1.84 0 −24 −18

Note: Whole-brain analyses – corrected, p < 0.01; brainstem analyses – unsmoothed;
corrected, p < 0.001.

Figure 2. During the 2 min nVNS period, deactivation (baseline > nVNS) was ob-
served in the hippocampus and parahippocampus (z = 26). R: right.

Figure 3. The labeled brain regions showed significantly greater activity during nVNS
stimulation (right antero-lateral neck region overlying the vagus nerve) than during
SCM, control, stimulation (right postero-lateral neck region). Slice coordinates, clock-
wise from top left: y = 53, z = 38, x = 60, x = 42. Abbreviations: ACC: anterior cingulate
cortex; DLPFC: dorsolateral prefrontal cortex. R: right.
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Lower brainstem analyses
During the early post-nVNS period, activations were observed

in the substantia nigra and dorsal raphe nuclei. The ventral teg-
mental area (VTA), periaqueductal gray (PAG), and nucleus
cuneiformis became activated during the mid post-nVNS period and
the dorsal raphe remained activated. Activation in all these regions
persisted throughout the late post-nVNS period, including activa-
tion in the substantia nigra (Fig. 6).

There was less deactivation in the lower brainstem during the
mid-post nVNS phase than during the early or late post-nVNS phases.
This is consistent with the greater activation in forebrain during this
mid-phase, and the greater deactivation of forebrain during the post-
nVNS early and late phases.

Discussion

The present study provides fMRI evidence in 13 healthy adults
that mild electrical stimulation of the antero-lateral surface of the
neck, in the region overlying the course of the vagus nerve, com-
pared to stimulation of the postero-lateral surface of the neck,
activated classical vagal projections, e.g., NTS (ipsilateral), parabrachial
area, insula, lateral S1, thalamus, and caudate, and deactivated the
hippocampus, contralateral NTS, and ipsilateral spinal trigeminal
nucleus. In addition to these classical vagal projections, we ob-
served activation of regions in the lower brainstem involved in
proprioception and painmodulation. The post-nVNS periodwas char-

acterized by a dramatic biphasic pattern of initial deactivation,
followed by a mid-phase of significant activation that included
regions different from those during stimulation, followed by a sec-
ondary overall deactivation in cortical, subcortical, and cerebellar
regions. Post-nVNS activations in the brainstem were found within
regions different from those during stimulation, specifically in the
substantia nigra, VTA, dorsal raphe nuclei, and periaqueductal gray.

While not directly comparable, nevertheless, the observed re-
gional brain activity in this study on healthy participants is analogous
to that reported for invasive stimulation of the left cervical vagus
nerve in patients with epilepsy and depression; e.g., insula, thala-

Figure 4. The labeled upper brainstem regions showed significantly greater activ-
ity during the nVNS condition compared to the SCM, control, stimulation condition.
These and subsequent schematic diagrams are modified from the Naidich et al. [20]
atlas. Abbreviations: n.: nucleus; VTA: ventral tegmental area; V: ventral; D: dorsal;
R: right; L: left.

Figure 5. The labeled lower brainstem regions showed significantly greater activ-
ity during the nVNS condition compared to the SCM, control, stimulation condition.
Deactivations observed during nVNS are shown on the last horizontal slice (z = 5)
alongside the activations observed in the above contrast analysis. Abbreviations:
DMNV: dorsal motor nucleus of the vagus; MLF: medial longitudinal fasciculus; n.:
nucleus; NTS: nucleus of the solitary tract; V: ventral; D: dorsal; R: right; L: left.
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mus, hypothalamus, postcentral gyrus, middle temporal gyrus,
cerebellum, and superior, middle, and orbitofrontal gyri [21–33].
Similar regional activity was reported with non-invasive stimula-
tion of the external ear in regions innervated by the auricular branch
of the vagus nerve [6–8,34].

A unique pattern of activation in the brainstem was observed
in response to nVNS in the present study that was not previously
reported by others who investigated the neural correlates of affer-
ent vagal stimulation in humans. That is, in the present study, nVNS
activated both the vagal afferent pathway and brainstem regions in-
volved in proprioception and baroreceptor activation, as would occur
in the orthostatic reflex. In this reflex, changes in blood pressure
are detected by baroreceptors, which project to the NTS and
parabrachial nuclei, in response to changes in posture and head po-
sition, which are detected by the vestibular system. The latter
involves vestibular and parabrachial nuclei, the medial longitudi-
nal fasciculus, brachium conjunctivum, and cerebellum, each of
which was activated by nVNS in the present study. A classical effect
of direct stimulation of the baroreceptors is profound vasodilation
[35]. There is evidence that cluster headaches are associated with
increased hypertension during an attack [36,37]. Thus, it is possi-
ble that one of themechanisms bywhich cluster headache frequency
and attacks were reduced and aborted, respectively, with nVNS in
the study by Nesbitt et al. [9] was by inducing hypo-tension through
suprathreshold activation of the carotid baroreceptors.

In 2002, Goadsby [38] implicated the hypothalamus in cluster
headache on the basis of structural and neuroendocrine changes ob-
served in chronic sufferers.

A case report of the long-term effects of deep brain stimulation
(DBS) of the hypothalamus for intractable cluster headache indi-
cated that the treatment was successful [39], although a subsequent

study did not replicate this finding [40]. Nesbitt et al. [9] reported
an 11 min delayed onset of cluster headache attenuation in re-
sponse to nVNS using the same parameters as the present study.
Consistent with the Nesbitt et al. [9] report, we found a 10 min lag
in the activation of the hypothalamus in response to nVNS. Thus,
a possible mechanism by which nVNS attenuates cluster head-
ache is via its ability to modulate hypothalamic activity.

Analgesic effects other than headache attenuation may occur in
response to nVNS-evoked activation of the dorsolateral prefrontal
cortex, as this region is implicated in antinociceptive responses
against experimental and chronic pain [41,42]. The post-nVNS ac-
tivation observed in the raphe nuclei and PAG in the present study
is consistent with the effects of non-invasive vagal stimulation via
the external ear [8] andmay activate the descending pain-inhibitory
pathways in the spinal cord [43,44]. The activation of nucleus
cuneiformis observed during and after nVNS is of particular inter-
est, as this nucleus has been shown in rats to respond to vagal
stimulation [45] and to activate the descending pain-modulatory
system [46]. Furthermore, deactivation of the spinal trigeminal
nucleus in response to nVNS suggests a role for nVNS in counter-
ing trigeminal nociception. In 2003, Bohotin et al. [47] showed that
invasive VNS inhibited formalin-induced Fos-expression within the
spinal trigeminal nucleus in rats. Recently, Oshinsky et al. [48] re-
ported in rats, that administration of glyceryl trinitrate induced
periorbital trigeminal allodynia and significantly elevated the
nociception-inducing excitatory amino acid, glutamate, in the ex-
tracellular space of the spinal trigeminal nucleus caudalis. After 2min
of nVNS, periorbital sensitivity was reduced and elevated extracel-
lular levels of glutamate were significantly reversed.

The deactivation of the hippocampus observed in the present
study suggests a possible role for nVNS in attenuating seizure

Figure 6. After the cessation of the nVNS stimulation, brain activity changed in a biphasic pattern. We divided the 15 min post-stimulation period into three 3-min phases
and compared each phase to baseline: “Early” (the first 3 min upon cessation of the stimulation), “Mid” (min 7–9), and “Late” (min 13–15). Upper row: During the Early
phase, there was significant deactivation (activity significantly lower than during the baseline, pre-nVNS period) in the labeled regions. By striking contrast, there was a
“rebound” activation of the regions shown during the Mid phase. Deactivation returned in widespread brain regions during the Late phase. Slice coordinates from left to
right: x = 45, x = 46, x = 49. Lower row: In the lower brainstem (z = 27), activation persisted after cessation of nVNS in the labeled regions. Abbreviations: PAG: periaqueductal
gray; VTA: ventral tegmental area; D. Raphe n.: dorsal raphe nucleus. R: right.
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activity in patients with intractable epilepsy. These findings cor-
roborate those of other studies reporting on afferent vagal stimulation
in epilepsy patients [49] and healthy participants [7,8].

Limitations

The control stimulation condition was mild transcutaneous stim-
ulation of the postero-lateral neck region, overlying the
sternocleidomastoid muscle (SCM). While NTS activation was not
observed in response to SCM stimulation, the data analysis indi-
cated that this “control” stimulus activated a distribution of brain
regions that overlapped, to a limited extent, those activated much
more extensively by stimulation of the (experimental, nVNS) antero-
lateral neck region, which overlies the vagal trunk. Based on these
findings, we conclude that SCM stimulation is not an optimal control
for antero-lateral “vagal” neck stimulation because it seems to ac-
tivate the vagal trunk to some extent, possibly by spread of current.
Consequently, amore remote stimulation site is advisable as a control
condition. Nevertheless, it is possible that stimulation of the SCM
activates brain regions similar to those activated by vagal affer-
ents, independent of spread of current, as brain regions typically
respond to more than one type of stimulus. However, as there was
an indication of possible vagal activation in response to the muscle
stimulation – as indicated by bilateral operculum and posterior insula
activation – caution in interpretation of nVNS > SCM is advisable.

Conclusion

The present findings provide evidence in humans that cervical
vagal afferents can be accessed non-invasively via transcutaneous
electrical stimulation of the antero-lateral surface of the neck (nVNS),
which overlies the course of the vagus nerve. The regional brain ac-
tivation elicited by nVNS is analogous to that elicited by invasive
vagus nerve stimulation and other forms of non-invasive vagus stim-
ulation, specifically that applied to the external ear in the sensory
field of the auricular branch of the vagus nerve. While more re-
search is needed to evaluate the therapeutic efficacy of nVNS, ease
of use and application of nVNS render it feasible to test its effec-
tiveness against disorders that are responsive to afferent vagal
stimulation.
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