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a b s t r a c t 

Our increasing knowledge about gut-brain interaction is revolutionising the understanding of the links between digestion, mood, health, and even decision making 

in our everyday lives. In support of this interaction, the vagus nerve is a crucial pathway transmitting diverse gut-derived signals to the brain to monitor of metabolic 

status, digestive processes, or immune control to adapt behavioural and autonomic responses. Hence, neuromodulation methods targeting the vagus nerve are 

currently explored as a treatment option in a number of clinical disorders, including diabetes, chronic pain, and depression. The non-invasive variant of vagus nerve 

stimulation (VNS), transcutaneous auricular VNS (taVNS), has been implicated in both acute and long-lasting effects by modulating afferent vagus nerve target areas 

in the brain. The physiology of neither of those effects is, however, well understood, and evidence for neuronal response upon taVNS in vagal afferent projection 

regions in the brainstem and its downstream targets remain to be established. 

Therefore, to examine time-dependent effects of taVNS on brainstem neuronal responses in healthy human subjects, we applied taVNS during task-free fMRI in 

a single-blinded crossover design. During fMRI data acquisition, we either stimulated the left earlobe (sham), or the target zone of the auricular branch of the vagus 

nerve in the outer ear (cymba conchae, verum) for several minutes, both followed by a short ‘stimulation OFF’ period. Time-dependent effects were assessed by 

averaging the BOLD response for consecutive 1-minute periods in an ROI-based analysis of the brainstem. 

We found a significant response to acute taVNS stimulation, relative to the control condition, in downstream targets of vagal afferents, including the nucleus of 

the solitary tract, the substantia nigra, and the subthalamic nucleus. Most of these brainstem regions remarkably showed increased activity in response to taVNS, 

and these effect sustained during the post-stimulation period. These data demonstrate that taVNS activates key brainstem regions, and highlight the potential of this 

approach to modulate vagal afferent signalling. Furthermore, we show that carry-over effects need to be considered when interpreting fMRI data in the context of 

general vagal neurophysiology and its modulation by taVNS. 
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. Introduction 

The central nervous system (CNS) constantly monitors bodily signals

nd adapts behavioural and physiological responses to maintain phys-

ological homeostasis. To regulate energy and glucose metabolism and

o adapt feeding behaviour, for instance, the CNS exerts efferent con-

rol on gastric tone and emptying, or levels of gut-derived humoral or

eural signals ( Clemmensen et al., 2017 ). For this to be possible, the

rain relies on the reception of a vast array of peripheral signals from

ifferent organs ( Egerod et al., 2019 ; Fülling et al., 2019 ; Kim et al.,

018 ; Yu et al., 2020 ). In this context, the vagus nerve has recently

ained specific attention, as a crucial bi-directional pathway in commu-

icating signals between body and brain ( Alhadeff, 2021 ; Cork, 2018 ;

ravagli and Anselmi, 2016 ). 
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The afferent vagus comprises distinct fibre types innervating wide

arts of thoracic and abdominal organs, including the gut, heart and

ung, as well as parts of the pinna and meninges ( Butt et al., 2020 ). Va-

al afferent information converges in the nucleus of the solitary tract

NTS), a bilateral V-shaped nucleus spanning the caudal medulla at the

evel of the obex. While the nucleus itself is thought to be compart-

entalized regarding the origin of afferents, as reported in anatomi-

al and clinical studies ( Barraco, 1994 ; Cutsforth-Gregory and Benar-

och, 2017 ), recent work points towards heterogenous cell populations,

ome of which are activated along the entire nucleus in response to pe-

ipheral signals ( Chen et al., 2020 ; Han et al., 2018 ; Tan et al., 2020 ).

his supports the concept of intranuclear connectivity rather than strict

opographical organization alone, which in turn could allow for multi-

ensory integration of signals from different organs and their transmis-

ion into specific downstream circuits. Thus, the NTS seems to be op-
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imally composed to serve as the main hub to convey afferent vagal

ignals into different neurocircuits, for instance to provide input to the

arabrachial area (e.g. Borgmann et al., 2021 ), hypothalamic regions

e.g. Goldstein et al., 2021 ) and the bed nucleus of the stria terminalis

BNST; Ch’ng et al., 2018 ; Lebow and Chen, 2016 ; Stamatakis et al.,

014 ). Consistent with this, mouse models have shown that stimulat-

ng gut-innervating vagal afferents drives preference learning through

he activation of dopamine-dependent nigro-striatal pathways via the

TS ( Han et al. , 2018 ). Furthermore, vagal afferents include fibres that

ense mechanical stimuli, such as intestinal stretch, which reduce food

ntake upon artificial stimulation ( Bai et al., 2019 ), and some that sense

ugar in the gut and drive preference learning via downstream activa-

ion of NTS neurons ( Tan et al. , 2020 ). Together, these findings support

he concept of a body-vagal-brain axis mediating diverse homeostatic

egulation processes, with vagal afferents sensing interoceptive signals

rom the body and conveying them to the brain via the NTS. 

Given the importance of vagal afferents in informing the brain of

odily states, methods enabling a selective manipulation of its func-

ion represent a promising approach, not least for basic sciences to en-

ance our understanding of body-brain communication. Beyond, neuro-

odulation approaches targeting the vagus nerve have been explored

s potential treatment options for various clinical disorders, includ-

ng diabetes, heart failure, bowel disease, depression, epilepsy, and

eadache syndromes ( de Lartigue, 2016 ; Kaniusas et al., 2019b ). Tran-

cutaneous auricular vagus nerve stimulation (taVNS), applied non-

nvasively to the exclusively afferent auricular branch of the vagus nerve

 Butt et al. , 2020 ), might allow for such a selective modulation of vagus-

ownstream neurocircuitry ( Alicart et al., 2020 ; Koenig et al., 2021 ;

uhnel et al., 2020 ; Liu et al., 2020 ; Neuser et al., 2020 ; Obst et al.,

020 ; von Wrede et al., 2021 ). It remains, however, unclear how taVNS

odulates individual brain regions that control behavioural responses. 

Previous studies demonstrated that VNS, applied either transcuta-

eously or via an implanted stimulator, regulates downstream targets of

agal afferents through different neurotransmitter systems (e.g., Colzato

nd Beste, 2020 ; Hachem et al., 2018 ). Its success in anticonvulsive

herapy, for example, is thought to be mediated by the modulation of

amma-aminobutyric acid (GABA) release, as determined through be-

avioural and electrophysiological measures of automated motor in-

ibition after taVNS ( Keute et al., 2018 ), or directly through elevated

erebrospinal fluid (CSF)-GABA levels in response to invasive stimula-

ion of the cervical vagus nerve in patients with partial seizures ( Ben-

enachem et al., 1995 ). In addition, the locus coeruleus (LC) –a ma-

or norepinephrinergic brainstem nucleus that receives vagal input via

he nucleus of the solitary tract ( Aston-Jones et al., 2004 )– has been

hown to be modulated by tVNS in various human neuroimaging stud-

es ( Frangos et al., 2015 ; Kraus et al., 2013 ; Yakunina et al., 2017 ),

lthough pupillometry as an indirect measure of norepinephrine (NE)

elease from the LC failed to show significant differences between sham

nd verum taVNS ( Keute et al., 2019 ; Warren et al., 2019 ). Furthermore,

eciprocal connections between the dorsal raphe nuclei (DRN) and the

C enable cross-modulatory regulation of adrenergic and serotonergic

ransmitter release ( Brown et al., 2002 ). Accordingly, anti-depressive

ffects of (ta)VNS are hypothesized to be, at least partially, based on the

odulation of serotonin levels, in close interactions with NE release.

xtended invasive VNS potently increases the firing rates of the DRN

nd LC, as shown by extracellular recordings in the rat throughout a

ong-term (90-day) stimulation protocol ( Dorr and Debonnel, 2006 ), in-

icating effects via the induction of neuroplasticity. Consistent with this

nding in rats, taVNS elicited changes in the functional connectivity be-

ween midline cortical structures and the orbitofrontal cortex, among

thers, along with the alleviation of symptoms in patients suffering from

ajor Depression ( Fang et al., 2016 ). 

In the present study, we aimed to evaluate the modulatory potential

f taVNS on brainstem activity in a single-blind, crossover functional

agnetic resonance (fMRI) study. Given that both acute and long-lasting

ffects of taVNS might exist ( Szeska et al., 2020 ), we did not apply a
2 
lassical task-related fMRI design, as the neural responses to alternating

eriods of sham and verum stimulation would be challenging to inter-

ret due to possible carry-over effects. Instead, we conducted a task-free

easurement with three different blocks: baseline (stimulation OFF),

ham or verum stimulation, and post-stimulation (stimulation OFF). In

rder to assess the temporal dynamics of taVNS’ effects on brainstem

ctivity, we analysed BOLD signals averaged across 1-minute time bins,

ach contrasted with the baseline, and focused on both acute effects dur-

ng the stimulation and on prolonged effects following the stimulation.

ence, by following the argumentation that stimulation of the auricular

ranch of the vagus nerve increases input to the NTS in the medulla and

nfluences the activity of NTS neurons, we hypothesized that brainstem

reas known to be targeted by vagal afferents in mice would also be

ctivated by taVNS in an acute and prolonged manner. 

. Methods and materials 

.1. Participants 

Fifteen lean, healthy probands were recruited from a database main-

ained at the Max-Planck Institute for Metabolism Research, Cologne. All

articipants were non-smokers, without a history of neurological, psy-

hiatric, gastrointestinal, cardiac or eating disorders, and without any

pecial diets or medical treatments. Three subjects were excluded due

o excessive motion during fMRI measurement. In total, 12 subjects (8

emales, aged 29.1 ± 1.3 years, BMI 22.5 ± 0.7) were included in further

ata analyses. 

All participants gave written informed consent to participate in the

xperiment, which was approved by the local ethics committee of the

edical Faculty of the University of Cologne (Cologne, Germany; No:

6-229). 

.2. Experimental design 

The study was carried out in a single-blinded, sham-controlled,

rossover design ( Fig. 1 ). Each volunteer participated in two subsequent

uns within the same fMRI session. To avoid potential carry-over effects,

ach participant first received the sham stimulation before entering the

ession with verum stimulation. 

On the testing day, prior to subjects’ placement in the scanner, in-

ividuals were introduced to the experimental procedure. Irrespective

f the session (sham or verum), participants’ individual sensory and

ain thresholds were defined before functional image acquisition for

oth stimulation sites –left earlobe for sham and left cymba conchae for

erum stimulation, respectively, using a transcutaneous nerve stimula-

or (NEMOS, Cerbomed, Erlangen, Germany). Starting with 0.1mA (cf.

rangos et al. , 2015 ) and increasing in 0.1mA steps, the emergence of

 tingling sensation was set as the lower sensory stimulation threshold.

he beginning of a painful sensation or an intolerable sensation of dis-

omfort determined the upper stimulation threshold. Final stimulation

ntensity was set to 0.1 mA beneath the upper threshold without going

ver 0.5mA. Average recorded final stimulation intensity ( ± SD ) was

.41 ± 0.13mA (range 0.1 - 0.5mA) for earlobe stimulation, and 0.31

 0.19mA (range 0.1 - 0.5mA) for stimulation of the cymba conchae.

timulation was applied in 0.25ms duration monophasic square wave

ulses at 25Hz (non-adjustable parameters of the device). Electrodes

ere fixed to the earlobe for sham stimulation or the cymba conchae

or verum stimulation, respectively. 

All study participants were instructed to stay awake, keep eyes open,

nd avoid movement for the total duration of the scan. To minimize ar-

ifacts due to electrical fields, the stimulation device was placed outside

he scanner room and the wire entering the scanner room was shielded.

ue to interferences with the BlueTooth connected pulse oximeter and

reathing belt with the taVNS device, acquisition of typical physio-

ogging parameters was not possible. Both fMRI sessions were task-

ree and were separated by a 10 min break to minimize carry-over so-
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Fig. 1. Study design for testing sham-controlled transcutaneous auricular vagus nerve stimulation (taVNS) within the fMRI scanner. All volunteers received both, 

sham (left earlobe) and verum (left cymba conchae) stimulation on one testing day, with a break between the two fMRI sessions. To avoid carry-over effects, the first 

fMRI session was always acquired with a sham stimulation, and the subsequent with a verum stimulation. After entering the scanner, participants’ individual sensory 

and pain thresholds were defined. Then, the fMRI started with a 2 min baseline (stimulation OFF), continued with a 7 min stimulation period (sham or verum), and 

ended with a 3 min post-stimulation period (stimulation OFF). 
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atosensory stimulation effects. Each session lasted 12 min, starting

ith a 2 min baseline phase, followed by 7 min stimulation, and a 3

in post-stimulation phase. 

.3. Imaging parameters 

Imaging was performed on a 3T MRI system (Siemens Magne-

om Prisma, Erlangen, Germany). Anatomical scans were acquired

reviously on a separate day with a 12 channel array head coil

ith 128 sagittal slices that covered the whole brain (MPRAGE, TR

300ms, TE 2.32ms, field of view 256 × 256 × 192mm 

3 , voxel size

.9 × 0.9 × 0.9mm 

3 , 213 sagittal slices). Functional imaging data were

cquired using a task-free paradigm ( “resting state ”), lasting 12 min

or each of the two sessions (verum and sham condition). Acquisi-

ion of functional images was performed with a 32-channel head coil

Siemens, Erlangen, Germany) in 34 axial slices with a T2 ∗ -weighted

cho-planar imaging sequence (slice thickness: 2 mm; in-plane resolu-

ion: 2 × 2mm 

2 ; no distance factor; ascending interleaved in-plane ac-

uisition; TR = 2000ms, TE = 30ms, field of view 192 × 192 × 60mm 

3 ;

AT factor = 2). In addition, we acquired two images with reversed

hase encoding directions (anterior–posterior or posterior–anterior) for

he purpose of estimating and correcting susceptibility-induced distor-

ion (with an otherwise identical protocol as the main functional mea-

urement). 

.4. Data preprocessing 

Functional MRI Data sets were pre-processed using the FMRIB Soft-

are Library (FSL version 5.08, www.fmrib.ox.ac.uk/fsl ) according to

mith et al. (2013) . The first 3 images were discarded from the final data

et to avoid equilibration effects. Non-brain tissue was removed using

he automated brain extraction tool ( Smith, 2002 ) and images were re-

riented in space (FSL FLIRT, Jenkinson, 2005 ). Susceptibility induced

istortions were corrected with FSL TOPUP ( Andersson and Sotiropou-

os, 2016 ) and time series were realigned to correct for head movements

 Jenkinson et al., 2002 ). Data were spatially smoothed using a Gaussian

ernel with a 3mm FWHM and high-pass temporal filtering was applied

FWHM = 100s). Structured artefacts were then removed using inde-

endent component analysis followed by FSL’s ICA-based X-noisefier

 Griffanti et al., 2014 ; Salimi-Khorshidi et al., 2014 ). Then, functional

ata were co-registered to the subject’s T1-weighted image and normal-

zed to Montreal Neurological Institute (MNI) standard space for statis-

ical analysis. 
3 
.5. Statistical analysis 

Statistical data analysis was carried out using statistical parametric

apping (SPM, version 12, r7219; Wellcome Department of Imaging

euroscience, London) in MATLAB (version 2016b, The MathWorks).

or the first-level analysis, we specified a voxel-wise general linear

odel (GLM) by generating 1 min time bins out of the total of 12 min

mage acquisition for both stimulation conditions (verum and sham).

his operation resulted in 12 individual time bins (2 baseline, 7 stimu-

ation, 3 post-stimulation) for each condition, resulting in 24 regressors

n each GLM. The realignment parameters and their derivatives (in total

4 motion parameters, see Friston et al., 1996 ), a matrix indicating mo-

ion outlier volumes, as well as average time-series from white matter

nd ventricular cerebrospinal fluid were specified as nuisance regres-

ors, to supplement the motion-based denoising with fMRI-signal-based

enoising, see Power et al. (2015) . 

To assess individual stimulation effects over time, relative to the ini-

ial baseline activity, we subtracted the average BOLD response of the 2

in baseline from the average BOLD response of each and every stimu-

ation and post-stimulation time bin (e.g., first verum time bin weighted

ith 1, and the two verum baseline time bins with -0.5 each, and so on).

his was done separately for sham and verum regressors, respectively,

eaning that each sham time bin was contrasted against the sham base-

ine, and each verum time bin against the verum baseline. As a result,

en contrast images for the sham condition and ten contrast images for

he verum condition were computed. 

In the second-level analysis, we specified a flexible factorial design

ith the factors subject and condition (10 sham and 10 verum contrasts

rom the 1 st level) using a random-effects model. As we were partic-

larly interested in brainstem responses, the second-level analysis was

estricted to an anatomically-defined brainstem mask that excludes ar-

as of high physiological noise ( Beissner et al., 2014 ). We first compared

ll verum contrasts [contrast weights: ones(1,10)] against all sham con-

rasts [contrast weights: -1 ⋅ ones(1,10)], in order to identify brainstem

egions that generally increase their activity in response to taVNS, span-

ing both the acute stimulation and the post-stimulation period. Next,

e differentiated between the acute and late taVNS effects, by compar-

ng verum versus sham selectively for the stimulation period and for the

ost-stimulation period, respectively. Significance threshold was set to

 < 0.05, family-wise-error (FWE) corrected for multiple comparisons at

he cluster level with a cluster-defining threshold of p < 0.001. Notably,

nder this cluster-defining threshold, cluster-level correction for multi-

le comparisons ensures a valid false positive rate control ( Eklund et al.,

016 ; Flandin and Friston, 2019 ). 

http://www.fmrib.ox.ac.uk/fsl
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Table 1 

Brainstem regions with significant activation in response to taVNS. 

Region Laterality Cluster size Cluster p fwe-corr x y z T 

a) Verum > sham: stimulation and post-stimulation 

DRN b 84 < 0.001 0 -30 -36 9.36 

SN r 76 < 0.001 12 -14 -14 5.95 

STN r 16 -16 6 6.13 

NTS r 29 0.001 2 -40 -44 7.25 

SN l 17 0.008 -12 -16 -12 6.82 

RN r 44 < 0.001 4 -24 -12 6.44 

RN l -6 -22 -12 6.02 

GPi r 17 0.008 12 0 -8 5.74 

NST r 34 < 0.001 4 -46 -54 5.69 

b) Verum > sham: stimulation phase 

DRN b 20 0.004 0 -30 -36 6.67 

NTS l 18 0.007 2 -38 -44 5.95 

SN r 45 < 0.001 12 -14 -14 5.59 

RN r 26 0.001 4 -24 -12 4.87 

IPN b 13 0.024 4 -18 -28 4.87 

GPi r 11 0.041 14 -4 -6 4.69 

STN r 16 -16 6 5.16 

c) Verum > sham: post-stimulation phase 

DRN b 88 < 0.001 0 -30 -36 8.85 

SN r 64 < 0.001 12 -14 -14 8.37 

STN r 18 -14 -8 4.97 

SN l 20 0.004 -12 -16 -8 6.12 

NTS l 24 0.002 2 -40 -44 6.12 

GPi r 14 0.018 12 0 -8 6.05 

RN l 14 0.018 -6 -22 -12 5.61 

NST r 17 0.008 4 -46 -54 5.10 

Note. DRN, Dorsal Raphe Nucleus; SN, Substantia Nigra; STN, Subthalamic Nucleus; NTS, 

Nucleus of the Solitary Tract; RN, Red Nucleus (putatively retrorubral field); GPi, internal 

Globus Pallidus; NST, Spinal Trigeminal Nucleus; IPN, Interpeduncular Nucleus. 
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. Results 

We examined time-dependent effects of taVNS on brainstem neu-

onal responses by comparing consecutive 1-min time bins of activity

uring the verum stimulation against the sham stimulation. To identify

ossible carry-over effects of the taVNS that persist after stimulation, we

ifferentiated between acute BOLD responses during the stimulation (7

in in total) and delayed BOLD responses during the post-stimulation

eriod (3 min in total). Notably, each of the 1 min time bins represent

ncreased responses within this time window relative to the initial sham

r verum baseline, respectively. 

.1. Sustained effects of taVNS on the brainstem 

To identify sustained, i.e., both acute and persistent, effects of taVNS

n the brainstem activity, we compared the average neural responses to

erum versus sham, spanning both the stimulation and post-stimulation

eriods. We found clusters of significant activation in the dorsal raphe

ucleus (DRN), right substantia nigra (SN), left NTS, right subthalamic

ucleus (STN) and the area of the red nucleus, putatively the retrorubral

eld (RN; see Table 1 and Figs. 2 and 3 ) . A closer look at the timeline

f BOLD signal in these regions plotted in Fig. 3 revealed the signal dy-

amics over time. Notably, the BOLD signal increased over time during

erum compared to sham condition, with the notable exception of the

N. 

.2. Differentiation of acute and delayed effects of taVNS on the brainstem 

Next, we explored whether the same brainstem regions, that gener-

lly responded to taVNS, were indeed both significantly activated during

cute stimulation and showed a significant delayed activation after the

timulation was terminated. First, we identified acute effects of taVNS

n the brainstem activity, by comparing the average neural responses to

erum versus sham, but spanning only the seven stimulation time bins.

ext, we focused on the delayed effects, by again comparing verum ver-
4 
us sham, but this time spanning only the three post-stimulation time

ins. Most of the brainstem regions generally activated by acute taVNS

nd thereafter were indeed robustly activated after the termination of

he stimulation (see Table 1 and Fig. 3 ). That is, these regions clearly

howed a carry-over effect by being significantly activated both dur-

ng acute taVNS and in the post-stimulation phase. Particularly, activity

n the midbrain did not significantly increase during the acute stimula-

ion phase alone, but increased significantly specifically during the post-

timulation, showing a delayed taVNS effect ( Table 1 ). Interestingly, the

ight RN was significantly activated only during the acute taVNS, while

he left RN showed the opposite pattern, being significantly activated

nly during the post-stimulation phase. 

. Discussion 

Transcutaneous auricular VNS is a potential tool to modulate brain

ctivity in a minimally invasive manner. We investigated the temporal

ynamics of effects of taVNS effects on neural responses in the brainstem

uring fMRI in a cohort of healthy lean study participants. We demon-

trate that taVNS of the cymba conchae relative to sham stimulation of

he earlobe activates regions in the caudal brainstem that are consistent

ith location of the NTS, the primary relay station for vagal afferent

ignals, and its downstream targets. In this way, we could confirm ear-

ier studies reporting NTS activation during taVNS applied to the cymba

onchae ( Frangos et al. , 2015 ; Yakunina et al. , 2017 ). In addition, our

ndings indicate that taVNS can not only modulate the activity of NTS

eurons but also its –mainly dopaminergic– downstream targets. Acute

aVNS induced neuronal response in dopaminergic midbrain regions,

hich underscores links of the vagal gut-to-brain axis to neuronal re-

ard pathways, evidenced by more direct chemo- and optogenetic ma-

ipulations in mouse models ( Han et al. , 2018 ; Tan et al. , 2020 ). Here, by

sing an analysis technique frequently applied for the evaluation of neu-

al responses in (psycho-) pharmacological studies (so-called ph-fMRI,

f. Wandschneider and Koepp, 2016 ), we demonstrate time-dependent

uctuations in BOLD signal during acute stimulation and after termina-
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Fig. 2. Effects of taVNS on brainstem activ- 

ity. Neural responses in the lower brainstem (a, 

medulla and pons) and the midbrain (b) were 

significantly increased during verum relative to 

sham stimulation. During both the acute stim- 

ulation and after the termination of the stimu- 

lation, the taVNS triggered BOLD responses in 

the nucleus of the solitary tract (NTS), the dor- 

sal raphe nucleus (DRN), the substantia nigra 

(SN), the subthalamic nucleus (STN), and a re- 

gion adjacent to the red nucleus (RN, putatively 

the retrorubral field). Significance threshold 

was set to p < 0.05, FWE-corrected for multi- 

ple comparisons at the cluster level within the 

brainstem mask, with a cluster-defining thresh- 

old of p < 0.001. 

t  

e  
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2  

n  

o  

d

 

r  

r  
ion which appear to be region-specific. With analysing time-dependent

ffect in BOLD signals, we are of course limited to the aperture of fMRI

 Bright et al., 2017 ; Edwin Thanarajah et al., 2019 ; Tittgemeyer et al.,

018 ), and we can only measure a limited range of frequencies; this does

ot prevent us from finding an effect in the given range. To that end,
5 
ur study may provide the impetus for further studying the exact signal

ynamic of the effect with different techniques. 

Additionally, we note that our approach differs from conventional

esting-state analysis of BOLD activation patterns, as average neuronal

esponses within consecutive 1-minute periods are expected to be dif-
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Fig. 3. Temporal dynamics of the effects of taVNS and sham stimulation on brainstem activity. We estimated the average BOLD response to consecutive 1-minute 

time bins, separately for verum and sham, each contrasted with the respective baseline (verum baseline or sham baseline). Both, verum and sham condition consisted 

of seven stimulation and three post-stimulation time bins. For the same brainstem regions revealing a significantly increased activity in response to taVNS relative to 

sham stimulation (cf Fig. 2 ), contrast estimates for the time bins are shown for the individual brainstem regions. Error bars show 90% CI. Note, the signal dynamics 

are highpass filterred such that slow dynamics on the time scale of ∼2 min are filtered out. 
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d  
erentially modulated by taVNS relative to sham stimulation. The effect

s outlined by some examples: While DRN activity increased, consis-

ent with increased DRN firing rates in the rat following long term VNS

 Manta et al., 2013 ), we could show a fluctuation of the NTS activity

ver the stimulation time, including prolonged increases in activity af-

er the termination of the stimulation. This confirms our hypothesis of
6 
arry-over effects of taVNS even after acute stimulation and their mod-

latory action on NTS activity. 

However, given that the stimulation device likely also concurrently

timulated facial and trigeminal nerves, we cannot fully conclude activa-

ions to be exclusively vagally transmitted. This demands for stimulation

evices with higher specificity, like for percutaneous VNS described pre-
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iously ( Kaniusas et al., 2019a ). Still, our results are based on contrast

stimates between the verum and the sham stimulation, which miti-

ates this confound as facial and trigeminal nerves are also stimulated

n the sham condition, where the earlobe is targeted that is unlikely to

e innervated by the vagus nerve ( Butt et al. , 2020 ). Together, these

rguments are in favour of a rather specific stimulation of the vagal

fferents. 

Transcutaneous VNS has been shown to influence sympa-

hetic outflow, leading to a shift towards parasympathetic control

 Bretherton et al., 2019 ). Modulation of heart rate variability and

ardiac output, in turn, presumably influence BOLD responses; hence,

he lack of physiological recordings display a clear limitation of this

tudy. We attempted to account for this drawback by performing an

CA in combination with FSL FIX with a moderately low filtering

hreshold to filter out physiological noise while compromising between

he loss of signal and false positives –an approach which has been also

ollowed in other fMRI studies aiming to decipher neural signatures of

eripheral signals in the brainstem (e.g., Manuel et al., 2020 ; Power

t al. , 2015 ). In addition, we applied an anatomically-defined brainstem

ask in order to exclude areas of high physiological noise ( Beissner

t al. , 2014 ). By this means, we found activations in the caudal medulla,

onsistent with the location of the NTS, which fluctuated over the time

ourse of stimulation, and thus conclude a (direct) pathway of the

uricular branch of the vagus nerve to the NTS being activated by our

timulation protocol. 

A crucial limitation of the currently available taVNS stimulation

rocedures is that effects on neurotransmitter and sympathetic activ-

ty have been shown, in animal studies, to be amplitude and frequency

ependent ( Noller et al., 2019 ). Although techniques to tune the stim-

lation more specifically towards physiological responses are available

 Kaniusas et al., 2020 ), the analysis of underlying mechanisms in hu-

ans is restricted to stimulation parameters, which are mostly fixed

or ready-to-use medical devices. Understanding the physiological cor-

elates of taVNS demands for more explorative investigations of the ef-

ects of varying stimulation frequencies. However, this would require

 tight control of cardiac function to avoid health compromising side

ffects like arrythmias and bradycardia. 

In sum, we provide an assessment of BOLD signal dynamics in re-

ponse to taVNS with a commonly used stimulation device, which have

et parameters for stimulation amplitude and frequency. We show that

aVNS activates the primary afferent targets of the vagus nerve, the NTS,

nd (putatively dopaminergic) downstream regions within the brain-

tem. In future, studies focussing on fine-tuning the stimulation param-

ters to more specific physiological responses and extending their analy-

is to the whole brain are needed to further elaborate neuromodulatory

ffects of taVNS. 
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