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Optimization of Transcutaneous Vagus Nerve
Stimulation Using Functional MRI
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Objective/Hypothesis: Vagus nerve stimulation (VNS) is an established therapy for drug-resistant epilepsy, depression, and a
number of other disorders. Transcutaneous stimulation of the auricular branch of the vagus nerve (tVNS) has been considered as
a non-invasive alternative. Several functional magnetic resonance imaging (fMRI) studies on the effects of tVNS used different
stimulation parameters and locations in the ear, which makes it difficult to determine the optimal tVNS methodology. The present
study used fMRI to determine the most effective location for tVNS.

Materials and Methods: Four stimulation locations in the ear were compared: the inner tragus, inferoposterior wall of the ear
canal, cymba conchae, and earlobe (sham). Thirty-seven healthy subjects underwent two 6-min tVNS stimulation runs per elec-
trode location (monophasic rectangular 500 ps pulses, 25 Hz). General linear model was performed using SPM; region-of-interest
analyses were performed for the brainstem areas.

Results: Stimulation at the ear canal resulted in the weakest activation of the nucleus of solitary tract (NTS), the recipient of most
afferent vagal projections, and of the locus coeruleus (LC), a brainstem nucleus that receives direct input from the NTS. Stimula-
tion of the inner tragus and cymba conchae activated these two nuclei as compared to sham. However, ROI analysis showed that
only stimulation of the cymba conchae produced a significantly stronger activation in both the NTS and LC than did the sham
stimulation.

Conclusions: These findings suggest that tVNS at the cymba conchae properly activates the vagal pathway and results in its
strongest activation, and thus may be the optimal location for tVNS therapies applied to the auricle.

Keywords: Auricular branch of vagus nerve, functional magnetic resonance imaging, locus coeruleus, nucleus of solitary tract,
transcutaneous vagus nerve stimulation
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INTRODUCTION

Vagus nerve stimulation (VNS) is an approved treatment for epi-
lepsy, as well as a therapeutic option for a wide variety of disorders,
including depression, anxiety, and Alzheimer's disease (1-5). This
technique is implemented by surgically implanting a stimulator on
the chest wall and running a wire from the stimulator to the vagus
nerve in the neck. VNS triggers the release of several neuromodula-
tors that are thought to enhance plastic changes in the cerebral cor-
tex (6,7); when paired with motor or sensory stimuli, it promotes a
substantial reorganization of cortical maps (8-10). Recently, a rat
model was used to demonstrate that VNS paired with tones reverses
tinnitus-related plasticity of the auditory cortex (11). Existing theories
on the underlying mechanisms of VNS therapy include, among
others, the modulation of norepinephrine release via projections
extending from the nucleus of solitary tract (NTS) to the locus coeru-
leus (LC), which subsequently influence the limbic, reticular, and
autonomic centers of the brain (12-14).

Although the clinical efficacy of VNS is well recognized, the
adverse effects related to its invasiveness make it a difficult, risky,
and expensive method for large-scale application to clinical popula-
tions. To minimize these negative aspects, transcutaneous stimula-
tion of the afferent auricular branch of the vagus nerve (ABVN) at the
external ear has been considered as an alternative treatment option

(15). Currently, several commercial transcutaneous VNS (tVNS) devi-
ces are available, including NEMOS® (http://www.cerbomed.com),
which stimulates the cymba conchae for the treatment of epilepsy,
P-stim® (http://www.octusaspine.com/p-stim.html), which stimulates
three acupunctural points in the auricle for the management of
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Figure 1. a. Custom-built MRI-compatible tVNS stimulator used in the present study. b. Six silver electrodes (four active, two reference electrodes). c. tVNS stimula-
tion locations: A: inner surface of the tragus, B: inferoposterior wall of the external acoustic meatus, C: cymba conchae, D: earlobe. The reference electrode for loca-
tions A, B, and C was placed on the outer wall of the tragus, and the reference electrode for D was placed on the back side of the earlobe.

chronic pain, SaluStim® (http://www.tinnitustreatmentcentre.com),
which is designed to relieve tinnitus by applying tVNS at the inner
side of the tragus in combination with sound therapy, and
gammaCore©, which stimulates the vagus nerve in the neck to
relieve pain and reduce headache and migraine (http://gammacore.
com). To date, four studies have used functional magnetic resonance
imaging (fMRI) to investigate the brain response to tVNS (16-19).
However, there are considerable discrepancies among the results of
these tVNS fMRI studies. Only two of these studies reported activity
in the NTS, which is the primary brain region receiving projections
from the vagus nerve (17,19,20). Differences in the study methodolo-
gies and the areas of the external ear that were stimulated may have
led to variability among the results. As a result, the precise location
at which tVNS stimulation would yield the results most specific to
vagal stimulation remains unclear.

Thus, the present study employed fMRI to compare the effects of
tVNS applied at four different locations in the left ear to identify the
most effective location for tVNS therapy in the auricle. Three loca-
tions were selected for stimulation based on existing knowledge
regarding the anatomical distribution of the ABVN (21-24), previous
tVNS fMRI studies (16-19), and the stimulation locations for com-
mercially available tVNS devices: the inner surface of the tragus, the
inferoposterior wall of the external acoustic meatus (ear canal), and
the cymba conchae. Furthermore, stimulation at the earlobe, which
is known to be relatively free of vagal innervation, was performed as
a sham stimulation (21).

METHODS

Subjects

The present study included 37 healthy individuals with a mean
age of 30.9 = 8.2 years (two left-handed subjects, 18 males). The
Institutional Review Board of Kangwon National University Hospital
approved the study protocol, and all subjects provided written
informed consent prior to participation. The subjects had no known
otological, neurological, or psychological disorders and were not
taking any medications at the time of experiment. Prior to the study,
the stimulation procedure and the experiment protocol were
explained to subjects, who were informed that they could leave the
experiment at any time. Prior to fMRI scanning session, subjects
were familiarized with the electrical stimulation through preliminary

sensory/pain threshold testing (described below), which lasted
about 20 min.

Electrical Stimulation

All electrical stimulation was applied using a custom-made stimu-
lator (Fig. 1a) connected with silver wires to six electrodes (four stim-
ulation and two reference electrodes; Fig. 1b). The electrodes were
99.99% pure silver, and the connecting 10-m cables were designed
for MRl compatibility and did not generate any MRI artifacts. The
electrical stimulus was a monophasic rectangular impulse with a
pulse width of 500 psec and a stimulation frequency of 25 Hz, which
was shown to produce better results than low frequencies during
VNS (25). The stimulation was performed at the left ear because the
efferent vagal fibers to the heart are generally located on the right
side (13). The electrodes for the tVNS were positioned at four loca-
tions in the left ear: electrode A was at the inner surface of the tra-
gus, electrode B was at the inferoposterior wall of the ear canal (at
the cartilaginous part of the ear canal), electrode C was at the cymba
conchae, and electrode D was at the earlobe (Fig. 1¢). The reference
electrode for electrodes A, B, and C were placed at the outer surface
of the tragus, whereas the reference electrode for electrode D
(sham) was placed at the backside of the earlobe.

Prior to starting the scanning session, the subjects’ sensory and
pain thresholds were tested outside of the scanner room to familiar-
ize them with the stimulation sensation and procedure. This testing
was conducted at every stimulation location after the electrodes
were fixed in the subject’s left ear. Starting from 0.1 mA, the intensi-
ty was gradually increased by 0.1 mA until the subject reported a
sensation (sensory threshold); the intensity was then gradually
increased until the subject started to feel pain or intolerable discom-
fort (pain threshold). The procedure was repeated for each of the
four electrodes. After that the subject was placed into the MRI scan-
ner with the electrodes kept in their positions. Prior to each func-
tional run, the sensory and pain thresholds of the subjects were
tested again inside the MRI scanner using the above procedure; the
determined thresholds were accepted as final. The stimulation inten-
sity for each electrode was chosen as the intensity that was 0.1 mA
weaker than the intensity corresponding to the pain threshold. The
electrodes were not moved or removed for the entire duration of
the scanning procedure, starting from the preliminary testing out-
side of the scanner room. The subjects were instructed to remain still
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with their eyes closed and to concentrate on the sensation. The sub-
jects were supplied with the emergency button in case they needed
to interrupt the scanning, and were instructed to feel free to with-
draw from the experiment at any moment if continuing the experi-
ment did not feel comfortable. The subjects were asked about their
condition throughout the functional session after every run.

Data Acquisition

Imaging was performed using a 3.0 T MRI scanner (Philips
Achieva, Philips, Amsterdam, Netherlands) with a 32-channel SENSE
head coil (Philips). Coronal 3D T1-weighted high-resolution structur-
al images of the whole brain were acquired for anatomical orienta-
tion using the following parameters: TR=9.8 ms, TE =48 ms,
FA = 8° slice thickness=1.0 mm, matrix =256 X 256 X 195,
FOV = 220 X 220 mm, and voxel size = 0.94 X 0.94 mm. Additional-
ly, T2*-weighted functional images were acquired using a gradient
echo planar imaging (EPI) sequence with the following parameters:
30 oblique coronal slices, TR=2000 ms, TE=35 ms, FA=90°,
matrix =80 X 80, FOV =220 X 220 mm, and voxel size = 2.75 X
2.75 mm. The slice plane was positioned parallel to the back wall of
the brainstem. Each location was stimulated in two runs with 30 sec
of stimulation followed by 1 min of rest; this cycle was repeated four
times in a run. Each subject underwent eight 6-min fMRI runs total,
with up to 90 sec of rest in between runs, during which the subjects
were asked about subjective strength of experienced sensation and
their overall condition. The order of stimulation was counterbal-
anced and varied from subject to subject. A total of 360 functional
volumes were obtained for each stimulation location. The stimulus
intensity was adjusted individually for each electrode before each
scan to the level of a prominent but bearable sensation immediately
below the subjective pain threshold for each subject.

Throughout the entire imaging session, the heart rate of each
subject was monitored using a wireless MRI-compatible pulse oxim-
eter (Medrad Veris™ 8600, Medrad Inc, Warrendale, PA, USA)
attached to the right index finger. The experiment was to terminate
immediately if the subject showed bradycardia (heart rate <60
BPM) or abnormal cardiac rhythms.

Data Analysis

All data were preprocessed and statistically analyzed using the
SPM12 software package (Wellcome Department of Cognitive Neu-
rology, Institute of Neurology, University College London, UK) in the
MATLAB 7.8 programming environment (MathWorks, Inc,; Natick,
MA, USA). Preprocessing included the following steps for each sub-
ject: correction for head motion, slice timing correction, co-
registration to the first volume of each run, normalization to the
standard Montreal Neurological Institute (MNI) T1 template, and spa-
tial smoothing using an 8-mm isotropic Gaussian kernel. Since brain-
stem nuclei are considerably smaller than cortical areas, smoothing
may not be appropriate for brainstem analysis; therefore, to explore
brainstem activity, the additional analysis on the unsmoothed data
was performed.

At the individual level, the preprocessed data were fitted to a gen-
eral linear model implemented in SPM12. For each run, the boxcar
stimulus function was convolved with a canonical hemodynamic
response function and data were high-pass filtered using a cutoff
period of 128 sec. Motion parameters were added as nuisance
regressors. Serial correlations in the fMRI time series were accounted
for using an autoregressive AR(1) model. The blood oxygen level
dependent (BOLD) activity in each of the four stimulation locations
was first modeled separately to obtain the stimulation—-rest contrast

for each electrode. Then, the stimulation data for all four locations
were fitted into one model and the contrasts A-D, B-D, and C-D
were obtained to compare the stimulations in the three active loca-
tions (A, B, and C) with that in the sham location (D). One-sample
t-tests were performed on the resulting individual contrast maps to
obtain group activation maps, and these were corrected for multiple
comparisons using a cluster-significance threshold of p < 0.05 to
indicate statistical significance. For the brainstem, the same analysis
was done on the unsmoothed data.

Regions-of-interest (ROIs) were defined for the LC and NTS
because the NTS receives a majority of the vagal afferent sensory
fibers and then sends direct projections to the LC (26-28). The LC
ROI was defined using an available template (http://www.eckertlab.
org/LC) (29), whereas the NTS ROl was defined based on existing lit-
erature (30,31). All statistical analyses were performed using IBM
SPSS software (version 19.0; IBM Corp.; Armonk, NY, USA). The per-
centage signal change (PSC) was calculated using the following for-
mula: 100 X (Sstim — Srest)/Sresty Where Sgim Was the signal intensity
during the stimulus periods and S.s: Was the signal intensity during
the resting periods. The number of voxels with t > 3.33 for activation
and t< —3.33 for deactivation, the average t-score, and the PSC
were calculated for each ROI for each electrode location using the
unsmoothed data, and each of the active locations (A, B, and C) was
compared with the sham location (D) using paired t-tests with Bon-
ferroni’s correction for multiple comparisons. Stimulation intensities
and sensory thresholds were compared among all locations using a
within-subject analysis of variance (ANOVA) with Bonferroni’s correc-
tion for multiple comparisons. Pearson’s correlation analysis was
used to compare the relationships between the individual stimula-
tion intensities and the PSC for both the LC and NTS ROIs and for
each location to determine whether the level of activation and the
intensity of stimulation were dependent.

RESULTS

The sensory thresholds at electrodes A, B, C, and D ranged from
0.2-1 mA, 0.1-1.4 mA, 0.1-1.2 mA, and 0.1-1.2 mA, respectively,
with means = standard deviations (SD) of 0.44 * 0.21, 0.45 *+ 0.27,
0.51 £ 0.26, and 0.46 = 0.22, respectively (Fig. 2). The stimulation
intensities at electrodes A, B, C, and D ranged from 0.2-1.8 mA with
means = SD of 0.77 £ 0.42, 0.81 = 0.48, 0.91 = 0.47, and 0.81 = 0.38
mA, respectively. The mean stimulation intensities were similar for
all four locations, except for the stimulation at electrode C, which
was stronger than that at electrode A (p<0.05 Bonferroni-
corrected). No subjects experienced bradycardia (heart rate <60
BPM) or abnormal cardiac behavior during the course of the experi-
ment. Nobody withdrew or was withdrawn from the experiment.

Comparison of Stimulation Versus Resting States

The group analysis results of the four experimental locations rela-
tive to baseline are presented in Table 1. Stimulation at electrodes A
and D caused bilateral suprathreshold activation in the supramargi-
nal gyrus, whereas electrode B caused this activation on only the
right side. Stimulation at electrodes A and C activated the right thal-
amus, bilateral stria terminalis, bilateral corpus callosum, and cere-
bellum. Stimulation at electrode A caused additional lateralized
activation in the right anterior insula, frontal and central operculum,
and putamen. Additionally, the right frontal gyrus was activated
after stimulation at electrodes A (inferior) and D (inferior/middle;
Fig. 3). Stimulation at all four electrodes produced deactivation in
the auditory and auditory-associated cortices in the superior and
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Figure 2. Distributions and average values of the sensory thresholds (a) and stimulation intensities (b) for each location. The mean values are marked with a solid
diamond. *: p < 0.05 (within-subject ANOVA, Bonferroni-corrected for multiple comparisons).

middle temporal gyri (A, B, and C bilaterally and D on the right side).
Electrode A deactivated the bilateral inferior temporal gyri and left
planum temporale, whereas electrode C deactivated only the left
planum temporale.

In the limbic system, deactivation was observed in the posterior
cingulate gyrus and hippocampus for all electrode locations, in the
amygdala for electrodes B and C, in the posterior insula for electro-
des A and C, and in the parahippocampal gyrus for electrodes A, B,
and C. Deactivation was also observed in a number of frontal and
occipital regions including the precuneus, occipital, lingual, fusiform,
middle/anterior cingulate, and middle/superior frontal gyri (Table 1,
Fig. 3). When the threshold was lowered to p < 0.05, uncorrected for
multiple comparisons, the bilateral LC and NTS could be seen on the
activation maps of electrodes A and C, whereas the activation map
for electrode B showed only the NTS, and the activation map for
electrode D did not show either of these brainstem nuclei (Fig. 4).

The unsmoothed data analysis showed the LC activation for the
electrodes A, B, and C (bilateral for A and C and unilateral for B), and
the bilateral NTS for the same three electrodes, uncorrected for mul-
tiple comparisons (p < 0.001). Neither the LC nor the NTS was
observed on the activation map for the electrode D (Fig. 5a).

Comparisons of Active Location Stimulations (A, B, and C)
With the Sham Stimulation (D)

Compared with the sham earlobe stimulation (D), electrode B did
not produce any results above the chosen threshold, whereas elec-
trodes A and C resulted in increased activity in the LC and cerebel-
lum (Fig. 6a), and electrode A showed greater activity in the
thalamus and putamen. When examining the uncorrected maps of
the differences versus the sham stimulation (p < 0.001), additional
activations of the NTS, thalamus, and caudate nucleus were
observed on both the A-D and C-D maps (Fig. 6b). However, the
B-D contrast did not display any activity, even with the uncorrected
threshold.

In the analysis using the unsmoothed data, A-D and C-D contrast
maps showed the bilateral LC and NTS activations, while B-D con-
trast displayed only the unilateral LC (Fig. 5b). Furthermore, NTS acti-
vation was observed on the individual maps of the following
numbers of subjects per contrast: A (9 subjects), B (11 subjects), C
(14 subjects), A-D (12 subjects), B-D (5 subjects), and C-D (16
subjects).

ROI Analysis

Electrodes A and C had a significantly greater number of activated
voxels above the chosen threshold and higher t-scores than elec-
trode D for the NTS (Fig. 7). For the LC, only the electrode C had a
significantly higher t-scores than electrode D. All absolute correla-
tions between stimulation intensity and the PSC were less than 0.2,
and none was significant for either the LC or NTS.

DISCUSSION

Four previous studies have investigated the effects of tVNS
using fMRI, but several different areas of the ear were stimulated;
namely, the inner wall of the tragus (16-18), the posterior side of
the ear canal (17), and the cymba conchae (19). Similar to the pre-
sent study, Kraus et al. (2013) compared stimulation at the inner
tragus and posterior wall of the ear canal with sham stimulation
at the earlobe. However, the cymba conchae, which is one of the
major ABNV-innervated locations that has been previously stud-
ied and is the location used by the commercial device NEMOS®,
was not included in that study. Additionally, it has been sug-
gested that the inferoposterior wall, rather than the posterior
wall, is the aspect of the ear canal most heavily innervated by the
vagus (22,24). The most commonly observed areas in these tVNS
fMRI studies, including the insula, amygdala, hippocampus, para-
hippocampal gyrus, thalamus, cerebellum, cingulate gyrus, and
frontal and paracentral lobules, generally coincided with the find-
ings of previous VNS fMRI studies (25,32-36), although the acti-
vated and deactivated areas were not entirely consistent among
these studies.

The NTS is the primary brainstem target of the vagus, as it
receives approximately 95% of all vagal afferents (12,26). The NTS
projects to numerous areas in forebrain, limbic, and brainstem struc-
tures (17,19,20) including the LC, which is the major noradrenergic
nucleus in the brain and plays a key role in the mechanisms of
action underlying VNS (27,28,37,38). It is difficult to determine activa-
tion in small brainstem structures such as these due to their loca-
tions in the brainstem and small sizes, which weaken signal intensity
due to a greater number of motion artifacts after vascular fluctua-
tion (39). Nevertheless, activation in both of these structures was
determined in the present study. Only two studies have previously
succeeded in demonstrating this type of activation (17,19), whereas
another study reported only ipsilateral LC activation (18). In the
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Table 1. The Present and Previous fMRI Studies Using VNS and tVNS.

First author Bohning Lomarev
Procedure used VNS VNS
Year of publication 2001 2002
Number of subjects 9 sub 9 sub

Statistical threshold

Contrast (tVNS)
Analysis method (tVNS)

Locus coeruleus

Nucleus of solitary tract

Amygdala T1
Angular gyrus

Bed nucleus of stria terminalis
Caudate

Cerebellar hemisphere

Cingulate gyrus anterior

Cingulate gyrus middle

Cingulate gyrus posterior

Corpus callosum

Frontal gyrus inferior

Frontal gyrus middle

Frontal gyrus superior Tr
Fusiform gyrus

Hippocampus

Hypothalamus Thb Tbh
Insula anterior

Insula posterior

Occipital gyrus inferior Tb
Occipital gyrus middle

Occipital gyrus superior lb
Parahippocampal gyrus

Parietal lobe

Postcentral gyrus

Precentral gyrus

Precuneus

Putamen

Stria terminalis

Supramarginal gyrus

Temporal gyrus inferior

Temporal gyrus middle Tl
Temporal gyrus superior

Thalamus

p <0.001 uncorrected p < 0.001 uncorrected

Narayanan  Sucholeiki Liu Mu Nahas
VNS VNS VNS VNS VNS
2002 2002 2003 2004 2007
5 sub 4 sub 5 sub 12 sub 17 sub
individual  individual individual  p<0.001, cluster p<0.05 p<0.1
11
Tb Lr Tb
Lr
lb Lr
Tb Tr
Tb
T Thb
11
11
e
Tb 11
e Tb(notall) Tb
lr
Thb
Tl Lr
11
11
11
lr
i T br
Tr 11 1Tb Tb
e

present study, stimulation at electrodes A (inner tragus) and C
(cymba conchae) produced a greater degree of activation in the NTS
and LC compared with the sham (Figs. 5b and 6b), whereas stimula-
tion at electrode B (ear canal) did not. Although electrode A dis-
played a higher average t-score and number of activated voxels in
the NTS compared with electrode D (sham), electrode C was the
only location that showed a significantly higher average t-scores in
both the LC and NTS compared with the sham (Fig. 7).

The notably weak NTS activation produced by electrode B may
indicate that there was an insufficient stimulation of the ABVN at
this location, probably due to a high degree of inter-subject variabili-
ty regarding the ABVN location in the ear canal. Although the cough
reflex (Arnold’s reflex), which is induced by the mechanical stimula-
tion of the ABVN, is consistently evoked by touching the

inferoposterior wall of the ear canal, the ABVN location inside of the
ear canal appears quite variable among subjects (21-23).

Decreased synaptic activity within the limbic system is one com-
ponent underlying the VNS mechanisms for the treatment of epilep-
sy and depression. Limbic system deactivation and decreased
regional cerebral blood flow (rCBF) have consistently been shown
by fMRI tVNS studies (16,17), and positron emission tomography
and single-photon emission computed tomography VNS studies
(40-44). In the present study, several major areas of the limbic sys-
tem were deactivated: the hippocampus and posterior cingulate
gyrus were deactivated by electrodes A, B, and C, whereas the para-
hippocampal gyrus and amygdala were deactivated by electrodes B
and C (Table 1, Fig. 3). However, the sham stimulation of electrode
D (earlobe) also deactivated these limbic areas. Electrical stimulation
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Table 1. Continued

First author Dietrich Kraus
Procedure used tVNS tVNS
Year of publication 2008 2007
Number of subjects 4 sub 8 sub
Statistical threshold uncorrected  p < 0.000003 uncorrected
Contrast (tVNS) A>rest A>rest
Analysis method (tVNS)

Locus coeruleus I

Nucleus of solitary tract

Amygdala Ib
Angular gyrus

Bed nucleus of stria terminalis

Caudate

Cerebellar hemisphere 11

Cingulate gyrus anterior Tr
Cingulate gyrus middle

Cingulate gyrus posterior 11 lb
Corpus callosum

Frontal gyrus inferior 11
Frontal gyrus middle

Frontal gyrus superior lb
Fusiform gyrus

Hippocampus L1

Hypothalamus

Insula anterior

Insula posterior T Tb
Occipital gyrus inferior

Occipital gyrus middle

Occipital gyrus superior

Parahippocampal gyrus b
Parietal lobe

Postcentral gyrus Tb

Precentral gyrus Tb
Precuneus b
Putamen

Stria terminalis
Supramarginal gyrus
Temporal gyrus inferior

Temporal gyrus middle lb
Temporal gyrus superior Lr
Thalamus Tb(>n) Tr

Kraus Frangos
tVNS tVNS
2013 2015
16 sub 12 sub
p < 0.001 uncorrected p<0.05 cluster corrected
B>D C>rest c>D
anterior B posterior B mask  whole brain  mask  whole brain
Tb Tb
11 11
Tr Tr Tr Tr
Tb Tb Tb Tb
Tr Tr
Tb Tb
Tr L
L Thb Tb
Tb Lr
Th !
Ib Ib Ib Ib
lb b Ib b
Tl Tb Thb Tb Tb
11 Il
Tr
Tb Tb Tb Tb
Tr Tr
Tb Tb Tb Tb
lr Tb Thb Thb Tb

of the earlobes has long been used as part of a noninvasive transcu-
taneous brain stimulation technique known as cranial electrotherapy
stimulation (CES), which is approved by the Food and Drug Adminis-
tration (FDA) for the treatment of insomnia, depression, and anxiety
(45,46). The earlobe is primarily innervated by the great auricular
nerve that originates from the cervical nerve (C2); thus, CES does not
stimulate the ABVN (21). Although its working mechanisms are not
yet fully understood, CES is thought to modulate the limbic system,
reticular activating system, and hypothalamus which, in turn, subse-
quently trigger the secretion of neurotransmitters and the produc-
tion of hormones (46,47). fMRI analyses have revealed that CES
results in negative BOLD changes (deactivation) in several brain
areas, including the precuneus, precentral and postcentral gyri, pos-
terior cingulate gyrus, and occipital cortex (48). These areas were
also affected by tVNS in the present and previous fMRI studies
(Table 1). Therefore, earlobe stimulation could induce BOLD changes

in the limbic system and other areas that are similar to those
observed in response to tVNS, but the degree of activation seems to
be much weaker than that induced by tVNS.

In the present study, the auditory system was clearly deactivated
by all four electrodes. A previous magnetoencephalography study
found that tVNS decreases the amplitude of the auditory-evoked
N1m response (49); another tVNS study reported ipsilateral deactiva-
tion of the auditory cortex (16). However, in the present study, sham
stimulation at the earlobe also induced deactivation at Heschl's
gyrus and the superior temporal gyrus, even though it was weaker
and only on the contralateral side (Fig. 3). The earlobe is innervated
by the great auricular nerve, which is a branch of the cervical plexus,
contributed to by fibers from the C2 and C3 spinal nerves (21). Addi-
tionally, sensory inputs from the face, ears, and neck via cranial
nerves V, VII, IX, and X (vagus) and the dorsal spinal root via C2 con-
verge on the medullary somatosensory nucleus, which is a region in
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1: activation, |: deactivation, r: right, I: left, b: bilateral. A: inner tragus, B: ear canal, C: cymba conchae, D: earlobe (sham) stimulation, Ant.: anterior, Post.:

Table 1. Continued

First author Present study

Procedure used tVNS

Year of publication 2016

Number of subjects 37 sub

Statistical threshold p < 0.001, cluster p<0.05 FDR
Contrast (tVNS) A>rest B>rest
Analysis method (tVNS)

Locus coeruleus

Nucleus of solitary tract

Amygdala | b***
Angular gyrus T e Tre ] e
Bed nucleus of stria terminalis

Caudate

Cerebellar hemisphere T b***

Cingulate gyrus anterior i
Cingulate gyrus middle

Cingulate gyrus posterior | b*** | b***
Corpus callosum T b*

Frontal gyrus inferior T e

Frontal gyrus middle N
Frontal gyrus superior N N
Fusiform gyrus | b***
Hippocampus | pexx | b***
Hypothalamus

Insula anterior T rxx*

Insula posterior | pexx

Occipital gyrus inferior

Occipital gyrus middle 1
Occipital gyrus superior L
Parahippocampal gyrus | b***
Parietal lobe

Postcentral gyrus N

Precentral gyrus L N e

Precuneus 1 b*** | b***
Putamen Tr

Stria terminalis T b*

Supramarginal gyrus T b*** Tr*
Temporal gyrus inferior | b***

Temporal gyrus middle | b*** | b***
Temporal gyrus superior | b*** | b***
Thalamus T rexx

posterior.

* p <005, ** p<001, ** p <0001 (Cluster-Wise Corrected for Multiple Comparisons).

C>rest D>rest A>D c>D
b*** b***
b*** b***

l b***
b** b*

l px*x

l px*x l px*x

T b*

T r-)(-*

l b*** l b***
b***

l |**-X—

l |*—X'

l |**

l b*** l |**-)(-

l b*** l b***
b***

1b*

T r***’ T |*
l b** l r*

the lower part of the medulla that projects to the ipsilateral dorsal
cochlear nucleus (DCN) (50-52). The DCN receives auditory input
from the ipsilateral auditory nerve and relays the information further
along the central auditory pathway. Numerous animal and human
studies have shown that somatosensory inputs alter auditory
responses in the DCN (53-57). In fact, it has been argued that the
disinhibition of spontaneous DCN activity resulting from abnormal
somatosensory input from the medullary somatosensory nucleus
might cause somatic tinnitus, which is characterized by a unilateral
location on the side of somatic injury with no auditory disorder
(51,58). Therefore, the modulated activity in the auditory system
observed in the present study may have been due to excessive
somatosensory input following stimulation of either the vagus via
electrodes A, B, and C or the C2 nerve via electrode D. This may

have altered auditory input into the DCN and further influenced
spontaneous activity in the auditory cortex.

In general, the results of the present study are consistent with
those of previous VNS and tVNS studies (Table 1). However, even
though the limbic areas were similarly deactivated by ear canal stim-
ulation (electrode B) and conchae stimulation (electrode C), elec-
trode B failed to sufficiently activate the LC and NTS, which indicates
that the vagal pathway was not adequately stimulated at this
location. It seems that stimulating the external acoustic canal
(electrode B) induced a similar pattern of limbic deactivation by
affecting other cranial nerves that innervate the ear canal and not
the ABVN. In contrast, electrodes A and C seem to have successfully
activated the vagal afferent pathway. Although both of these elec-
trodes activated the LC and NTS, stimulation at electrode C resulted
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Figure 3. Activations (red) and deactivations (blue) induced by stimulation at electrodes A, B, C, and D (p < 0.05, corrected for multiple comparisons). Spatial maps
are presented on the most representative sections according to neurological convention. ACC/MCC/PCC: anterior/middle/posterior cingulate cortex, Amyg: amyg-
dala, AnG: angular gyrus, CC: corpus callosum, CBLL: cerebellum, CO/FO: central/frontal operculum, IFG/MFG/SFG: inferior/middle/superior frontal gyrus, Ins: insula,
FuG: fusiform gyrus, Hip: hippocampus, LiG: lingual gyrus, MOG: middle orbital gyrus, MPrG: medial precentral gyrus, MTG/STG: middle/superior temporal gyrus, PCu:
precuneus, PoG/PrG: postcentral/precentral gyrus, SMC: supplementary motor cortex, SMG: supramarginal gyrus, Tha: thalamus, TMP: temporal pole.
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(p<0.05, uncorrected)

Figure 4. Activation maps for electrodes A, B, C, and D (p < 0.05 uncorrected for multiple comparisons). LC: locus coeruleus, NTS: nucleus of solitary tract.

in a significantly greater activation at both nuclei compared with the
sham (Fig. 7). Thus, the location of electrode C (cymba conchae)
may be a preferred site for future tVNS therapies.

A cadaver study revealed that the inner tragus is solely innervated
by the ABVN in 45% of cases (21), which is the reason that this loca-
tion is common in many tVNS studies. Moreover, this could also
explain the successful activation of VNS-related areas following the
tVNS at this location that has been observed in previous studies
(16,18). On the other hand, the cymba conchae was innervated by
the ABVN in 100% of cases, which makes it a more attractive candi-
date and may have contributed to the fact that the cymba conchae
performed better than the inner tragus in terms of stimulating the
ABVN in the present study.

Although there was no correlation between stimulation intensity
and the PSC in the LC and NTS in the present study, the possibility
that the stronger stimulation at electrode C contributed to the out-
come relative to electrode A cannot be excluded. In practical terms,

this would mean that electrode C (cymba conchae) was capable of
receiving a stronger intensity and, thus, may offer an advantage
over the inner tragus during long-term tVNS treatment.

The present study has several limitations that should be consid-
ered. First, the control location for the sham stimulation (earlobe)
was chosen for the present study because a majority of previous
tVNS studies (16,17,19) also used this location due to its proximity to
other studied vagus-innervated locations and because it is known to
be anatomically free of vagal innervation. However, in the present
study, stimulation of this location (electrode D) resulted in BOLD
changes in brain areas that somewhat overlapped with those stimu-
lated by tVNS. Therefore, clear differences between tVNS and the
sham stimulation could not be demonstrated in cortical areas. Sec-
ond, the four chosen locations were stimulated during a single func-
tional session, which limited the imaging time and, thus, the
stimulation duration. To overcome the loss of power due to the
shorter stimulation duration and fewer tVNS repetitions, a large

t
23 I 36

Figure 5. Spatial maps of the GLM analysis in the brainstem using the unsmoothed data. a. Activation maps for electrodes A, B, C, and D. b. Contrast maps of the three
active locations versus the sham location. The maps are presented at p < 0.001, uncorrected for multiple comparisons. LC: locus coeruleus, NTS: nucleus of solitary tract.
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Figure 6. Spatial maps of the differences between the active stimulation locations and the sham stimulation location, corrected (a) and uncorrected (b) for multiple com-
parisons. Because the results for electrode B did not significantly differ from those for the sham electrode, the data for this location are not presented. CBLL: cerebellum, LC:
locus coeruleus, MCC: middle cingulate cortex, NTS: nucleus of solitary tract, PoG: postcentral gyrus, Put: putamen, Tha: thalamus, VDC: ventral diencephalon.
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Figure 7. Results of the voxel-wise analysis: number of voxels, average t-value, and PSC in the LC and NTS for each electrode location.
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(paired t-test, Bonferroni-corrected for multiple comparisons). The horizontal axis depicts the stimulation locations. LC: locus coeruleus, NTS: nucleus of solitary tract,

PCS: percentage signal change.

number of subjects were recruited. It should also be noted that the
present study explored locations for tVNS in the ear and not the
neck, so our conclusions are limited to the auricular tVNS.

CONCLUSIONS

The present results suggest that the cymba conchae may be a
more appropriate location for tVNS therapy in the auricle than the
ear canal and inner tragus, because stimulation of this location
resulted in the strongest activation of vagal afferent pathway in the
brainstem. Although further studies on the long-term effects of
tVNS are necessary, the present findings represent an initial step
toward the design of an optimal methodology for tVNS treatment
that can be a noninvasive alternative to direct VNS.
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