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Objective: Recent studies have shown that transcutaneous vagal nerve
stimulation (tVNS) holds promise as a treatment for neurological or psychiatric
disease through the ability to modulate neural activity in some brain regions
without an invasive procedure. The objective of this study was to identify the
neural correlates underlying the effects of tVNS.

Methods: Twenty right-handed healthy subjects with normal hearing
participated in this study. An auricle-applied tVNS device (Soricle, Neurive Co.,
Ltd., Gyeongsangnam-do, Republic of Korea) was used to administer tVNS
stimulation. A session consisted of 14 blocks, including 7 blocks of tVNS
stimulation or sham stimulation and 7 blocks of rest, and lasted approximately
7 min (1 block = 30 s). Functional magnetic resonance imaging (fMRI) was
performed during the stimulation.

Results: No activated regions were observed in the fMRI scans following both
sham stimulation and tVNS after the first session. After the second session, tVNS
activated two clusters of brain regions in the right frontal gyrus. A comparison
of the activated regions after the second session of each stimulation revealed
that the fMRI following tVNS exhibited four surviving clusters. Additionally, four
clusters were activated in the overall stimulated area during both the first
and second sessions. When comparing the fMRI results after each type of
stimulation, the fMRI following tVNS showed four surviving clusters compared
to the fMRI after sham stimulation.

Conclusion: tVNS could stimulate some brain regions, including the fronto-
parietal network. Stimulating these regions for treating neurological or
psychiatric disease might require applying tVNS for at least 3.5 min.

KEYWORDS

transcutaneous vagal nerve stimulation, brain mapping, fronto-parietal network,
neurostimulation, neuromodulation
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Introduction

Since some neurological and psychiatric disease such as
epilepsy, depression, dementia, and tinnitus is influenced by the
autonomic nervous system, interventions targeting this system
have been explored (Howland, 2014; Yap et al., 2020; Kim et al,,
2022; Vargas-Caballero et al., 2022; Patil et al, 2023). Vagus
nerve stimulation (VNS) is one such intervention, which involves
applying micro-currents to the vagus nerves through electrical
stimulation (Ventureyra, 2000; Howland, 2014). VNS has been
shown to effectively improve a variety of neurological conditions,
including headaches, Alzheimer’s disease, sleep disorders, epilepsy,
and tinnitus (Howland, 2014; Stegeman et al, 2021; Vargas-
Caballero et al., 2022). However, VNS is an invasive procedure
that requires cervical dissection and the surgical implantation of a
device, which has limited its widespread use as a treatment option
for these conditions (Lehtimiki et al, 2013; Vargas-Caballero
et al., 2022). Additionally, the right vagus nerve predominantly
innervates the sinoatrial (SA) node, while the left vagus nerve
primarily targets the atrioventricular (AV) node. Consequently,
based on the animal study, stimulation of the right vagus nerve
can lead to cardiovascular issues such as bradycardia and asystole,
potentially resulting in life-threatening situations (Chen et al., 2015;
Yap et al., 2020). As a result, VNS is typically performed only on
the left vagus nerve (Yap et al.,, 2020). To circumvent the risks
associated with invasive VNS, transcutaneous VNS (tVNS) has
been investigated.

Bilateral tVNS was administered to the cervical branch of the
vagus nerve, located in the cavum conchae (Lehtimiki et al., 2013;
Howland, 2014; Stegeman et al., 2021). Unlike conventional VNS,
tVNS does not require an invasive surgical procedure and can
be applied bilaterally with minimal risk of significant cardiac side
effects (Chen et al., 2015; Yap et al., 2020). Based on speculation
regarding the mechanisms of tVNS, the activation of the cervical
vagus nerve by tVNS stimulates the epicardial ganglion plexus on
both sides (Chen et al., 2015; Yap et al., 2020), avoiding direct
cardiac stimulation and symmetrically stimulate the epicardial
plexus, thus preventing asymmetric heart movements (Chen et al.,
2015; Yap et al., 2020).

The signals generated by bilateral tVNS converge at the
nucleus tractus solitarii, which then relays the signal to the caudal
ventrolateral medulla and the dorsal motor nucleus (Chen et al,,
2015; Yap et al., 2020), locus coeruelus which is thought to modulate
synaptic plasticity by the release of catecholamines (Ventura-Bort
et al, 2018; Berger et al., 2024), and the cholinergic nucleus
basalis (Yakunina and Nam, 2021). This leads to changes of release
of neuromodulator, influencing limbic, reticular, auditory, and
autonomic centers of brain (Yakunina and Nam, 2021).

Additionally, many previous studies demonstrated that tVNS
can suppress or activate specific brain region in healthy population
or individuals with neurological disease (Yakunina et al.,, 2017,
2018; Naparstek et al., 2023). However, previous studies did not take
into account factors such as sex, age, handedness, and the specific
regions stimulated by tVNS (Yakunina et al., 2017, 2018; Stegeman
et al., 2021; Naparstek et al., 2023).

The objective of this study was to identify the precise brain
regions stimulated by tVNS. We employed tVNS and utilized
functional magnetic resonance imaging (fMRI) to pinpoint the
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modulated regions. The study aimed to examine the brain
regions affected by tVNS. We administered tVNS via the bilateral
auricular branch and used fMRI to observe activations related
to tVNS. To control for the somatosensory effects associated
with electrical stimulation, sham stimulation was applied to the
adjacent auricular skin.

To control for variations in brain activity patterns that could
be attributed to aging or hand dominance, we exclusively recruited
young to middle-aged subjects who were right-handed. Identifying
the area stimulated by tVNS may be helpful in providing good
reference values for brain activity change after tVNS.

Materials and methods

Subjects and study protocol

Twenty right-handed, healthy subjects with normal hearing
participated in this study. Subjects were excluded if they
had any history of neurological or neuropsychiatric diseases
or were taking medications related to conditions such as
diabetes and hypertension, as well as any conditions that
contraindicated MRI scanning.

The recruited subjects visited the hospital once to participate
in a functional brain imaging study utilizing tVNS. Each subject
received a comprehensive explanation of the study’s purpose and
procedures. They were also asked to complete a questionnaire
designed to assess their health status, including physical condition
and pain sensitivity.

Before entering the MRI scanner, all subjects were instructed
to identify the optimal power level for their tVNS device. This
was achieved by having each subject wear the tVNS device and
incrementally adjust the stimulation intensity.

The same stimuli were used in both the active and the
sham stimulation conditions, with 30 s of continuous stimulation
at 30 Hz in each condition. The stimulation setup was
the identical for both the active and sham conditions, the
only difference between the two conditions was the location
of the electrodes.

The process began at level 10, which is the maximum
stimulation level (65 Vpp, 4.6 mA), and the intensity was reduced
one level at a time until the subject felt most comfortable.
Once the subject was positioned in the scanner, the power level
previously set was reconfirmed to ensure it remained optimal.
This precaution was taken to allow each subject to maintain their
individual optimal power level throughout the duration of the fMRI
experiment.

The experimenter asked participants directly about their
condition before each scanning session to monitor their alertness
and discomfort, and an external monitor was also used to monitor
participants’ condition.

The average stimulation level utilized was 2.95 (SD = 1.05), with
arange from level 1 (23 Vpp, 1.3 mA) to level 5 (45 Vpp, 3.1 mA).

The study protocol received approval from the Institutional
Review Board of Hallym University Sacred Heart Hospital
(Anyang, South Korea, IRB No. 2022-08-010-001). Written
informed consent was obtained from each participant.
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FIGURE 1
Areas of stimulation in the auricle. tVNS condition (solid line) and
sham condition (dotted line).

Transcutaneous vagal nerve stimulation

In this we used Soricle (Neurive Co., Ltd.,

Gyeongsangnam-do, Republic of Korea), a device certified by

study,

the Korea Certification, to administer tVNS to the auditory branch
of the vagus nerve. Bipolar electrodes were positioned on both
sides of the auricle, with one pair on the cavum concha and
another on the earlobe. Electrical stimulation was then applied to
these two locations via the bilateral ears, delivering stimulation in
accordance with the specified condition (Figure 1, tVNS: concha,
sham: earlobe).

fMRI experiment

Magnetic resonance images were acquired with a Siemens 3.0
T (Siemens Skyra, Erlangen, Germany). T1 MPRAGE images of
the subject were obtained in multi-slice single-shot mode using the
following parameters: repetition time (TR) = 2300 ms; echo time
(TE) =2.26 ms; flip angle = 8°; field of view (FOV) = 256 x 256 mm;
matrix = 232 x 200; 416 slices; slice thickness = 0.5 mm with
no gap. Functional magnetic resonance images were acquired
using an interleaved multi-slice mode with the following settings:
TR = 3000 ms; TE = 30 ms; flip angle = 90°; FOV = 90; and 75 slices
with a thickness of 2 mm each.

To acquire (f)MRI images on Skyra, we used a multi-channel
head coil containing head elements 1-4 (HE 1-4) and neck elements
1 and 2 (NE 1-2) and set the in-device coil selection mode to ‘Auto
coil selection’.

The fMRI experiment utilized a block design with two distinct
conditions: 1) the tVNS condition and 2) the sham condition.
Each condition comprised two experimental sessions. During
each session, which lasted approximately 7 min, participants
were exposed to seven 30-s blocks of the stimulation condition
(either tVNS or sham), interspersed with 30-s blocks of rest. This
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resulted in a total of 14 blocks per session. The tVNS and sham
conditions were alternated, and the sequence of conditions was
counterbalanced across participants. Subjects were blind to the
stimulation condition throughout the experiment.

During the fMRI experiment, subjects were instructed to
lie comfortably in the scanner with their eyes closed. The
experimenter monitored the subjects’ level of attention and
discomfort between sessions.

fMRI data analysis

Imaging data were analyzed using the SPM 12 package
(Wellcome Trust Centre for Neuroimaging, London, UK), which
was implemented in MATLAB R2018b (MathWorks Inc., Natick,
MA, USA). We performed standard preprocessing steps on both
the functional and anatomical images, which included slice timing,
motion correction, normalization, and smoothing. The functional
images of the participants were co-registered with their respective
anatomical T1images. These images were then spatially normalized
to a standard anatomical space, as defined by the MNI (Montreal
Neurological Institute) T2 template image, by resampling them
every 3 mm using sinc interpolation. Finally, the functional images
were smoothed using a 6 mm full-width at half maximum (FWHM)
Gaussian kernel.

In the first-level analysis, data from each participant were
processed using a general linear model (GLM) with a single
predictor that included four conditions: tVNS, rest during the tVNS
session, sham, and rest during the sham session. The canonical
hemodynamic response function (HRF) and a temporal high-pass
filter with a cutoff of 128 s were applied to the predictors. Multiple
regressors were employed as covariates to account for residual
motion artifacts. Predictors corresponding to each experimental
condition for each participant were then prepared for the second-
level analysis.

In the second-level analysis, repeated-measures ANOVA was
conducted, using each time point and condition as factors, with
age included as a covariate of no interest, to compare the neural
responses to tVNS and sham stimulation. Functional images from
all sessions were entered in one GLM model of the second-level
analysis. Then, areas of significant activation were searched in two
sessions combined and each session separately using the same
statistical threshold. The imaging data were initially thresholded
at p = 0.0005 (uncorrected). However, only those clusters that
achieved p = 0.05, corrected for family-wise error (FWE), were
deemed significant and are reported.

Results

Demographic factors and underlying
diseases of subjects

The mean age of the subjects was 33.65 £ 4.82 years, with an
age range of 25-40 years. Of the subjects, five were men and 15
were women. One subject had been taking Synthroid, but none of
the others had any underlying diseases.
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TABLE 1 Associated symptoms and possible side effects of
transcutaneous vagal nerve stimulation before and after stimulation.

Symptoms Pre-tVNS Post-tVNS | P-value
(VAS 1~8)

Fatigue 4.20+2.22 4.30 +2.45 0.602
Depressive mood 2.10 £ 1.52 2.05+1.54 0.498
Anxiety 1.85+1.14 1.95 £+ 1.54 0.666
Stress 2.80 &+ 1.80 2.65+1.73 0.630

VAS, visual analog scale; tVNS, transcutaneous vagal nerve stimulation.

Associated symptoms and side effects of
tVNS

There were no instances of skin burn or damage among
the subjects. The pain visual analog scale for the tVNS
procedure was 3.55 £ 1.99, with a range of 1 to 8. None of
the subjects reported intolerable pain following tVNS. There
were no significant differences in subjective fatigue, depressive
mood, anxiety, or stress before and after tVNS, as shown in
Table 1.

Brain regions activated by tVNS in
comparison to the sham stimulation

We evaluated the stimulated regions over two sessions, one
involving tVNS and the other sham stimulation. During tVNS,
activation was observed in four clusters: the right middle frontal
gyrus (40, 56, 2), the left superior parietal gyrus (—32, —58, 64), the
right superior parietal gyrus (44, —44, 64), and the left cerebellum
(—34, —70, —48) as shown in Figure 2A and Table 2. In contrast,
sham stimulation did not result in any significant clusters of
activation.

When comparing conditions, significantly higher activation
was observed in the tVNS condition compared to the sham
condition within three clusters: the left superior parietal gyrus
(—32, —58, 64), the right precuneus (12, —68, 52), and the right
superior parietal gyrus (48, —40, 54) (Figure 2B and Table 3).
This significant difference between conditions was not observed
in the first session but was replicated in the second session
(Figures 2C, D and Table 3). In the second session, significantly
higher activation was observed in the tVNS condition compared
to the sham condition within four clusters: the right middle
frontal gyrus (32, 20, 50), the right superior parietal gyrus (40,
—46, 44), the left superior parietal gyrus (—34, —62, 40), and the
right angular gyrus (44, —60, 60) (Figures 2C, D and Table 3).
When applying the lower thresholds, areas in the contralateral
hemisphere survived. A cluster in the left mFG appears at
uncorrected P = 0.001 (mni coordinate = —38, 44, 6, T = 3.72)
and in the right cerebellum at uncorrected P = 0.005 (mni
coordinate = 20, —80, —26, T = 3.10) (Supplementary Figure 1).
In contrast, sham stimulation did not result in any significant
clusters of activation, even at a lower uncorrected threshold of
P =0.005.
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Results of imaging analysis. (A) Brain areas of significant activation
for tVNS stimulation. (B) Regions of increased activation for tVNS
condition over the sham condition are found in the fronto-parietal
network. (C) Increased activation for tVNS was not observed in the
first session, but was noted in the second session. (D) Changes of
the response intensity by stimulation conditions in four regions
shown in Figure 2C (a.u., arbitrary unit). The results are thresholded
at P = 0.05 (FWE-corrected) at the cluster level.

Discussion

We conducted an fMRI experiment to evaluate the neural
correlates of tVNS stimulation in comparison to sham stimulation.
Following tVNS, the right frontal gyrus, middle frontal gyrus, right
supramarginal gyrus, right precuneus, bilateral superior parietal
lobe, left cerebellum, and left lateral occipital cortex exhibited
surviving clusters in the fMRI compared to pre-stimulation or
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TABLE 2 Regions of significant neural activation in response to the tVNS and sham stimulation.

MNI coordinate

Regions

P-value
(FWE-corrected)

tVNS stimulation (concha)

Frontal pole, right 40 56 2 261 6.31 <0.001
Superior parietal lobule, left —32 —58 64 114 5.27 0.036
Superior parietal lobule, right 44 —44 64 308 4.84 <0.001
Cerebellum, left —34 —70 —48 111 4.40 0.039

Sham stimulation (earlobe)

None

MNI, Montreal Neurological Institute; FEW, family-wise error; tVNS, transcutaneous vagal nerve stimulation.

TABLE 3 Significant findings in the comparisons of tVNS versus sham stimulation.

Regions

MNI coordinate

P-value

(FWE-corrected)

tVNS stimulation (concha) > Sham stimulation (earlobe)

Superior parietal lobule, left —32 —58 64 157 4.99 0.010
Precuneus, right 12 —68 52 107 4.28 0.045
Superior parietal lobule, right 48 —40 54 162 4.12 0.008
Sham stimulation (earlobe) > tVNS stimulation (concha)

none

15t session: tVNS stimulation (concha) > Sham stimulation (earlobe)

None

1st session: Sham stimulation (earlobe) > tVNS stimulation (concha)

None

2nd session: tVNS stimulation (concha) > Sham stimulation (earlobe)

Middle frontal gyrus, right 32 20 50 230 4.53 0.001
Superior parietal lobule, right 40 —46 44 156 4.37 0.010
Superior parietal lobule, left —34 —62 40 195 4.30 0.003
Angular gyrus, right 44 —60 60 106 4.30 0.046
2nd session: Sham stimulation (earlobe) > tVNS stimulation (concha)

None

MNI, Montreal Neurological Institute; FEW, family-wise error; tVNS, transcutaneous vagal nerve stimulation.

sham stimulation fMRI. Additionally, there were no side effects
associated with vagal nerve stimulation, such as skin damage, severe
pain, fatigue, depressive mood, anxiety, or stress.

These results align with those from a study that employed
VNS in epilepsy patients, targeting the frontal, temporal, parietal,
and occipital cortices (Sucholeiki et al., 2002). Additionally, a
prior study involving twelve healthy individuals subjected to
transcutaneous cymba concha stimulation indicated that tVNS is
capable of stimulating the brainstem and forebrain. Yakunina et al.
(2018) showed that tVNS influenced various frontal and occipital
regions in patients with tinnitus.

The stimulated areas in previous studies, as well as in our study,
included the fronto-parietal network, also known as the central
executive network. The fronto-parietal network includes regions
of the prefrontal cortex, cingulate cortex, and posterior parietal
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cortex, and is associated with executive and cognitive functions
and acts as a flexible hub within the brain network for cognitive
control (Vincent et al., 2008; Marek and Dosenbach, 2018). This
network is involved in sustained attention, novelty detection,
problem-solving, working memory, and decision-making (Vincent
et al., 2008; Marek and Dosenbach, 2018; De Ridder et al., 2022).
Considering the function of the fronto-parietal network, tVNS may
have an effect on improving cognitive function and may serve as a
treatment strategy for cognitive impairment (Naparstek et al., 2023;
Trifilio et al., 2023).

Additionally, our results indicate that tVNS stimulates
regions within the fronto-parietal network, which has been
extensively studied and associations with depression and tinnitus
(Kong et al., 2018; Yakunina and Nam, 2021; Kok et al., 2022; Lee
et al., 2022; Zhong et al., 2023). Zhong et al. (2023) demonstrated
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that depression is associated with decreased functional connectivity
of these areas. And some part of the frontoparietal network can
be modulated by tVNS, which is associated with the improvement
of depression (Kong et al, 2018). In addition, although the
increase or decrease of functional connectivity in tinnitus patients
is controversial, many previous studies have identified that tinnitus
is also associated with aberrant connectivity in the fronto-parietal
network (Kok et al., 2022), which is a component of the tinnitus-
related triple network and is linked to functional impact (Lee et al.,
2022). Yakunina and Nam suggested that tVNS is a potentially
therapeutic approach in controlling tinnitus (Yakunina and Nam,
2021) and based on our research, therapeutic effect of tVNS on
tinnitus may be attributed from modulation of fronto-parietal
network.

The cerebellum and lateral occipital cortex was also stimulated
in our study. Cerebellum is connected to the fronto-parietal
network, modulating cognitive and executive function (Wang
et al., 2023; Zhang et al., 2023). Disruption of this connectivity is
associated with some neurological and psychiatric disease such as
cognitive impairment or depression (Wang et al., 2023; Zhang et al.,
2023). And, lateral occipital cortex involved in the representation
and perception of objects and the decreased connectivity of lateral
occipital cortex is associated with autism (Jung et al., 2019). Taking
into account that previous studies suggest tVNS as a possible
treatment strategy for autism, stimulating the lateral occipital
cortex with tVNS may be the mechanisms by which tVNS affects
autism (Jin and Kong, 2016). Further studies on each disease with
stimulated brain regions in strictly controlled situations may be
helpful in determining the exact role of tVNS for modulating
fronto-parietal network in each condition.

The second session of tVNS revealed clusters that had survived,
which were not observed in the first session. These findings
suggest that to achieve a sufficient effect from tVNS, at least
3.5 min of stimulation may be necessary. Furthermore, the duration
of stimulation could potentially influence the extent of brain
area activation. To determine the specific brain areas stimulated
in relation to the dosage of tVNS, further research involving
additional sessions is required. Moreover, repetitive applications of
tVNS with adequate time intervals may produce different outcomes
compared to a single session of tVNS. Since brain structural
and functional plasticity can be affected by repeated sensory and
cognitive stimulation (Teutsch et al., 2008; Biggio et al., 2009; Han
et al., 2019; Antonenko et al,, 2023), it is possible that recurrent
VNS could modify the brain’s structural or functional plasticity.
A prospective study focusing on repetitive tVNS stimulation is
needed to ascertain the long-term effects of tVNS.

We stimulated for 30-s with 7 blocks for each session, with
an average stimulation level of 2.95. However, we did not conduct
an fMRI study for varying levels of tVNS stimulation in terms of
intensity, frequency of electric stimulation, duration, and number
of stimulations. Since the autonomic response and adverse effects
vary according to changes in these parameters (Kim et al., 2022;
Yokota et al., 2022), it is necessary to identify settings that are
more effective with fewer adverse effects. Further study to identify
the standard stimulation for tVNS is necessary to provide precise
stimulating guidelines.

We used the earlobe as a reference area for tVNS. The earlobe is
mainly innervated by the greater auricular nerve, which is a branch
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of the superficial cervical plexus, originating from the C2 and C3
spinal nerves (Butt et al., 2020). However, some previous studies
have identified that stimulating the earlobe can induce functional
changes in the brain, sometimes similar to tVNS (Feusner et al.,
2012; Yakunina et al., 2017; Butt et al., 2020). In contrast, other
previous studies have revealed that stimulating the earlobe is not
effective (Butt et al., 2020; de Gurtubay et al., 2021; Kim et al., 2022),
and the earlobe has been most commonly used as a reference area
(Butt et al., 2020; Kim et al., 2022). Our results also supported that
stimulating the earlobe is not as effective as stimulating the cavum
conchae and can be used as a reference area. Based on previous
studies and our results, the earlobe can be used a valid reference
area for sham stimulation.

In our research, we were unable to determine how these
changes might influence brain function and structure over time.
Recurrent tVNS may prevent functional impairment of the fronto-
parietal network (De Ridder et al., 2022) and increase abnormal
afferent nodes in fronto-parietal network (Lee et al., 2022), inducing
long-term effects similar to results of studies for tVNS in other
diseases. Henry et al. (2004) demonstrated that the effects of tVNS
could persist for up to 3 months in patients with epilepsy. Similarly,
Nahas et al. (2007) reported that changes in brain activity induced
by tVNS could last for 5 months in patients with depression.
Nonetheless, these time-dependent changes may vary according to
the disease status. Further research is needed to evaluate the long-
term effects of tVNS on normal population and individuals with
each disease, in order to provide clarity on this issue.

A limitation of this study was the small number of subjects.
Incorporating results from both the first and second stimulation
sessions revealed more surviving clusters than when analyzing each
session separately. With a larger sample size, the results might show
an even more pronounced survival of clusters. Further study with a
greater number of subjects could provide a more precise evaluation
of the stimulated region.

In this study, we did not perform tVNS on patients with
each neurological or psychiatric diseases. While some researchers
have shown that tVNS may be effective for some neurological
or psychiatric disease (Kong et al, 2018; Yakunina and Nam,
2021; Vargas-Caballero et al., 2022), the specific brain regions it
activates and the appropriate dosage for a beneficial effect without
causing skin burns or other side effects associated with vagus
nerve stimulation have yet to be determined. Further research
involving patients with each neurological or psychiatric disease
is required to elucidate the precise mechanisms by which tVNS
controls symptoms and the optimal dosage for treatment.

Conclusion

Here, we show that tVNS stimulation applied to the cavum
concha elicits frontal, parietal, and cerebellar activation. These
areas are part of the fronto-parietal network, associated with
executive and cognitive functions, and have clinical implications.
Our results indicate that effect of tVNS on neurological and
psychiatric diseases may be mediated through modulation of
activity of these brain regions. Furthermore, our findings indicate
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that a minimum stimulation duration of 3.5 min may be necessary
to effectively stimulate these regions.
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