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Abstract: Many diseases affect the autonomous nervous
system and the central nervous system simultaneously,
for example Parkinson’s disease or irritable bowel syn-
drome. To study neurophysiologic interactions between
the intestinal electrical activity and the electroencepha-
lography (EEG) pattern of the brain, we combined intest-
inal electrical stimulation (IES) and non-invasive telemetric
full-band DC EEG recordings in an acute pig-model.
Intestinal motility was monitored with accelerometers.
Brain activity was analyzed with regard to network driven
phenomena like phase amplitude coupling (PAC)within two
time-windows: 1min after IES (early response) and 3min
after stimulation (late response). Here we present the results
for two stimulation sites (small intestine, colon) and two
parietal scalp-EEG channels (right and left somatosensory
cortex region). Electrical stimulation consisted of a 30 or
130Hz pulse. In summary, the PAC modulation index at a
parietal EEG recording position is decreased after IES. This
effect is in line with an inhibitory effect of our IES protocol
regarding peristalsis. The surprisingly strong effects of
IES on network driven EEG patterns may be translated
into new therapeutic techniques and/or diagnostic tools
in the future. Furthermore, analytic tools, operating on
sparse datasets, may be ideally suited for the integration
in implantable intestinal pacemakers as feedback system.
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1 Introduction

Intestinal electrical stimulation (IES) is an emerging ther-
apeutic option for intestinal diseases with impairment of
peristalsis [1]. The same is true for electrophysiological
stimulation techniques, especially deep brain stimulation
in the case of central nervous diseases, for example,
depressive disorders and Parkinson’s disease [2,3].

The above two examples are also representative dis-
orders which are by far not restricted to the central ner-
vous system (CNS) [4,5]. For Parkinson’s disease, it is
hypothesized whether this pathology may have its origin
in the intestinal system rather than the brain [6]. In order
to understand such pathologic pathways, it may be impor-
tant to understand the bilateral connection of the intest-
inal system and the brain [5,7]. The enteric nervous system
(ENS) is part of the autonomic nervous system [8] with
associated pacemakers in the plexus [9] and a closed cir-
cuit which is not dependent on inputs from the CNS. The
other two branches of the autonomic nervous system are
the sympathetic nervous system and the parasympathetic
nervous system which have their origin in the brainstem
region and the spinal cord to control vital functions, for
example, breathing, and they can both modulate the ENS.
Neurophysiologic signal transfer between CNS and ENS
can run along these axes, sympathetic and in the case of
the parasympathetic axis mostly the vagal nerve [5]. There
are several examples for important inputs and control
mechanisms from the brain to the intestinal system, for
example, deliberate control of defecation, the start of peri-
stalsis, and salivation in the case of visual and other sen-
sory stimuli in the context of food perception [10]. The
other way is also realized, as for example, the induction
of food seeking behavior by signals from the intestinal
system as well as other physiologic parameters [11]. The
main question of the following work is whether IES in the
intestinal tract has any kind of influence on the non-inva-
sive electroencephalography (EEG) pattern, especially on
network drivenphenomena. The secondquestion iswhether
these phenomena canbe detectedwith few trials, in contrast
toevokedpotentials,wheremany repetitionsunder laboratory
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conditions are necessary to extract these tiny electrical fluc-
tuations of the cortex.

Phase amplitude coupling (PAC) is one such net-
work-driven phenomenon, which is not restricted to the
brain but instead can also be observed in the pacemaker
network to generate peristaltic movements of the intest-
inal tract [12]. PAC is a result of the interplay between
different oscillations which drive an amplitude modula-
tion. A “wave” or “oscillation” represents the synchro-
nized activity of an ensemble of neurons or electrically
active cells, quasi the envelope of neuronal group activity.
The phenomenon occurs, if a slower wave is in a certain
phase relation to a faster wave. This synchrony can lead to
an amplitude modulation, typically of the faster wave [13].
The relational nature of this phenomenon makes it rela-
tively robust against noise or artifacts [14]. PAC has been
used to study vigilance states [15] or to identify the epilep-
togenic focus in human patients with temporal lobe epi-
lepsy [16]. But as mentioned beforehand, the phenomenon
also plays a role in peristaltic rhythm generation in the
intestinal tract with its plexus [12].

From former studies, it is known that IES can influ-
ence the electrophysiology of the brain even in cortical
regions. Frieling et al. [17] recorded evoked potentials in
response to electrical stimulation of the rectosigmoid
colon in human volunteers (similar studies: [18]) and in
a similar experimental setup, spinal evoked potentials
have been recorded additionally [19]. Other studies with
human volunteers focused on the central location of pain
generation after IES of the sigmoid colon [20,21] and the
modulation of pain after administration of morphine [22].
Studies in cats revealed sleep related cortical potentials
which are correlated with duodenal activity [23] and sug-
gest synchronizing central effects of intestinal activity via
splanchnic nerves [24]. In some diseases, as for example
irritable bowel syndrome (IBS), the pain response after
colonic ES is changed in different brain regions [25]. A
relationship between brain activity and IES has also been
investigated in human patients regarding constipation
and rectal hyposensitivity [26], hypersensitivity [27], and
changes in central pain perception in pancreatitis [28].
Most of the studies used evoked potentials to find central
effects of IES. Evoked potentials require usually lots of
repetition trials for analysis. Here we focus on PAC to study
central effects of IES with only few trial repetitions, which
may be closer to the clinical context. Another difference
to most of the studies is that we used an acute pig model
and the IES occurred at the serosal surface facing to the
abdominal cavity instead of the inner intestinal wall,
facing the intestinal lumen. The serosal surface is the loca-
tion, where intestinal pacemakers can be implanted. The

stimulation pattern of these intestinal pacemakers is still
more or less empiric even though enormous technical pos-
sibilities already exist [29]. Robust analytic tools which
work on sparse datasets may lower the threshold to study
central effects of IES in different disease states in the clin-
ical context. First, this may be an important factor to
understand disease onset as well as general patho-electro-
physiology. Second, it may be an interesting future diag-
nostic as well as therapeutic tool, also in combination with
intestinal implants.

2 Materials and methods

2.1 Animal experiments

Three pietrain pigs (30 ± 5 kg body weight, male, 10
weeks old) were premedicated with azaperone intramus-
cularly (2mg/kg weight; Stresnil, Janssen-Cilag), mida-
zolam (0.3–0.54mg/kg weight; Ratiopharm), and atropine
(0.033mg/kg weight) before initiation of anesthesia with
intravenous sodium thiopental (5mg/kg bolus followed by
an intravenous infusion (10mg/kg/h). The pigsweremechani-
cally ventilatedwith aDräger respirator Servo 900B (oxygen-air:
FiO2 0.27; pCO2 controlled) after intubation. Prior to intuba-
tion, Piritramid was administered intravenously (7.5mg
bolus) and maintained by an intravenous infusion (0.25
mg/kg/h). Arterial and central venous lines were introduced
via the femoral artery and vein. A suprapubic catheter was
introduced into the bladder. Heart rate and oxygen satura-
tion were continuously measured using electrocardiogram,
pulse oximetry, and capnometry. Ventilation was adjusted
according to repeated blood gas analysis. For volume substi-
tution, Ringer solution (10mL/kg/h) was constantly infused
during the operation. The experimental procedure was kept
constant, throughout the experiments. Stimulation para-
meters are as follows: amplitude: 30mA, stimulation time
30 s, pause between two stimulation runs: 3min, pulse
width 1,000 or 500 µs, and frequency 30 or 130Hz (the
same setup as in ref. [30]). Each stimulation run consisted
of 4 stimulations, respectively. One stimulation run per
gastrointestinal location and per pig, which means that
for example four stimulations, interspersed with 3min
pause, were done at the small intestine, and then after a
longer pause, again 4 stimulations were done at the colon.
The stimulation device (experimental setup of the company
Inomed GmbH) was used in combination with hook wire
electrodes (Inomed GmbH). Stimulation was applied to
the small intestine (different positions have been pooled:
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duodenum, jejunum, ileum) and to the colon (colon ascen-
dens and colon descendens pooled). For electrical stimula-
tion,hook-wireelectrodeswerefixedto theouterserosal layer
of the intestinal wall, near to the longitudinal muscle layer.
After running of each stimulation, a 3min pause was
included. Each change in the stimulation electrode was
preceded by a new control recording, in order to compen-
sate for possible general physiologic changes during the
relatively long period of experimentation. The stimulation
(Table 1) was applied with this strict timing protocol,
regardless of the quality of the EEG.

The peristalsis was continuously monitored with 7
accelerometers, which were glued (vetbond, 3M Corporation,
Saint Paul, Minnesota, USA) to the outer intestinal wall at
different locations (liver, gut, 2xduodenum, 2xsmall intestine
(duodenum = proximal, ileum = distal), colon (ascendens =
proximal, n = 7) (for more details refer de Camp et al., 2018).
The accelerometers have not been placed in direct vicinity to
the stimulation electrode. The sensor MXR9500G/M (Memsic
Inc., Andover, Massachusetts, USA) is DC coupled and can
detect very slow movements. The frequency range is from 0
to 17Hz with a standard −3 dB amplitude decrease. Common
accelerometers start with 0.1 up to 1Hz,whichmaybe toohigh
to detect slow peristaltic movements. The operation of this
Memsic accelerometer is based on the symmetry of an internal
thermal field. The liver represents a possible impact of artificial
ventilation due to its sternal position.

2.2 EEG recordings

EEG subdermal needle electrodes (NeuroDart, distributed
by GVB-geliMed KG, Germany) were placed at a parietal
position on each hemisphere (one electrode on each
hemisphere, which means two recording electrodes). The
electrode position below the ears, laterally on the forehead,
represents a part (snout representation and secondary
somatosensory cortex) of the area of the somatosensory
cortex [31]. The ground electrode was placed between the
ears and the reference on the nose of the pig. All wires were
connected to a telemetric full band DC EEG amplification
device (made by Jürgen Bergeler and Nora de Camp, Berlin,
Germany). The telemetry system was based on an nRF51822

(Nordic Semiconductors) integrated circuit (IC). This IC con-
tains the CPU and the transceiver to transmit datawirelessly in
the ISM-band (Industrial-Scientific-Medical) with 2.4GHz fre-
quency range. The analog signal was measured and prepro-
cessed by the ICADS1298manufactured by Texas Instruments.
This IC furthermore manages the analog-digital conversion,
controlled by the CPU, whereby we adjusted the frequency
of the sampling rate to 1,000 samples per second.

The raw signal was received, re-transformed in an
analog signal, and then combined with other analog
channels, for example, the stimulus artifact of the IES.
This effort was made to avoid timing errors between the
different analog channels. Finally, all analog signals
were synchronously digitized with 1,000 samples per
second by a picolog AD converter system (Pico Technology
Limited, UK).

2.3 Statistics and data analysis

For data analysis MATLAB (2016b, The MathWorks Inc.)
was used as well as the open source software Brainstorm
(Version 3.200519, [32]). Only EEG data without artifacts
were taken into account, which means, some trials have
been rejected. The running EEG had no influence on the
stimulation protocol. We used the function “PAC,” imple-
mented in Brainstorm with the method mean vector
length, proposed by Canolty and Knight [33]. This method
is based on network phenomena where different EEG
bands are synchronized with each other and the synchro-
nization is accompanied by amplitude modulation of the
faster frequency (https://neuroimage.usc.edu/brainstorm/
Tutorials/TutPac). We analyzed the first and third minute
after IES, called early response and late response. As con-
trol, we used trials without stimulation. Each stimulation
run was interrupted by a pause of 3min. Each change in
the stimulation electrode was preceded by a new control
recording.

For each time window after stimulation and for each
hemisphere and animal, we calculated the maximal PAC
value (max PAC) with the PAC function implemented
in the program Brainstorm (https://neuroimage.usc.edu/
brainstorm/Tutorials/TutPac). Band Nesting was set to

Table 1: Stimulation protocol

30 s stim 3min pause New IES location, 5 min pause 30 s stim 3min pause

EEG and acceleration recording EEG and acc control recording EEG and acceleration recording
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2–12/s and Band Nested was set to 13–150/s. Total number
of frequency bins was set to zero and number of signals to
process at once to one. These values were also collected for
a control group without stimulation. The three groups were
compared with a Kruskal–Wallis test (MATLAB function
“kruskalwallis”). The stats matrix of the Kruskal–Wallis
test can be used directly for the multiple comparison test,
whichwas used to calculate exact statistical relations between
groups (MATLAB function “multcompare,” alpha = 0.1),
including the multiple testing problem-correction. The
results of this test give a confidence interval (CI) as well
as a p-value. If the CI does not contain zero, the difference
may be statistically significant, depending on the p-value.

The phase locking value (Measure: Magnitude) and
the amplitude envelope correlation were calculated with
brainstorm. Frequency bands for the Hilbert transform
were chosen as:

delta/2, 4/mean value
theta/5, 7/mean value
alpha/8, 12/mean value
beta/15, 29/mean value
gamma1/30, 59/mean value
gamma2/60, 90/mean value
gamma3/91, 130/mean value
gamma4/131, 180/mean value
All correlations were calculated with the Matlab func-

tion “corr,” type “Spearman.” To calculate the correlation

between two EEG channels, we calculated each EEG band
separately. EEG raw data were filtered with digital butter-
worth filters with a custom written Matlab script. The
filter was designed with the function butter (n = 3rd
order). We calculated the normalized cutoff frequency
(Wn) for EEG bands delta [0–4 Hz], theta [4–8 Hz], alpha
[8–13 Hz], beta [13–30Hz], low gamma [30–80Hz], and
high gamma [80–120Hz]. Wn is a number between 0
and 1, where 1 corresponds to the Nyquist frequency which
is half the sampling rate (here: 500 Hz).

The numerator and denominator values (IIR filter),
achieved with the function butter, were used with the
Matlab function filtfilt to filter the EEG data. For the delta
EEG band (0–4 Hz), a lowpass was used. We extracted all
other EEG frequency bands with a bandpass filter design.

Furthermore, we calculated the correlation between
PAC value and corresponding time range acceleration of
the colon and small intestine with the Matlab function
“corr,” Type “Spearman.”

The intestinal motility was calculated as norm of the
x-, y-, and z-acceleration values in g: (x2 + y2 + z2)(1/2).
Then, we calculated the mean norm acceleration for each
time period, which was used for the EEG analysis.

Ethical approval: The research related to animals’ use has
been complied with all the relevant national regulations
and institutional policies for the care and use of animals.

Figure 1: PAC after small intestine electrical stimulation with 30 Hz. The error bar represents standard deviation. The early response max PAC
of the left as well as the right brain hemisphere (parietal recording position) are statistically significantly lower in comparison to the
corresponding control and the corresponding (from the same hemisphere) late responses. This indicates a lower degree of PAC within the
somatosensory cortex region directly after the electrical stimulation of the small intestine with a 30 Hz pulse to the outer serosal layer.
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All procedures were approved by the local ethics committee
(#23 177-07/G 17-1-008), and followed the European and the
German national regulations (European Communities Council
Directive, 86/609/ECC; Tierschutzgesetz). All animal pro-
cedures were performed in accordance with the (Medical
Center of the Johannes Gutenberg-University Mainz)
animal care committee’s regulations.

3 Results

After electrical stimulation of the small intestine with a
pulse of 30 Hz frequency, we found a statistically signifi-
cant difference between the EEG maximal PAC value
(max PAC, n = 5 stimulations) of the first minute after
stimulation and the control condition (without IES, n = 5
control recordings without stimulation, Figure 1). The
mean max PAC value is decreased during the time range
directly after electrical stimulation (early response) in
comparison to the control (right: CI −26.91 to −9.99] and
p = 2.3 × 10−5, left: CI −28.42 to −11.49] and p = 3.9 × 10−6).
There is also a tendency that the max PAC 3min after
stimulation (late response) on the left parietal electrode
position (p = 0.03) as well as the right parietal electrode
position (p = 0.02) is different from the early response
(Tables 2 and 3, statistically significant differences are
shaded light grey, differences which are still significantly
different but with weaker p-value are shaded in blue). In
the case of the late response, the max PAC value is
increased in comparison to the early response (Figure 1).

We did the same analysis for a small intestine ES
stimulus of 130 Hz frequency. The results of the statistical
test are shown in Tables 4 and 5. For both hemispheres
(left and right parietal electrodes), the max PAC values
are statistically significantly different between the control
group without stimulation and the late response, 3 s after
IES on the small intestine (right: CI 3.76–23.44 and p =
0.013, left: CI 8.99–28.67 and p = 0.00025). For the right
hemisphere, there is additionally a statistically signifi-
cant difference between the early response, directly after
IES at the small intestine and the control group without
IES (CI –24.54 to –4.86 and p = 0.0062) (Figure 2). The
max PAC values after IES again decreased in comparison
to the control situation.

Tables 6 and 7 show the results of the Kruskal–Wallis
test for a colon stimulation with a 30 Hz frequency IES
pulse (Figure 3). On the left hemisphere (parietal elec-
trode position), only the difference between the early
response and the control is statistically significant dif-
ferent (CI –13.4 to –1.8 and p = 0.02). The early response
max PAC value decreased in comparison to the control
situation. For the right hemisphere, only the late response
is statistically significantly different from the control (CI
2.4–14] and p = 0.01). In this case, the max PAC value
decreased in comparison to the control EEG measurement
without IES.

Finally, in Tables 8 and 9, we show the results of the
Kruskal–Wallis test and following multiple comparison
test for a colon stimulation with a 130 Hz frequency sti-
mulation pulse. Again, the max PAC value decreased after
stimulation in comparison to the control (Figure 4). For the

Table 2: PAC left parietal electrode position

Group Group Lower CI Estimate Upper CI p-value

1 2 −28.42 −19–95 −11.49 <0.001
1 3 −18.92 −10.45 −1.99 0.03
2 3 1.04 9.50 17.96 0.06

1 = first time window/fast response, 2 = without stimulation, 3 =
late response, IES small intestine (30 Hz frequency).

Table 3: PAC right parietal electrode position

Group Group Lower CI Estimate Upper CI p-value

1 2 −26.91 −18.45 −9.99 <0.001
1 3 −19.60 −11.14 −2.68 0.02
2 3 −1.14 7.32 15.78 0.18

1 = first time window/fast response, 2 = without stimulation, 3 =
late response, IES small intestine (30 Hz frequency).

Table 4: PAC left parietal electrode position

Group Group Lower CI Estimate Upper CI p-value

1 2 −19.91 −10.07 −0.23 0.09
1 3 −1.07 8.77 18.61 0.16
2 3 8.99 18.83 28.67 0.00025

1 = first time window/fast response, 2 = without stimulation, 3 =
late response, IES small intestine (130 Hz frequency).

Table 5: PAC right parietal electrode position

Group Group Lower CI Estimate Upper CI p-value

1 2 −24.54 −14.70 −4.86 0.0062
1 3 −10.94 −1.10 8.74 0.97
2 3 3.76 13.60 23.44 0.013

1 = first time window/fast response, 2 = without stimulation, 3 =
late response, IES small intestine (130 Hz frequency).
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left hemisphere, a statistically significant difference can
only be seen between control (without IES) and the early
response after electrical colon stimulation (CI –13.2 to –1.6
and p = 0.02). For the right hemisphere, both, the early (CI
–13.6 to –2 and p = 0.02) and the late response (CI [1.4–13]
and p = 0.03) are statistically significantly different in
comparison to the control.

We did not find differences in phase locking value,
amplitude envelope correlation, or correlation between
the two parietal electrode positions of the EEG after IES.

Furthermore, we found only one case (after colon stimu-
lation with 30 Hz, left hemisphere) where the frequency
component of the PAC changed between early response
and late response (Table 10). In this case, the high fre-
quency component shifted from gamma band in the early
response period after IES to the beta band during the late
response period after IES (CI 1.41–12.99 and p = 0.03)
(Figure 5).

The accelerationwas continuouslymonitored throughout
the experiments at seven different intestinal locations.
After colonic stimulation, the acceleration decreased at
the site of stimulation during the early and late response
time window of the max PAC analysis (Figure 6). For small
intestine stimulation, an increase in acceleration is visible
only for the early response and after 130Hz stimulation in
oral direction from the stimulation site (Figure 7). A corre-
lation between PAC and acceleration could not be found. A
raw EEG trace and the corresponding PACmaps are shown
in Figure 8.

4 Discussion

Not only for basic research but also regarding certain
diseases, there is growing evidence that the borders
between different organs or body compartments are much
more fluent than one would assume on the basis of avail-
able literature. This knowledge gap is shrinking during
recent years, especially because it turned out that some

Figure 2: PAC after small intestine electrical stimulation with 130 Hz. The error bar represents standard deviation. A statistically significant
reduction in the max PAC value can be detected for the late response of both hemispheres in comparison to the corresponding control. In
contrast, the max PAC value of the early response is elevated only for the right hemisphere in comparison to the corresponding control.

Table 6: PAC left parietal electrode position

Group Group Lower CI Estimate Upper CI p-value

1 2 −13.40 −7.60 −1.80 0.02
1 3 −7.20 −1.40 4.40 0.87
2 3 0.40 6.20 12.00 0.07

1 = first time window/fast response, 2 = without stimulation, 3 =
late response, IES colon (30 Hz frequency).

Table 7: PAC right parietal electrode position

Group Group Lower CI Estimate Upper CI p-value

1 2 −11.40 −5.60 0.20 0.12
1 3 −3.20 2.60 8.40 0.63
2 3 2.40 8.20 14.00 0.01

1 = first time window/fast response, 2 = without stimulation, 3 =
late response, IES colon (30 Hz frequency).
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diseases are much more complex and physiologically as
well as anatomically widespread than estimated initially.
The search term “brain gut axis” reveals 3,143 hits in
pubMed.ncbi search engine. Researchers and clinicians
are forced to leave their niche in order to understand dis-
eases like Parkinson’s, IBS, and many more. Parkinson’s
disease is essentially regarded as CNS disorder with loss
of dopaminergic neurons in the substantia nigra. To date,
it is still not possible to cure Parkinson’s disease, even if
patients can live relatively long with the symptoms. Since
longer time, it is known that Parkinson’s disease has also a

gastrointestinal (GI) symptomatology, often regarded as
side effect of the CNS disorder. Meanwhile some authors
hypothesize a possible origin of Parkinson’s in the GI, since
these symptoms precede the CNS symptoms by years [6].
Especially, the spread of alpha-synuclein clusters, which
are associated with neural loss, from the gut to the brain
has been proven in the mouse model recently [34]. On the
other hand, IBS is mostly regarded as GI disorder. Here it is
the opposite, growing evidence suggests a strong central
influence especially with respect to visceral pain [35].

Starting from this practical point of view we designed
the underlying question of this study. Nevertheless, it is
not trivial to combine central and peripheral physiolo-
gical measurements. During the past, several authors
identified evoked potentials in cortical areas after IES
[19,36]. To measure these tiny effects, many repetitions
are necessary. This is possible for a scientific setting but
much less realistic in the clinical context.

Therefore, we used in this study more robust tools for
EEG analysis. PAC is a network-driven phenomenon repre-
sented as synchrony dependent amplitude modulation. The
amplitude of a faster EEG wave is modulated if it occurs in a
certain phase relative to a slower EEG wave. Since these
relations are relatively complex and based upon intrinsic
network phenomena, they are less prone to artifacts like
line noise or movement. We used this kind of analysis for
very different questions, ranging from CNS development
[37] to the assessment of behavioral states of animals in
stress situations [38].

Here we were able to show that a relatively low
number of repetitions is necessary to find EEG responses

Figure 3: PAC after colon electrical stimulation with 30 Hz. The error bar represents standard deviation. The max PAC value is elevated for the
early response and left hemisphere and decreased for the right hemispheric late response.

Table 8: PAC left parietal electrode position

Group Group Lower CI Estimate Upper CI p-value

1 2 −13.20 −7.40 −1.60 0.02
1 3 −6.80 −1 4.80 0.93
2 3 0.60 6.40 12.20 0.06

1 = first time window/fast response, 2 = without stimulation, 3 =
late response, IES colon (130 Hz frequency).

Table 9: PAC right parietal electrode position

Group Group Lower CI Estimate Upper CI p-value

1 2 −13.60 −7.80 −2.00 0.02
1 3 −6.40 −0.60 5.20 1.00
2 3 1.40 7.20 13.00 0.03

1 = first time window/fast response, 2 = without stimulation, 3 =
late response, IES colon (130 Hz frequency).
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after IES with PAC analysis tools. The response latency is
dependent on the nature of the stimulus, which is also
true for effects of IES on peristalsis which range from
inhibition to the entrainment of peristaltic waves (litera-
ture review in the supplementary information). In a
former study, we were able to reconstruct the peristaltic
movement of our stimulation protocol by means of spe-
cial accelerometers. It turned out that it was not possible
to entrain a peristaltic wave, but instead an inhibitory
effect was seen, especially in regions distal (abdominal)
to the site of stimulation.

Our results indicate that the IES response regarding
peristalsis as well as EEG PAC is specific to certain visc-
eral areas. Generally, in our data PAC is always reduced
after IES. After colon stimulation with 30 and 130 Hz, the
resulting pattern in the brain is a clear reduction in PAC
for the early as well as late response (Figures 3 and 4).
The same relatively strong inhibition for the early and

late responses as well as 30 and 130Hz can be seen in case
of peristalsis, measured as colon acceleration (Figure 6). Here
it can be assumed that the colon region is very sensitive
to relatively high stimulus intensities (which are used
in this study) which may cover frequency specific stimula-
tion effects, which can therefore not be excluded for a
more sophisticated stimulation protocol, as proposed in
Table 10. In contrast, for the stimulation of the small intes-
tine, clearly deviant effects can be seen for 30 and 130 Hz
stimulation. In case of the 30Hz stimulation, a very strong
reduction in the PAC can be observed especially for the
early response (Figure 1), whereas nearly no effect can
be seen regarding visceral movement in comparison to
a control without stimulation (Figure 7). After stimula-
tion with 130 Hz, an overall reduction in PAC can be
observed for the early as well as late response, but addi-
tionally a very pronounced increase in variability can be
observed, especially for the early response time period,
directly after stimulation (Figure 2). Interestingly, a high
variability can also be seen for the acceleration of spe-
cifically the early response for all visceral measurement
points in oral direction to the stimulation site (Figure 7).
This effect may indicate a frequency-dependent facilita-
tion of propagation direction. Regarding the frequency
components of the PAC, we found nearly no changes for
the high and low band after IES with one exception.
After colon stimulation with 30 Hz, the high frequency
component was slightly elevated, especially for the early
response and the left brain hemisphere (Figure 4). We

Figure 4: PAC after colon electrical stimulation with 130 Hz. The error bar represents standard deviation. The early response max PAC values
of both hemispheres are statistically significantly decreased in comparison to the corresponding controls, respectively. In tendency, the
late responses are also decreased in comparison to the control but only the decrease for the right hemisphere late response max PAC value
is statistically significant.

Table 10: High frequency of max PAC for left parietal electrode
position

Group Group Lower CI Estimate Upper CI p-value

1 2 −1.59 4.20 9.99 0.30
1 3 1.41 7.20 12.99 0.03
2 3 −2.79 3 8.79 0.54

1 = first time window/fast response, 2 = without stimulation, 3 =
late response, IES colon (30 Hz frequency).
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would expect stronger effects in a chronic model system
without anesthesia.

To decipher exact relations between brain network
responses and IES, a systematic stimulation protocol would
be necessary (Table 10 and literature review in the supple-
mentary information), preferentially in a chronic model

without anesthesia. Anesthesia has a well-known influence
on peristalsis [39] and the EEG pattern [40].

Limitations of this study are the low number of ani-
mals (n = 3), the acute model system with deep anesthesia
and opened visceral cavity as well as dorsal body position
during the measurements, a lack of standardized feeding

Figure 5: High Frequency of PAC after colon electrical stimulation with 30 Hz. The error bar represents standard deviation. Only for 30 Hz
colon stimulation, a statistically significant change in the coupling frequencies of the PAC analysis can be detected. The left hemispheric
late response has lower high frequencies for max PAC in comparison to the corresponding early response.

Figure 6: Acceleration measurements at seven different intestinal locations during EEG measurements. In comparison to the control, the
early and late response colonic accelerations are decreased. The liver was recorded to detect the impact of artificial ventilation.
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of the animals during the pre-experimental period, and the
animal surgery room was not optimized for electrophysio-
logical measurements. Furthermore, a suboptimal stimu-
lation protocol with relatively high stimulation amplitude
was used, which has an inhibitory effect on intestinal con-
tractions [1]. 30mA amplitude have been used in this

study. Instead, a stimulation amplitude below 10mA is
common (for example [41]).

A strength of the study is the technically challenging
experimental setup with combined measurements of full-
band DC EEG and peristalsis during IES as well as EEG
analysis with respect to network-driven phenomena.

Figure 7: Acceleration after electrical stimulation of the small intestine. Due to the wide range of standard deviation for colonic acceleration,
this part is shown in a separate axis (right figure column). The acceleration was continuously measured for seven locations along the
gastrointestinal tract. Movements around gut and liver can be influenced by artificial ventilation. Small intestine (Si) stimulation with 130 Hz
results in higher acceleration in oral direction (duodenum).

Figure 8: EEG raw data and corresponding PAC maps. E15 (upper left panel) represents PAC map for the right hemispheric EEG recording and
E16 (upper right) for the left hemisphere. The corresponding DC EEG raw data trace is shown at the bottom.
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We propose a much more complex stimulation pro-
tocol (Table 11), preferably with a chronic pig model and
a higher number of non-invasive EEG electrodes for future
experimental settings regarding the interplay between IES
and brain activity.

In conclusion of these preliminary study results, EEG
PAC analysis may be a fast, non-invasive, and robust tool
to study the effect of IES and GI disorders on the level of
the CNS. PAC appears to map IES even when no distinct
peristalsis is elicited, possibly at a purely somatosensory
level. Nevertheless, PAC is not restricted to the CNS but
also occurring in the ENS to generate the peristaltic
movement. Hence, PAC analysis may also be interesting
for a bidirectional analysis of the electrical brain-gut-axis
and gut-brain-axis. It may be possible that non-invasive
brain stimulation can impact peristalsis and the other
way around, that IES can be used as stimulation therapy
for certain CNS diseases in the future. Long distance sti-
mulation might resemble natural electrical activity in a
better way, because whole networks can be triggered in
contrast to local stimulation at the affected disease locations.
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