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Abstract Transcutaneous vagal nerve stimulation (TVNS) is
a promising complementary method of pain relief. However,
the neural networks associated with its analgesic effects are
still to be elucidated. Therefore, we conducted two functional
magnetic resonance imaging (fMRI) sessions, in a randomized
order, with twenty healthy subjects who were exposed to ex-
perimental heat pain stimulation applied to the right forearm
using a Contact Heat-Evoked Potential Stimulator. While in
one session TVNS was administered bilaterally to the concha
auriculae with maximal, non-painful intensity, the stimulation
device was switched off in the other session (placebo condi-
tion). Pain thresholds were measured before and after each ses-
sion. Heat stimulation elicited fMRI activation in cerebral pain
processing regions. Activation magnitude in the secondary so-
matosensory cortex, posterior insula, anterior cingulate and cau-
date nucleus was associated with heat stimulation without
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TVNS. During TVNS, this association was only seen for the
right anterior insula. TVNS decreased fMRI signals in the an-
terior cingulate cortex in comparison with the placebo condi-
tion; however, there was no relevant pain reducing effect over
the group as a whole. In contrast, TVNS compared to the pla-
cebo condition showed an increased activation in the primary
motor cortex, contralateral to the site of heat stimulation, and in
the right amygdala. In conclusion, in the protocol used here,
TVNS specifically modulated the cerebral response to heat
pain, without having a direct effect on pain thresholds.

Keywords Transcutaneous vagal nerve stimulation (TVNS) -
Thermal pain - Functional MRI - Placebo stimulation

Introduction

Transcutaneous vagal nerve stimulation (TVNS; Ventureyra
2000) was proposed as a non-invasive alternative to vagal
nerve stimulation with implanted stimulators, the latter is cur-
rently used as an adjunctive therapy for epilepsy and
medication-resistant major depression and is declared as a
promising treatment for sleep and anxiety disorders, obesity
and chronic pain (George et al. 2007; Multon and Schoenen
2005). Based on anatomic data, TVNS is usually applied to
the external acoustic meatus and concha auricle that are inner-
vated by afferent fibers of the auricular branch of the vagal
nerve (Gray 1918; Peuker and Filler 2002). These afferents
terminate in the brain stem nuclei of the vagal and trigeminal
nerves, mainly including the ipsilateral nucleus solitarius, the
principal sensory and spinal trigeminal nuclei (Nomura and
Mizuno 1984). These structures are known to be involved in
the transmission and processing of nociceptive stimulation,
whereas analgesic effects of direct vagal stimulation seem to
be mediated through the nucleus tractus solitarii (Aicher and
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Randich 1988). Previous fMRI investigations of TVNS in
healthy volunteers confirmed an involvement of neurons in
the solitary tract and the locus coeruleus in the brain stem
(Dietrich et al. 2008; Kraus et al. 2013). These regions were
shown to be a part of the subcortical anti-nociceptive neural
network (Randich et al. 1990). The solitary tract has projec-
tions to the rostral ventromedial medulla, the periaqueductal
gray, the locus coeruleus, the hypothalamus and the limbic
forebrain, modulating arousal and pain perception (Rinaman
2010; Ossipov et al. 2010). When applying TVNS to the an-
terior wall of the acoustic meatus, a decrease of fMRI signal in
limbic brain areas, including the amygdala, hippocampus,
parahippocampal gyrus and the posterior cingulate cortex,
was demonstrated (Dietrich et al. 2008; Kraus et al. 2007,
Kraus et al. 2013). These findings suggest that TVNS targets
the regulation of emotional and autonomic components in the
cerebral processing of pain.

Pilot investigations found anti-nociceptive effects of TVNS
on experimentally evoked pain in healthy volunteers and in
patients with chronic pelvic pain (Napadow et al. 2012).
Therefore, an anti-nociceptive effect of TVNS might not only
be expressed in a decrease of neuronal activation in brain
regions associated with the processing of pain (anterior insular
cortex (AIC), secondary somatosensory cortex (S2), anterior
cingulate cortex (ACC), prefrontal cortex (PFC), caudate nu-
cleus (NC; Friebel et al. 2011), but also with areas regulating
the autonomic nervous system (Becerra et al. 1999; Dietrich et
al. 2008; Kraus et al. 2013).

Regarding these recent findings and aiming to further elu-
cidate the anti-nociceptive mechanisms of non-invasive vagal
nerve stimulation, we investigated the reaction of healthy vol-
unteers to experimentally induced heat pain and their cerebral
fMRI responses under TVNS in comparison with a placebo
intervention. We expected TVNS to increase the heat pain
threshold of study participants and to reduce the neuronal
activation in brain regions involved in the processing of pain.
Furthermore, we expected a modulation of areas associated
with processing autonomic responses under TVNS.

Methods
Design and participants

Twenty healthy right-handed volunteers (nine females), with a
mean age of 28 years (range 24-44), all Caucasians, were
recruited via advertisement according to eligibility criteria.
None of the participants was taking medication or recreational
drugs at the time of the study. The local ethics commission of
the Medical Faculty of the University Medicine of Greifswald
approved the protocol of this investigation and informed con-
sent was obtained from each volunteer. Each participant
underwent two fMRI sessions in a crossover manner with an

inter-session-interval of at least 1 week. In both study ses-
sions, experimental heat pain was applied and treated in ran-
domized order with either TVNS or a placebo intervention
with an inactive device. All participants were blinded in re-
gard to the purpose of the investigation by instructing them
that they would receive painful stimulation during both study
sessions and would be treated with TVNS of either low or
high intensity. Each study session lasted about 45 min.

Experimental pain

Experimental heat pain was elicited using a Contact Heat-
Evoked Potential Stimulator (PATHWAY Model CHEPS;
Medoc; Israel). A diamagnetic thermode, containing a
Peltier element with 27 mm in diameter, was attached to the
middle of the inner part of the right forearm (Fig. 1a). The
stimulator itself was located outside the scanner room and
synchronized with the MR scanner over Transmitted
Through Light (TTL) signals. Individual heat pain thresholds
were measured using a “Limits” test paradigm (PATHWAY
Pain and Sensory Evaluation System 2008) before and after
every fMRI session. During each measurement (trial), the
temperature of the contact surface increased from a baseline
temperature of 32 °C with a heating rate of 1.5 °C/s. The
participants were instructed to stop the heating by pressing
the button of the response unit as soon as they felt pain.
Four trials with an inter-stimulus-interval of 2 s were per-
formed and pain threshold was calculated as the mean value
of these 4 trials, using the accompanied software PATHWAY
3.5 (Medoc Ltd., Israel). The “Ramp and Hold” paradigm
(PATHWAY Pain and Sensory Evaluation System 2008) was
used to induce the experimental heat pain during the fMRI
sessions. The stimulation temperature, which was synchro-
nized with MRI, was oscillating between a baseline tempera-
ture (32 °C) and the participants’ heat pain threshold, mea-
sured before the fMRI procedure, with a ramp rate of 5 °C/s.
One fMRI session consisted of 8 blocks, each lasting 48 s
(16 s of stimulation, 32 s of pause, Fig. 1b). After the fMRI
session, participants’ heat pain threshold was measured again.

TVNS procedure

Bilateral electrical stimulation was applied to the concha of
the auricle (Fig. 1a) using a self-manufactured electrode, sized
9x9x2.1 mm, described elsewhere in detail (Leutzow et al.
2013). All parts of the stimulation electrode that had been
made of stainless steel were replaced by silver wire with
0.3 mm in diameter. The contact surfaces of each electrode,
containing the silver wires wrapped in wool, were moistened
with 0.9 % NaCl solution before each session to achieve op-
timal conductivity. Then the electrodes were tightly fixed in-
side the auricular concha, using commercially available anti-
noise earplugs, made from polyurethane foam. The self-
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manufactured, isolated conductive silver wires were connect-
ed to a DoloBravo Dual Channel Neurostimulator (MTR
GmbH, Germany) that was located outside the MR scanner.
The cables were placed parallel to the body of the participant
(Fig. 1a).

During the TVNS session, the device was used in the con-
tinuous mode, yielding square impulses with a frequency of
8 Hz and an impulse duration of 200 ps. At the beginning of
the TVNS session, the current intensity was adjusted individ-
ually for each subject and each ear separately to a maximal
level without evoking pain. For that purpose, the intensity of
TVNS, perceived as a tingling sensation, was slowly in-
creased and the participants were interviewed continuously,
until the optimal, non-painful level was achieved. At the be-
ginning of the placebo session, the stimulation was at first
performed with intensity just over the sensory perception
threshold. When the participants reported a weak perception
of stimulation, the intensity was progressively reduced to a
sub-threshold intensity within 10 s and switched off out of
the subjects' view.

MRI measurement
MRI data were obtained using a 3 T MRI scanner (Siemens

Verio, Erlangen, Germany) equipped with a 12-channel head
coil. For each scanning session, field homogeneity was
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optimized by a shimming sequence. A T1-weighted magneti-
zation prepared rapid gradient echo (MPRAGE) sequence
was recorded as a structural dataset (repetition time (TR):
1.69 s; echo time (TE): 2.52 ms; 176 sagittal slices; voxel size:
1x1x1 mm® 2 times generalized autocalibrating partially
parallel acquisition (GRAPPA) acceleration). In addition, a
gradient echo sequence with 33 phase and magnitude images
(TR1: 488 ms, TR2: 131 ms, TE1: 4.92 ms, TE2: 7.38 ms,
o=60°, FoV: 210 mm, slice spacing: 3.99 mm) was acquired
to calculate a field map to correct geometric distortions in the
echo planar images (EPI). EPI was acquired during the two
sessions using the same field of view (FoV) as in the gradient
echo sequence (TR: 2000 ms, TE: 23 ms, FoV: 210 mm, slice
spacing: 3.99 mm, matrix: 104 ms, TE: 23 ms, voxel size
2x2x3 mm®). EPI and the gradient echo sequence were
aligned with the anterior commissure-posterior commissure.
The imaging volume covered the whole neurocranium includ-
ing cerebellum and brainstem. A total of 33 slices were ac-
quired for each of the 192 volumes recorded during one ses-
sion. The pure measuring time of the protocol with the block
design paradigm (Fig. 1a) took 12 min and 14 s plus the
duration of the shimming sequence. Before each fMRI mea-
surement, three pilot EPIs of the whole head during TVNS
were obtained. In case of visible artifacts, electrodes and cable
orientation in the head coil were corrected to avoid any visible
artifacts during scanning.
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fMRI data processing

Preprocessing and data analysis were performed with SPM8
(Wellcome Department of Imaging Neuroscience, London)
implemented in MATLAB (MathWorks Inc., Natick, MA).
Each time series was realigned after unwarping in the phase
encoding direction to account for movement and susceptibility
artifacts. The EPI-data were subsequently co-registered to the
T1-weighted anatomical image, segmented, spatially normal-
ized, smoothed with a Gaussian filter of 8 x8x 8 mm?>
full width at half maximum and high-pass filtered
(cut-off: 128 s). Preprocessed data were statistically
evaluated for each individual using general linear
modeling. A design matrix was created using a canoni-
cal hemodynamic response function. Contrast images of
each participant were used for group statistics with a
random effects design. Regions of interest (ROI) analy-
sis, corrected for multiple comparisons within the ROIs
with p<0.05 (family wise error; FWE), were performed.
Therefore, we selected areas known to be involved in
the cerebral processing of thermal pain (for meta-analy-
sis see Friebel et al. 2011), namely the anterior and posterior
insula cortices (AIC, PIC), the somatosensory cortices (S1,
S2), the ACC and the thalamus. Moreover, we added the pri-
mary motor cortex (Mlc) because Brown and colleagues
(2011) found classification of thermal stimuli as painful to
be associated with greater fMRI-responses in the bilateral
mid-insular cortices, bilateral S2, contralateral PIC, contralat-
eral S1 and the contralateral M1c. Besides, we included the
amygdala in our ROl-analysis, since it was shown to play an
important role in the expectancy of pain (Ziv et al. 2010).
Furthermore, areas whose activation is known to be correlated
with vegetative stimulation were selected as ROIs: the ventral
prefrontal cortex (PFC), the caudate nucleus (CN) (Freund
et al. 2009), the dorsal brain stem and the hypothalamus
(Dietrich et al. 2008; Kraus et al. 2013; Rinaman 2010;
Becerra et al. 1999). For anatomic description and ROI-defi-
nition, the Automated Anatomical Labeling atlas (Tzourio-
Mazoyer et al. 2002) was used. A volume of interest for the
hypothalamus was created by a 5 mm centered sphere around
the fMRI activation maxima at the coordinates [x=10, y=0,
z=—4] in the Talairach space reported in a study on vegetative
modulation (Kroemer et al. 2013).

To examine associations of fMRI activation of areas
in the pain matrix and pain reduction by TVNS, the
highest beta-values per ROI for the contrast, differenti-
ating the verum from the placebo condition in all par-
ticipants showing pain reduction under TVNS, were
correlated. A linear regression analysis was performed
for fMRI activation during each condition (TVNS or
placebo) over all participants with changes of individual
heat pain thresholds before and after the study session
as a factor.

Analysis of pain thresholds

Differences in heat pain thresholds were analyzed using a
repeated measures ANOVA (SPSS-Statistics; Version 22.0,
IBM Corp., New York, USA) with TIME (before and after
intervention) and INTERVENTION (TVNS and placebo) as
within subject factors. P-values less than 0.05 were considered
as statistically significant.

Results
Pain thresholds

All 20 recruited volunteers completed both study sessions
successfully. The mean intensity of TVNS was 7.6 mA (range
5.0-11.5). Group (ANOVA) and post-hoc analysis did not
reveal differences among the participants for the TIME
and INTERVENTION factors (thresholds before: placebo
44.67+0.42 °C, TVNS 44.23+0.38 °C; thresholds after: pla-
cebo 44.49+0.42 °C, TVNS 43.95+0.49 °C). Subgroup anal-
ysis revealed that eight participants reacted with significantly
increased threshold of experimental heat pain (“responder™)
after TVNS (r=—3.35; P=0.024), whereas 12 reacted with
a decreased pain threshold (‘“non-responder”) after TVNS
(t=3.39; P=0.012; Fig. 3a and Supplementary table).
Responders and non-responders did not differ in age
(p=0.51) and gender (p=0.66).

fMRI activation

During pain stimulation of the right forearm under placebo
intervention, fMRI signal increased in the left anterior insula,
the right posterior insula, the right thalamus and the anterior
cingulate cortex (Table 1). During pain stimulation combined

Table 1  fMRI activation in cerebral regions of interest (ROIs) of 20
participants during exposure to experimental heat pain

Intervention  ROI Tvalue X Y Z

Placebo Left anterior insula * 5.63 =32 12 3
Right posterior insula 4.15 32 20 6
Right thalamus 4.94 18 -10 6
Anterior cingulate cortex ~ 4.65 -16 42 3
TVNS Left anterior insula 4.68 -32 20 9
Left posterior insula 4.15 =34 0 9
Right posterior insula 451 34 20 0

Right ventral prefrontal 5.29 44 56 -3
Right caudate nucleus 4.84 14 -6 24

ROI with p<0.05 (after FWE correction)
TVNS transcutaneous vagal nerve stimulation
" p<0.05 after FDR correction
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with TVNS, the left anterior insula, the posterior insula bilat-
erally, the right ventromedial PFC and the right caudate nu-
cleus showed significant activation (Table 1).

MRI-activation in the right S2, the left posterior insula as
well as bilateral in the caudate nucleus and ACC was positive-
ly associated with the changes of heat pain threshold during
placebo stimulation (Table 2; for insula location see Fig. 2
top). However, during TVNS, the association with changes
of heat pain threshold was only seen for activation in the right
anterior insula (Fig. 2 bottom; #=5.55; MNI coordinates
(X, ¥, 2): 34, 8, 9; ppwe=0.025).

Contrast analysis revealed decreased ACC activation dur-
ing stimulation with TVNS in comparison with the placebo
condition (placebo minus TVNS; 1=4.78; MNI coordinates
(%, Y, 2):-16, 40, 3; prwg=0.028) and increased fMRI activa-
tion in the right amygdala (TVNS minus placebo; t=3.88;
MNI coordinates (x, y, z): 20, —6, —18; prwg =0.035) as well
as in the M1 hand area contralateral to thermal stimulation
(TVNS minus placebo; #=3.86; MNI coordinates (X, y, z):
34, —26, 54; prwe=0.036).

The eight participants who reacted with an elevation of
pain threshold during TVNS (Fig. 3a) showed a decreased
fMRI signal compared to the placebo stimulation in the right
caudate nucleus (t=8.19; ppwge=0.021; MNI coordinates:18,
26, 0), the vimPFC (¢=4.96, pgwg=ns, MNI coordinates: 0,
30, —12), the left anterior insula (z=5.40; ppwg = 0.046; MNI-
coordinates: —42, 14, 6), and the left hypothalamus (z=3.94;
prwe=0.04; MNI coordinates: —14, 0, 0; Fig. 3b—d).
Participants who did not respond to TVNS with increased pain
thresholds did not show any fMRI signal changes under
TVNS in comparison with the placebo condition.

Discussion

We used region of interest (ROI) based fMRI statistics to
investigate the cerebral effects of transcutaneous vagal nerve
stimulation (TVNS) applied in order to relieve experimental
heat pain in healthy volunteers. During thermal pain experi-
ence without TVNS (placebo condition), we found an increase
of fMRI activation in the left anterior insular and the right

Table 2  Correlation of fMRI signal magnitude in 20 participants
during thermal stimulation with the pre/post differences of heat pain
threshold using linear regression under placebo condition

ROI Tvalue P(FWE) cluster X Y Z
Caudate nucleus, left 5.10 0.017 11 22 26 6
Caudate nucleus, right 4.99 0.02 20 18 —-16 24
Posterior insula, left 4.65 0.028 12 -38 -2 12
NI 5.79 0.022 13 30 -16 27
Anterior cingulate cortex 5.06 0.023 64 -12 36 6
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stimulation temperature during placebo

Fig. 2 Positive associations of insula activation with stimulation
temperature. a fMRI-activation magnitude in the posterior left insula
was associated with stimulation temperature during placebo stimulation.
b fMRI-activation magnitude in the right anterior insula was associated
with stimulation temperature during TVNS stimulation

posterior insular cortex, the right thalamus and the anterior
cingulate cortex, consistent with results of previous investiga-
tions (Apkarian et al. 2005; Freund et al. 2009; Friebel et al.
2011). Moreover, the intensity of activation in regions
processing thermal pain was associated with the heat
pain thresholds. This was not only observed for cortical
areas processing thermal pain (S2, posterior insula, ACC)
but also for the bilateral caudate nuclei. In contrast, the inten-
sity of thermal stimulation during TVNS was only associated
with right anterior insula activation.

In addition, we found decreased fMRI activation in the
ACC during thermal painful stimulation under TVNS.
However, we did not find an anti-nociceptive effect of
TVNS for the whole group of participants.

ACC and mPFC are parts of the medial (affective-cogni-
tive-evaluative) pain system, which includes the medial tha-
lamic nuclei (Ingvar 1999). Investigating specific activation
during experimentally induced thermal pain in comparison
with pressure pain in an ALE-meta-analysis, we found activa-
tion in the left ACC as well as in other sites of representations
(S2, left posterior insula, medial cingulate cortex, right inferior
frontal gyrus and bilateral thalamus) to be specific for thermal
pain processing in healthy participants (Friebel et al. 2011).
Furthermore, the ACC has been repeatedly associated with
increasing attention, especially to emotional stimuli (Bush et
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Fig. 3 Results for the participants responding to TVNS with pain
threshold reduction. a Difference of pain threshold temperature before
and after intervention (TVNS or placebo given as mean and SEM;
*p=0.024, Bonferroni corrected. b—d In comparison to placebo TVNS

al. 2000) and, together with the mPFC, with skin conductance
response during effortful mental processing (Naccache et al.
2005). A deactivation of the ACC during TVNS is therefore
well in line with a general decreasing sympathetic effect indi-
cated by lower attention and arousal to painful stimuli.

Although the absolute temperatures of thermal stimulation
were comparable between the conditions, the association of
brain activation and temperature in the presence or absence of
TVNS differed considerably. During TVNS, only activation
in the right anterior insula was associated with the heat inten-
sity (temperature of aplication). Thus, the discriminative as-
pect of association with thermal pain may have been shifted to
a more affective (Craig et al. 2000) or even anticipatory effect
(Brown et al. 2008; Lickteig et al. 2013). Because of the
strength of this association and specific localisation in the
right anterior insula, we certainly need further studies on the
combination of TVNS and thermal pain to fully understand
this pehenomena.

yielded a reduction of fMRI activation in the left superior anterior insular
cortex (Ant. IC), caudate nucleus (NC), ventromedial prefrontal cortex
(vmPFC) and hypothalamus (HT)

Hypoalgesic effects of TVNS were only shown in a sub-
group of the participants. This finding is in line with previous
investigations, where TVNS was associated with both anti-
and pro-nociceptive effects on experimentally induced pain
in healthy volunteers (Johnson et al. 1991; Kraus et al. 2007,
Laqua etal. 2014). The controversial results from these exper-
imental studies are supported by findings of previous clinical
investigations, revealing anti-nociceptive and pro-nociceptive
reactions to experimentally induced pain in patients with an
implanted vagal nerve stimulation device (Kirchner et al.
2000). Oppositional responses to TVNS could be explained
by differing individual susceptibility to TVNS (Laqua et al.
2014). However, the underlying mechanisms are still to be
elucidated.

When focusing our analysis on participants who reacted
with an increased pain threshold to TVNS we found a reduc-
tion of fMRI activation in the right caudate nucleus, the ven-
tromedial PFC, left AIC and the left hypothalamus. The
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caudate nucleus is interconnected with prefrontal areas that are
functionally related to various cognitive processes (Alexander
et al. 1986; Lehéricy et al. 2004). Together with the PFC, the
anterior cingulate as well as the insular cortices, the caudate
nucleus was shown to be involved in the neural processing of
experimentally induced heat pain (Freund et al. 2009).

The reduced neuronal activity of the hypothalamus in
TVNS responders is in line with the neurophysiological
hypothesis of non-invasive vagal nerve stimulation.
Connectivity analysis might help to understand an interaction
of this area with the anterior insula, the caudate nucleus and the
PFC during TVNS in future studies. A decrease of vmPFC
activation during TVNS is well in accordance with a broad
line of literature demonstrating the association of the vmPFC
with psychophysiological responses associated with emotional
processing. For example, increased vagal impact decreasing
stress and conflict is known to be associated with activation
in the vimPFC (Anders et al. 2004). In addition, Seifert et al.
(2009) reported reduced vmPFC activity during central sensi-
tization under systemic sodium channel blockade by lidocaine.

Although our investigation has the strength of a crossover
design, allowing comparisons of intra-individual psychophys-
ical responses to TVNS in contrast to placebo during thermal
pain stimulation, our study lacks statistical power for demon-
strating a more detailed cerebral network associated with the
TVNS effects on thresholds of heat pain. Moreover, the extent
of genuine stimulation of vagal nerve afferents is unknown.
Other researchers suggested stimulation of the anterior wall of
the outer auditory canal to be most effective for TVNS (Kraus
et al. 2007; Kraus et al. 2013).

Since the effect sizes were expected to be small, we used an
ROI-approach. Future studies with larger samples sizes and an
improved design might be able to analyze the whole brain
instead of ROL

The method of “Limits”, used to measure the thresholds of
experimental heat pain, seems to be rather insensitive to dis-
criminate effects of TVNS.

Another limitation of our methodology is that it excluded
the possibility to measure the perception of pain under nox-
ious heat stimulation during fMRI session, thus, leaving the
question of habituation to pain unanswered. Using the same
temperature for noxious heat stimulation during fMRI ses-
sions, rather than randomizing other painful or non-painful
temperatures, we could not exclude the expectancy and habit-
uation effects either. All this should be avoided in future stud-
ies, according to a recent systematic review (Duerden and
Albanese 2013).

In order to measure anti-nociceptive effects of TVNS, more
sensitive measurement methods (e.g., using so-called dynamic
methods of experimental pain measurement) should be used
for that purpose (Grosen et al. 2013). Therefore, it might be
advantageous to apply a sensitization model for allodynia
(Jurgens et al. 2014). Another strategy would be to pre-
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select participants who react with measurable autonomic re-
sponse to TVNS outside of the MRI scanner.

Moreover, the pathophysiological considerations and clin-
ical data suggest that patients with chronic pain would benefit
from TVNS more than healthy volunteers within the experi-
mental pain model (Eichhammer 2011; Napadow et al. 2012).
Therefore, combining the crossover design with an improved
sensitive measurement of experimental pain and neuroimag-
ing focused on the limbic system will have certain advantage
in future studies involving patients with chronic pain.

Conclusion

In summary, thermal stimulation elicited changes of fMRI
signal in cerebral regions that are involved in the processing
of pain. Transcutaneous vagal nerve stimulation led to de-
creased neuronal activation in the medial pain system, where-
as the anti-nociceptive effect of TVNS was also associated
with decreased activation of areas involved in emotional and
cognitive pain regulation (superior anterior insula, vmPFC
and the caudate nucleus) as well as the hypothalamus as a
brain region releasing stress hormones.
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