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Modifying functional brain
networks in focal epilepsy by
manual visceral-osteopathic
stimulation of the vagus nerve at
the abdomen
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BMT Internationale Akademie fir Biodynamische Manuelle Therapie GmbH, Buhler, Switzerland,
2Department of Epileptology, University of Bonn Medical Centre, Bonn, Germany, *Helmholtz Institute for
Radiation and Nuclear Physics, University of Bonn, Bonn, Germany, “Interdisciplinary Center for Complex
Systems, University of Bonn, Bonn, Germany

Non-invasive transcutaneous vagus nerve stimulation elicits similar therapeutic
effects as invasive vagus nerve stimulation, offering a potential treatment
alternative for a wide range of diseases, including epilepsy. Here, we present a
novel, non-invasive stimulation of the vagus nerve, which is performed manually
viscero-osteopathically on the abdomen (voVNS). We explore the impact of short-
term voVNS on various local and global characteristics of EEG-derived, large-scale
evolving functional brain networks from a group of 20 subjects with and without
epilepsy. We observe differential voVNS-mediated alterations of these
characteristics that can be interpreted as a reconfiguration and modification of
networks and their stability and robustness properties. Clearly, future studies are
necessary to assess the impact of such a non-pharmaceutical intervention on
clinical decision-making in the treatment of epilepsy. However, our findings may
add to the current discussion on the importance of the gut-brain axis in health and
disease.

Clinical Trial Registration: https://drks.de/search/en/trial/DRKS00029914,
identifier DRKS00029914

KEYWORDS
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system, gut-brain axis

1 Introduction

Epilepsy is the third most common neurological disorder with a high impact on everyday
life (World Health Organization, 2019). Not only the recurrent epileptic seizures themselves
but also therapy-associated constraints as side effects and socio-legal consequences impair
those affected. Though antiseizure medications (ASM), the first line treatment, provides
seizure freedom in about two-thirds of people with epilepsy (PWE), for the other third
several attempts at treatment are necessary and the search for alternatives is mandatory.
Brain stimulation in epilepsy is an evolving field, with vagus nerve stimulation (VNS) being
an established method (Groves and Brown, 2005; Beekwilder and Beems, 2010; Panebianco
et al., 2022).
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The vagus nerve is the longest nerve of the parasympathetic
nervous system. It reaches from the vagal nuclei in the medulla to the
colon, and since it strays in the entire abdominal cavity, it plays a key
role in the communication between the brain and peripheral organs
that are involved in the sensory detection and the autonomic control
of visceral activity. Invasive vagus nerve stimulation (iVNS, with
leads wrapped around the left vagus nerve at the carotid sheath) has
been extensively studied since the 1990s and effectiveness as well as
safety is well documented (Ben-Menachem, 2002). Recent studies
with non-invasive transcutaneous auricular vagus nerve stimulation
(taVNS, stimulating a cutaneous branch of the vagus nerve) support
the idea of antiseizure effects with low risk of complications (von
Wrede and Surges, 2021).

In addition to the aforementioned invasive and noninvasive
approaches, there are other ways to stimulate the vagus nerve (Bailey
and Bremer, 1938; Lanska, 2002; Cerritelli et al., 2016; Yuan and
Silberstein, 2016a; Yuan and Silberstein, 2016b; Yuen and Sander,
2017; Payne et al., 2019; Capilupi et al., 2020; Okonogi and Sasaki,
2021; Goggins et al., 2022; Hilz, 2022). An alternative and so far not
(or only insufficiently) investigated stimulation of the vagus nerve
could be performed manually viscero-osteopathically on the
abdomen (voVNS). Because of the high (approximately 75%)
afferent fiber content of the vagus nerve, viscero-sensory
information from the abdomen and thorax can be expected to
exert more influence on the brain than vice versa (McMillin
et al., 1999; Critchley and Harrison, 2013; Cerritelli et al., 2021).
Also, the development of the primordial intestine, which precedes
the development of the neural tube in time, underscores this
directionality which supports the concept of a body-vagal-brain
axis as part of the human physiolome (Lehnertz et al., 2020; Ivanov,
2021).

A recent study using so-called resting-state functional magnetic
resonance imaging showed that osteopathic manual therapy is
associated with changes in brain connectivity in healthy controls
(Tramontano et al., 2020). However, it is unclear whether there are
also voVNS-related immediate and specific changes in local and
global properties of evolving functional brain networks (Lehnertz
et al, 2014) derived from the ongoing electroencephalographic
(EEG) activity in subjects with and without epilepsy. Observing
such changes would contribute to improve understanding of vagus
nerve stimulation in the context of non-pharmacological epilepsy
therapy.

2 Materials and methods

2.1 Subjects

We screened subjects who were admitted to the ward of the
Department of Epileptology at the University Hospital Bonn from
June 2022 to February 2023 for suitability for this study. Inclusion
necessity  (differential
follow-up)  for

criteria  were  clinical diagnosis or

video-EEG-
recording and age 18 years and older. Exclusion criteria were

electrophysiological long-term
actual or previous neurostimulation such as invasive or non-
invasive vagus nerve stimulation or deep brain stimulation,
progressive disease, seizures occurring within 24 h before the
start of the study, insufficient German language capability,
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mental disability and incompetence to follow instructions.
Demographic data were derived from subject reports and were
completed before the study. Subjects were assigned to two
different groups: epilepsy group (Gl) and non-epilepsy group
(G2). After being provided with written information and being
given the opportunity to ask further questions, 25 subjects
volunteered to participate and signed informed consent. All
subjects were under stable CNS medication (if taking any) at
least 24 h before stimulation, and no activation methods (such as
hyperventilation or sleep deprivation) were applied at least 24 h
before stimulation as well.

The study protocol had been approved by the ethics committee
of the University of Bonn before the study has started. The study was
included in the German clinical trial register (DRKS00029914), and
all experiments were performed in accordance with relevant
guidelines and regulations.

2.2 Manual visceral-osteopathic stimulation
of the vagus nerve and electrophysiological
recordings

In order to minimize the potential confounding influence of
various ultradian rhythms on characteristics of functional brain
networks (Lehnertz et al,, 2021; von Wrede et al., 2022a) and on
cardiac activity (Healy et al., 2021; Borovkova et al., 2022; Geng et al.,
2022), we applied voVNS for 10 min in the early afternoon while
subjects underwent a continuous 130-min electrophysiological
(EEG and ECG) recording. The stimulation phase (“S”; manual
visceral-osteopathic stimulation of the vagus nerve) was preceded by
a 1-h pre-stimulation phase (baseline phase “B1”) and followed by a
1-h post-stimulation phase (baseline phase “B2”). During these
phases subjects were at rest and awake.

In order to track possible changes of autonomic (heart, lung,
skin, and guts) as well as features of the central nervous system

and CNS-associated
wakefulness,

[vigilance, ~mood/behavior,
physiological

double vision, balance)], a structured interview preceded and

cognition
symptoms (drowsiness, dizziness,
followed the study. In addition, the abdominal girth was
measured at the level of the navel before the beginning of the study.

Stimulation was carried out with the same osteopathic hand
position in all subjects. Hands were positioned on the abdomen to
cover as much of the small intestine and colon as possible up to the
left colon flexure (Cannon-B6hm point) in a way that achieves
approximate anatomical accuracy. Using fascial release (Tozzi,
2012), a large portion of the small and large intestines (ascending
and descending colon) was targeted. Then, the fascial dynamics were
perceived, supported, and regulated to allow the organism to self-
regulate the tension of the fascia of the aforementioned organs. The
resulting improvement of their motility and peristalsis is thought to
alter the vagus nerve transmission to the brain.

We recorded electroencephalograms (EEG) from 25 electrodes
(Seeck et al., 2017) (Cz served as physical reference) and an
electrocardiogram (ECG) from a modified lead-I configuration
(two electrodes; placed at right upper and left lower chest). EEG
and ECG data were sampled simultaneously at 256 Hz using a 16 bit
analog-to-digital converter and were band-pass filtered offline (4th
order Butterworth characteristic; EEG bandwidth: 1-45 Hz; ECG
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bandwidth: 3-25Hz). To suppress contributions at the line
frequency (50 Hz) a notch filter (3rd order) was applied. All
recordings were visually inspected for strong artifacts (subject
movements, amplifier saturation, or stimulation artifacts) and
such data were excluded from further analyses.

2.3 Constructing and characterizing
evolving functional brain networks

We constructed evolving, fully connected and weighted
functional brain networks from a time-resolved synchronization
analysis of the above mentioned EEG-recording, assessed important
global and local characteristics of the networks, and tracked their
changes over time. To enable comparability with our previous
studies on VNS-induced alterations of functional brain networks
(Rings et al., 2021; von Wrede et al., 2021; von Wrede et al., 2022a;
von Wrede et al., 2022b), we proceeded as follows: we associated
network vertices with brain regions sampled by the standard
electrodes of the 10-20-system (Klem et al., 1999) and network
edges with time-varying estimates of the strength of interactions
between the dynamics of pairs of those brain regions, regardless of
their anatomical connections. We derived these estimates from a
moving-window analysis [non-overlapping windows; window
duration 20s (5120 data points)] of the mean phase coherence
between all pairs of sampled brain regions (Mormann et al., 2000;
Osterhage et al., 2007; Kuhnert et al., 2010; Fruengel et al., 2020). For
subsequent analyses, we excluded windows containing artifacts (on
average 24% of windows from B1, 11% from S, and 28% from B2).

We next assessed local and global network properties that were
shown to be sensitive for a characterization of taVNS-induced
alterations of functional brain networks (Rings et al., 2021; von
Wrede et al., 2021; von Wrede et al., 2022a; von Wrede et al., 2022b)
(see these references for details of analyses). Briefly, on the local
network scale, we made use of two different and opposing centrality
concepts to assess the relative importance of vertices and edges,
namely a path-based and an interaction-strength-based concept.
With both these concepts, non-redundant information about the
role such constituents play in the larger network can be attained
(Brohl and Lehnertz, 2019; Brohl and Lehnertz, 2022). As path-
based centrality index, we employed betweenness centrality C®. A
high C® value indicates a vertex/edge as central if it connects
different regions of the network as a bridge. As interaction-
strength-based centrality index, we employed eigenvector
centrality C*. A high C* value indicates a constituent as central if
the vertices/edges connected to it are central as well, therefore it
reflects the influence of the vertex/edge on the network as a whole.

On the global network scale, we assessed the average clustering
coefficient C, average shortest path length L, assortativity A, and
synchronizability S. The average clustering coefficient C
characterizes the network’s functional segregation, with C being
lower, the more segregated the network is. The average shortest path
length L characterizes the network’s functional integration; the more
integrated the network, the lower is L. Functional segregation
(dependent)

(Tononi et al,

information
1994).
Assortativity A characterizes the network’s robustness (Newman,

(integration) indexes independent

processes between brain regions

2018). It reflects the tendency of edges to connect vertices with
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similar or equal properties. If edges preferentially connect vertices
with similar (dissimilar properties), such networks are called
assortative (disassortative). Disassortative networks are more
to be easier to

vulnerable to perturbations and appear

synchronize than assortative networks. Synchronizability S
characterizes the network’s stability (Arenas et al, 2008). It
assesses the network’s propensity (or vulnerability) to get
synchronized by an admissible input activation: the higher S, the

more easily can the synchronized state be perturbed.

2.4 Assessing possible voVNS-related
alterations of heart rate variability

Fast fluctuations and slow trends were already reduced in the
filtered ECG time series, and in a next step, we smoothed these time
series (convolution with a Hamming kernel; kernel width:
10 datapoints) to facilitate automated identification of local
maxima. A local maximum was accepted as a heart beat (peak of
R-wave) if its amplitude value exceeded any other local maxima in a
window of 400 ms duration centered around that maximum. We
then calculated heart rate (HR) and heart rate variability (HRV)
from beat-to-beat intervals as the inverse of the median resp. as the
standard deviation of the intervals for successive, non-overlapping
5-min periods (Shaffer and Ginsberg, 2017). Eventually, we assigned
these data to the three phases (B1, S, B2).

2.5 Statistics

For each phase of the examination schedule (B1, S, and B2), we
investigated whether the two subject groups (G1 and G2) presented
with different local and global network characteristics and with
different heart rates, resp. heart rate variabilities (mean values of
characteristics and rates from each phase; Mann-Whitney U-test;
p < 0.05). For each subject, we investigated if the aforementioned
brain network and cardiac characteristics differed between the
phases of the examination schedule (distributions of
characteristics and rates from each phase; Mann-Whitney U-test;
p < 0.05). In order to distinguish cases that “responded” to the
stimulation from “non-responding” cases we repeated the latter
analysis on a single subject level. We considered a subject as a
responder, if network characteristics in at least three 10-min
windows during the baseline phase Bl differed from the ones
during the stimulation phase S (Kolmogorov-Smirnov test; p <
0.05). All p-values were corrected for multiple comparisons using
the Bonferroni method. We note that abdominal girth appeared to
have no influence on whether or not a subject is a responder

(Fisher’s exact test).

3 Results

From the twenty-five eligible subjects, three subjects had to be
excluded from the study prior to stimulation due to medical reasons,
another two subjects had to be excluded due to EEG data quality.
Data from twenty subjects (4 females; age 19-59 years, median
36.5 years) qualified for subsequent analyses. Ten subjects suffered
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FIGURE 1

Distributions of voVNS-related alterations in local network characteristics in the epilepsy group (G1, top) and the non-epilepsy group (G2, middle).
(A) Betweenness centrality C® and (B) eigenvector centrality CF in the three investigated phases (B1 = pre-stimulation baseline 1, S = stimulation, B2 =
post-stimulation baseline 2). Network vertices arranged according the international 10-20 system for EEG-recording (electrode naming see leftmost plot
for G2). Color coding of vertices and edges according to the average centrality values (temporal means and groups means). Bottom: Difference
between groups (G1, G2) for local network characteristics in the three investigated phases. Orange: no significance, purple: significant difference (p <
0.05). Right side each plot: differences between phases (B1, S, B2) for local network characteristics in the investigated groups. Orange: no significance,

black: significant change (p < 0.05).

from focal epilepsy (Gl: 3 females; age 22-56 years, median
37.0 years; duration of epilepsy 0-40 years, median 7.0 years):
eight of them from structural focal epilepsy with different
anatomical onset locations (semiology, EEG, MRI) and two from
a focal epilepsy of unknown etiology. The other ten subjects did not
suffer from epilepsy and had never experienced seizures before (G2:
1 female; age 19-59 years, median 36.5 years).

3.1 Impact of voVNS on local network
characteristics

Depending on the employed centrality concept we obtained
different results on the population sample level (see Figure 1), which
is in line with previous studies (Rings et al., 2021; von Wrede et al.,
2022b).

In both groups, vertex betweenness centrality stressed vertices
associated with fronto-centro-temporal brain regions (left side
slightly accentuated) as most important (high C® values), while
vertex eigenvector centrality highlighted vertices associated with
posterior brain regions as most important (high C* values). Apart
from some few, locally mostly unspecific differences, most
important vertices differed significantly neither between groups
nor between phases. As regards most important edges, none of
the employed edge centrality concepts stressed a definite spatial
pattern of differences, neither between groups nor between phases.

Nevertheless, we observed significant voVNS-mediated changes
between groups (G1 and G2) as well as between phases (B1, S, and
B2). Within each phase, the groups differed significantly in some few

Frontiers in Network Physiology

specific network constituents. Within each group, VoVNS exerted
an immediate (from phase B1 to phase S and from phase S to phase
B2) and an enduring (from phase Bl to phase B2) importance-
modifying effect on some — rather few — specific constituents (see
Figures 1A, B; rightmost columns) which, however, did not appear
to be related to specific structural aspects. Overall and on the level of
the population sample investigated here, voVNS thus appeared to
have an only negligible immediate and enduring impact on the
importance hierarchy as yielded by the local network characteristics.

3.2 Impact of voVNS on global network
characteristics

On the population sample level, we observed for both groups
comparable topological network characteristics (average clustering
coefficient C and average shortest path length L) as well as
comparable  stability = and  robustness characteristics
(synchronizability S and assortativity A) during all phases of the
examination schedule. There were also no significant differences
between global network characteristics from each phase in each
subject group (data not shown).

From prior studies on the impact of taVNS on evolving
functional brain networks (Rings et al., 2021; von Wrede et al,
2021; von Wrede et al., 2022b), we suspected that not all subjects
may exhibit voVNS-mediated changes of their networks. We
therefore only focused on those subjects for whom we identified
significant changes of their network characteristics (see Figure 2).
The subject groups presented with a different pattern of change.
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FIGURE 2

Distributions of voVNS-related alterations in global network characteristics in the epilepsy group [G1, (A)] and the non-epilepsy group [G2, (B)].
Boxplots of relative changes A in network characteristics (average clustering coefficient C, average shortest path length L, assortativity A, and
synchronizability S). Relative changes calculated as A = (M, — M, )/M,, where M, and M, denote placeholders for the temporal means of the respective
characteristics from phase k and phase (. During phase 1 (B1), network characteristics attained the following values in G1: C = 0.31 + 0.04, L = 3.60+
0.35,A=0.21+011,S=322+0.39,andinG2: C=0.35+0.04,L =3.08+0.37,A=0.19 + 0.05, S = 2.63 + 0.20. There were no significant differences
between groups for the three phases (B1, S, B2). Bottom and top of a box are the first and third quartiles, and the magenta band and the black square are
the median and the mean of the distribution. Outliers are marked by a ° sign. Color coding of boxes according to the number of subjects for whom we
obtained significant changes in global network characteristics on a per-subject base.

VoVNS exerted an immediate (from phase Bl to phase S) topology-
modifying effect on the networks of the responders in the epilepsy group
(G1), namely they became less segregated and more integrated [average
clustering coefficient C increased (relative change of median values:
8.5%) while the average shortest path length L decreased (-5.9%)].
Changes were negligible when networks transit back to the post-
stimulation baseline (from phase S to phase B2). The responders in
the non-epilepsy group (G2) only presented with slightly increased
average shortest path length L (7.7%), which would indicate a less
integrated network upon stimulation. In contrast to G1, their networks
became more segregated and even less integrated when transiting back to
the post-stimulation baseline (C decreased by —5.2%; L increased by
12.0%), which possibly points to enduring effect of voVNS in this
group. Indeed, a comparison of network characteristics from the phases
prior to (B1) and after the stimulation (B2), allowed us to identify an
enduring effect in the epilepsy group (Gl1) that rendered their network
less segregated (C increased by 10.3%) and more integrated (L decreased
by —8.1%). We observed opposing enduring effects in the non-epilepsy
group (G2): their networks became more segregated (C decreased
by —4.6%) and more integrated (L increased by 16.1%).

Frontiers in Network Physiology

An opposing effect between groups was also seen for network
robustness. VOVNS led to an immediate and enduring robustness-
decreasing effect on the networks in the epilepsy group [assortativity
A decreased between phases Bl and S (-16.2%) and between phases
B1 and B2 (-27.5%)]. In the non-epilepsy group, an immediate and
enduring robustness-increasing effect was observed [assortativity A
increased between phases Bl and S (3.6%) and between phases
Bl and B2 (13.5%)]. Regarding network stability, we observed
voVNS in Gl to slightly decrease the networks™ vulnerability of
the synchronized state to get perturbed (S decreased between B1 and
S by -7.0% as well as between Bl and B2 by -1.9%). In G2, we
observed a more pronounced, vulnerability-increasing effect (S
increases between Bl and S by 3.9% as well as between Bl and
B2 by 18.7%).

3.3 Impact of voVNS on heart rate variability

There were no significant differences between cardiac

characteristics of the two groups in the respective phases (data
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FIGURE 3

VoVNS-related alterations in heart rate (A) and heart rate
variability (B) in the epilepsy group (G1, left) and the non-epilepsy
group (G2, right). Properties of boxplot as in Figure 2.

not shown). Although heart rate slightly decreased, on average,
during voVNS (see Figure 3) in both groups, this was not significant.
Also, there were no voVNS-related changes in heart rate variability.

3.4 Structured interview

None of the subjects voiced complains during voVNS. None of
the subjects experienced subjective changes of the autonomic system
(heart, lung, skin). One subject from G1 reported diarrhea and one
subject from G2 experienced feelings of elevated peristaltic. One
subject from G1 reported a discrete improvement of mood and four
subjects from G2 reported to feel more awake after the stimulation.
None of the epilepsy subjects reported changes of central-nervous-
system-associated symptoms.

4 Discussion

We demonstrated-to our knowledge for the first time-that
manual viscero-osteopathic stimulation of the vagus nerve on the
abdomen (voVNS) induces measurable immediate changes in local
and global properties of evolving functional brain networks in
subjects with and without epilepsy. Our findings could thus add
to the current discussion on the importance of the gut-brain axis
(Bonaz et al., 2018; Rebollo et al., 2018; Chuyue et al., 2020; Mayer
et al, 2022) not only for various physiological regulatory
mechanisms but also for gastrointestinal, immunological, and
neurological disorders, including epilepsy (Dahlin and Prast-
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Nielsen, 2019; Chatzikonstantinou et al., 2021; Ding et al., 2021;
Iannone et al., 2022; Sinha et al., 2022).

In line with previous studies on the impact of transcutaneous
auricular vagus nerve stimulation (taVNS) on such networks (Rings
et al,, 2021; von Wrede et al., 2021; von Wrede et al.,, 2022b), we
observed that not all subjects presented with voVNS-mediated
changes of their networks. For subjects that responded to the
stimulation and on the local network scale, voVNS induced
significant but unspecific modifications of vertex- and edge-
related characteristics (edge and vertex centralities) throughout
the network. This corroborates the popular view of VNS rather
unspecifically and globally activating various brain structures
(Vonck et al., 2001; Groves and Brown, 2005; Yap et al., 2020;
Carron et al,, 2022; Goggins et al., 2022). On the global network
scale, we observed voVNS to differentially modify (both
immediately and enduringly) topological as well as stability- and
robustness-associated network properties in subjects with and
without epilepsy. Similar findings were also reported for taVNS
(von Wrede et al., 2022b). When comparing taVNS- and voVNS-
mediated network modifications, more similarities could be
observed for subjects without epilepsy than for subject with
epilepsy, particularly with regard to enduring topological as well
as stability- and robustness-associated network properties. Whether
such similarities provide first clues for a possible mechanism of
action of voVNS remains speculative and calls for further, sham-
controlled studies on larger subject groups.

The viscero-osteopathic vagus nerve stimulation seemed not to
disrupt the cardiac autonomic function, neither in subjects without
nor in subjects with epilepsy. For the latter, similar observations
were made for chronic invasive stimulation of the left cervical vagus
nerve as an add-on treatment for medically refractory epilepsy
(Constantinescu et al.,, 2019; Wu et al., 2021). Studies on cardiac
effects of short-term (minutes to hours) taVNS have so far been
performed in healthy subjects only, however, with conflicting
findings (De Couck et al, 2017; Badran et al., 2018; Capilupi
et al, 2020; Keute et al, 2021; Machetanz et al, 202la;
Machetanz et al,, 2021b; Wolf et al., 2021; Forte et al., 2022).
These can probably be related to stimulation-parameter-
dependent influences that act on brain-heart couplings (Cerritelli
et al., 2021; Keute et al., 2021).

To summarize, our findings provide initial evidence for viscero-
osteopathic vagus nerve stimulation as a possible alternative, non-
invasive option for non-pharmacological epilepsy therapy.
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