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High-energy pacing in the jejunum elicits
pulsatile segmental contractions

Nipuni D. Nagahawatte; Recep Avci; Timothy R. Angeli-Gordon; Niranchan Paskaranandavadivel;
Leo K. Cheng

Abstract— Objective: Compromised bowel function is associated
with a range of motility disorders such as post-operative ileus and
chronic intestinal pseudo-obstruction. Disordered or weak
motility compromise the efficient movement of luminal contents
necessary for digestion and nutrient absorption. This study
investigated the potential of high-energy pacing to enhance
contractions in the proximal jejunum of the small intestine.
Methods: Pacing pulse parameters (pulse-width: 100 ms, 200 ms,
400 ms, pulse-amplitude: 4 mA, 6 mA, 8 mA) were systematically
varied in the in vivo porcine jejunum (n=7) and the induced
contractile responses were evaluated using a video mapping
system. Localized segmental contractions were quantified by
measuring the intestinal diameter and thereby computing the
strain. The impact of pacing parameters on contractile strain was
investigated. Finally, histological studies were conducted on paced
tissue to assess for potential tissue damage. Results: Segmental
contractions were successfully induced at all pulse-settings and
evaluated across 67 pacing sessions. In response to pacing, the
intestine segment at the site of pacing contracted, with diameter
reduced by 6-18%. While contractile response increased with
increasing pulse-amplitude, there was no significant increase in
contractions beyond 6 mA. While the contractile response was
enhanced with increasing pulse-width, the increase was significant
only between 100 ms and 400 ms. Histology showed no tissue
damage occurred when maximal pacing energy (pulse-
amplitude=4-8 mA, pulse-width=400 ms, 5 minute duration) was
applied. Conclusion: High-energy pacing induced periodic
segmental contractions in response to pacing pulses and the
contractile strain was proportional to the energy applied on the
intestine. The ability to enhance motility through pacing may hold
promising therapeutic potential for bowel disorders and awaits
clinical translation. Significance: Small intestine pacing elicits
localized segmental contractions which increase in magnitude with
increasing pulse settings. This study marks the first adaptation of
video mapping techniques to track the pacing response in the small
intestine.

Index Terms— Motility, Contractions, Electroceuticals,
Jejunum, Pacing, Small intestine, Stimulation, Video mapping
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I. INTRODUCTION

ASTROINTESTINAL (GI) motility disorders are
associated with increased morbidity and affect over 40%
of the world population [1]. While nutritional support and
pharmaceuticals are common treatment options for GI motility
disorders, surgical intervention is often necessary for patients
that fail conventional treatments. Post-operative ileus is one
such motility disorder which occurs after surgery where small
bowel motility is disrupted due to anesthesia, manipulation and
handling of the bowel. The bowel function of 10-30% of
patients is compromised after abdominal surgery [2]. Chronic
intestinal pseudo-obstruction is a rare, yet critical disorder
characterized by altered and inefficient propulsive motility that
prevents the movement of luminal content in the absence of any
obstruction [3]. This condition is a result of neuronal and
muscular abnormalities and has a prevalence of 0.9 per 100,000
of the population [4], [5]. While conventional treatment options
are effective for some chronic intestinal pseudo-obstruction and
post-operative ileus patients, the symptoms remain unresolved
for a large patient population and results in prolonged hospital
stays and increased healthcare costs, causing a substantial
clinical and economic burden [3], [6]. Therefore, more effective
alternative treatment options are required.

High-energy pacing and low-energy stimulation are 2 types
of electroceuticals that involve the application of extrinsic
electrical pulses at low and high frequencies, respectively.
Low-energy stimulation targets neural pathways and has had
success in relieving symptoms [7], [8]. On the other hand,
high-energy pacing targets the interstitial cells of Cajal — the
pacemaker cells of the GI tract — and therefore, can induce
contractions if sufficient energy levels are applied [9], [10].
High-energy pacing has been shown to modulate GI function
including: motility, absorbency, and bio-electrical activity
[11]-[13]. The ability to modulate the contractile response of
the small intestine via pacing is of importance to develop novel
therapies for disorders such as post-operative ileus and chronic
intestinal pseudo-obstruction. The motility response during
pacing has previously been studied in the intestine by
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measuring the direction of the chyme flow, and the rate of
emptying and contractions [14]-[16]. Literature reports that the
contractile rate and emptying rates can be enhanced by
antegrade pacing (where the positive pacing electrode is located
proximal to the negative electrode) or inhibited by retrograde
pacing (where the negative pacing electrode is located proximal
to the positive electrode) [17]-[19].

In comparison to gastric motility, small intestine motility
quantification metrics are in its infancy and are actively being
researched. Clinical tools such as magnetic resonance imaging,
x-rays and endoscopes have enabled investigation of motility
patterns in the small intestine through visual deformations [20]—
[22]. Specifically, magnetic resonance imaging has been useful
in overcoming the anatomical and functional complexities and
thereby estimating the small bowel motility. While the non-
invasive and non-ionizing character is its key advantage, the
ability to perform global assessments by visualizing the entire
Gl tract makes magnetic resonance imaging a favorable
approach [21], [23], [24]. However, it is expensive and requires
expert training. The adoption of more invasive techniques such
as video recordings and manometry has enabled an improved
understanding of passive deformations in the intestine such as
those caused by tissue elasticity [25], [26]. The investigation of
the small intestine motility in response to pacing has been
largely limited to and conducted using manometry and by
measuring the recovered amount of known luminal
contents [15], [27]. Fluoroscopy has also been used to
determine the direction of intestinal contents [14]. While these
techniques have enabled a clear understanding of the ability of
pacing the small intestine, they remain invasive, expensive and
complex to implement compared to video mapping. Video
mapping primarily focuses on mapping the change in diameter
of the intestinal wall and tracking bio-markers [25], [28], [29].
This technique, which is typically applied to in vitro or ex vivo
investigations, requires ‘line of sight” and is yet to be translated
to study the pacing response of the small intestine. Reliable
quantitative metrics can be derived by adopting such techniques
to measure the contractile response induced via pacing.

This study presents a novel framework that enabled
visualization and quantification of the pacing response in the
small intestine. Pacing parameters were systematically varied
to determine the most effective pulse input to maximize
contractile response. Histological analysis was performed to
assess for potential tissue damage at the pacing site. Thereby,
this study investigated the use of small intestine pacing in a pre-
clinical animal model to induce and enhance segmental
contractions as an alternative therapy for post-operative ileus
and chronic intestinal pseudo-obstruction.

Il. METHODS
A. Contraction mapping and pacing

1) Animal preparation

Ethical approval for all studies was obtained from the
University of Auckland Animal Ethics Committee.
Experiments were conducted in vivo on female weaner cross-
breed pigs (n=7, 41.2 1.7 kg) that were fasted overnight.

Animal care and surgical procedures have previously been
described [30], [31]. In summary, pigs were subjected to
general anesthesia induced with Zoletil and maintained using
isoflurane. A midline laparotomy was performed to provide
access to the small intestine. At the conclusion of the studies,
the animals were euthanized while still under anesthesia with a
bolus injection of sodium pentobarbital.

2) Experimental protocol

A saline-soaked layer of gauze was placed on the surface of
abdomen on which a pair of bipolar pacing electrodes was
placed with the electrodes facing up. The electrodes were 3 mm
in diameter with 5 mm inter-electrode spacing. A jejunal loop
of approximately 20 cm was exteriorized and placed on the
electrodes such that the bottom serosal surface of the intestine
was in contact with the electrodes. Output from a DS 8000
stimulator (World Precision Instruments, Inc., Sarasota, FL,
USA) was connected to the pacing electrodes for serosal
pacing [31]. Plastic film (Glad, Clorox New Zealand Ltd.,
Auckland, New Zealand) was laid on top of the intestinal
segment to prevent drying and cooling. Air bubbles beneath the
plastic film were removed by applying light pressure to ensure
clarity of contractions along the intestinal borders. A video
camera (Logitech HD Webcam C525, Logitech International
S.A., Lausanne, Switzerland) was positioned directly above the
exteriorized segment of jejunum and was used to track the
motion (see Fig. 1). The isolator of the stimulator, which
illuminated a light-emitting diode (LED) at the output of a
stimulus, was placed within the view of the video. The blink of
the LED synchronized the pacing pulse with the video
recording. The camera was controlled by a microcontroller
(Arduino UNO, Arduino, Somerville, MA, USA) and video
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Fig. 1. Experimental setup for mapping the contractile response. The field of
view of the mounted camera included the exteriorized jejunal segment, the
pacing electrodes (positive and negative), and the pacing isolator which
indicates the onset of each pacing pulse by a blinking light indicated in yellow.

recordings were captured at a framerate of 30 frames per
second.

Each experimental study evaluated the effects of 9 pacing
sessions comprised of all the combinations of 3 pacing
pulse-widths (100, 200, and 400ms) and 3 pacing
pulse-amplitudes (4, 6, and 8 mA). Pulse-widths below 100 ms
and pulse-amplitudes below 4 mA were not investigated as a
previous study has shown that the use of pacing parameters
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below these levels were less reliable at entraining slow wave
activity [31]. Each pulse combination was applied for 40 s at
an interval of 10 s with a resting period of 30 s in between each
setting. A baseline recording of 60 s was obtained prior to each
pacing session. Pacing was applied in the antegrade direction as
our previous studies have shown this orientation was most
reliable for entraining the underlying slow wave activity [31].

3) Strain measurement

The intensity of the contractions induced in response to
pacing was quantified by determining the strain of the intestinal
segment at the localized contraction. Strain computations were
based on the change in diameter of the intestine, which was
measured using the video frames obtained during baseline and
pacing. The diameter of the intestine was measured by tracing
the mesenteric and anti-mesenteric borders (Fig. 2(a)) of the
intestine, which were then fitted with a piecewise cubic
polynomial interpolation using the ‘pchip’ function in
MATLAB 2020a (MathWorks, Natick, MA, USA). The
diameter of the intestine was calculated between 20 evenly
spaced points located on both borders. The minimum distance
between the mesenteric and anti-mesenteric borders (refer to
the yellow line in Fig. 2(b)) was defined as the contracted
diameter, and the undeformed state at the same location
(determined based on anatomical landmarks, e.g., blood
vessels) during baseline was measured for comparison. For
each pacing setting, a baseline and a pacing-induced contraction
were analyzed. The dimensions of a reference object (e.g., the
pacing electrodes) in the videoframe were used to calculate the
intestinal diameter in mm. This automatically accounted for
large rigid-body movement within the mapped frame due to

* ©

" 10mm

10 mm

(®)

Fig. 2. Steps to determine the diameter of the contracted intestinal segment.
(a) An envelope around the region of interest was created by tracing the
mesenteric and anti-mesenteric borders of the intestine. (b) The envelope was
fitted with 2 polynomials along the mesenteric and anti-mesenteric borders of
the intestine. Equally spaced lines between the 2 polynomials were used to
determine the intestinal diameter (black lines), and the shortest line was
identified as the point of maximum contraction (yellow line).

respiration (at inspiration vs expiration) as all diameter
measurements were scaled based on the reference object within
that frame in mm.

Each diameter computation was an average of multiple
contractions at peak contractility of the same protocol. Thereby,
the strain induced during pacing was calculated using (1) [32].

Strain = (Cd - Bd)/Bd (1)

where C, is the diameter of the intestine at the time of maximum
contraction induced by pacing and B, is the diameter of the
intestine during the baseline session at the same localized point
corresponding to the contracted diameter. A negative strain
corresponds to a contraction.

B. Tissue Histology

1) Experimental procedures

Histological analysis was performed to determine whether
the pacing resulted in tissue damage. Pacing was applied at the
highest energy levels with the maximum pulse-width (400 ms)
at pulse-amplitudes of: i) 4 mA, ii) 6 mA, and iii) 8 mA. These
energy levels were applied in separate pacing sessions for a
duration of 5 minutes with a period of 10 s along the antegrade
direction. The sessions were sequentially applied 5 cm apart
with the first site located approximately 10 cm distal to the
original site of video mapping (Section Il.A). While
contractions were analyzed by applying 4 pacing pulses (over
40 s), the pacing applied for histological analysis consisted of
pacing over 5 minutes at 10 s intervals. Therefore, pacing was
applied at the highest energy levels for longer duration prior to
histological assessment. Following each pacing session, the
pacing sites were marked with 2 sutures immediately above the
locations of the pacing electrodes.

Immediately prior to euthanasia, the intestinal segment
consisting of the 3 marked pacing sites and control tissue was
excised. The intestinal segment was then washed with warm
saline and fixed in 20 % natural buffered formalin solution for
at least 48 hours. The cutlines, slicing and staining procedures
were explained in a previous study [31]. In brief, 8 segments
approximately 10 mm long - 6 located across the pacing sites
and 2 across a control segment - were cut and embedded in
paraffin blocks. Tissue sections of 5 um thickness were sliced
from the paraffin blocks, placed on glass slides, and stained
with hematoxylin and eosin (H&E). The stained tissue slices
were then imaged to determine any tissue damage at the pacing
sites. The qualitative assessment included observation for
damage to the tissue structure, blood congestion and swelling
of nucleus.

2) Energy quantification

To determine the total energy applied to the tissue during the
5 minute pacing session conducted for histological analysis, the
voltage across the 2 pacing electrodes were measured using an
oscilloscope (PicoScope 2000, Pico Technology, Saint Neots,
UK). The voltages measured during pacing pulses were
averaged, and (2) was used to compute the total duration over
which pacing energy was applied.
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ON time = Paced duration X (Duty cycle)/100 2

where the paced duration was 5 minutes, and the duty cycle was
based on a paced period of 10 s and a pulse-width of 400 ms.
Thereby, the total energy applied was determined using

) [33].
Applied energy = Voltage X Applied Current X ON time (3)

where the applied current was 4 mA, 6 mA or 8 mA.

C. Statistical Analysis

All data processing, including statistical analyses, were
performed using MATLAB R2020a (MathWorks, Natick, MA,
USA), and all metrics were expressed as mean * standard
deviation. Normality of data was tested using a Shapiro-Wilk
test. P<0.05 was considered statistically significant in all
statistical tests.

Two-way analysis of variance (ANOVA) was used to
investigate main effects and the interaction effect of pulse-
width and amplitude on strain values. The effect of pacing on
the intestinal tissue was evaluated by comparing the voltage,
tissue resistance and applied pacing energy across different
pulse-amplitudes (4, 6 and 8 mA) for a pulse-width of 400 ms
using a one-way ANOVA test followed by a Bonferroni test on
the statistically significant groups.

Ill. RESULTS

No visible contractions were observed during any of the
baseline periods, and visible segmental contractions were
immediately induced in response to all combinations of pulse-
settings (4-8 mA, 100-400 ms). Contractions occurred 1:1 with
the extrinsic pacing pulses and increased in intensity with
increasing pulse-settings (energy levels). For each of the 9
energy levels, 7 or 8 pacing sessions were performed, resulting
in a total of 67 pacing sessions. No other segmental contractions
were observed during the quiescent period in between pulses.

A. Relationship between pacing parameters and contractions

The maximum strain measurements which resulted from
pulses in each session were averaged to obtain the strain of
jejunal contractions at each pulse-setting. Maximum
contraction was observed approximately 1 s after applying each
pacing pulse, and the contracted region was fully relaxed within
approximately 2 s after the pacing pulse.

Fig. 3 illustrates the strain measurements at all settings
comparing the effect of pulse-width and pulse-amplitude on the
induced contractions. For the pulse-amplitude of 4 mA, the
mean strain was less than 0.10 in magnitude for all 3 pulse-
widths (100 ms: -0.06 + 0.03, 200 ms: -0.07 £ 0.03, and 400 ms:
-0.09 £ 0.04). The mean strain was between -0.10 and -0.14 for
the pulse-amplitude of 6 mA (100 ms: -0.10 £ 0.04, 200 ms: -
0.12 £ 0.05, 400 ms: -0.14 + 0.04). The highest strains were
observed with the pulse-amplitude of 8 mA (pulse-width 100
ms: 0.14 £ 0.04, 200 ms: -0.15 £ 0.04, and 400 ms: -0.18 +
0.04). Therefore, the intestine locally contracted by 6-18% with
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Fig. 3. The relationship between pulse-amplitude (4, 6, 8 mA), pulse-width
(100, 200, 400 ms), and strain associated with segmental contractions (8
recordings from 7 female pigs). A negative strain indicates contraction in the
circumferential axis.

the investigated jejunal pacing parameters.

The effect of both the pulse-width and pulse-amplitude on
strains were found to be significant (pulse-width, p<0.001;
pulse-amplitude, p<0.001), while the interaction between the
two factors had no significant influence. The strain of
contractions induced when paced with 4 mA was significantly
lower than those induced by 6 mA (p<0.001) and 8 mA
(p<0.001), and the contractions induced when paced with 6 mA
were also significantly lower than those induced by 8 mA
(p=0.007). While pacing with a pulse-width of 100 ms induced
significantly lower contractile strains compared to 400 ms
(p=0.002), the strain initiated at 200 ms was higher than at 100
ms and lower than that at 400 ms. However, the contractile
strain at 200 ms was statistically comparable to the response
initiated with 100 ms (p=0.143) and 400 ms (p=0.092).

Fig. 4 illustrates a representative case of segmental
contractions induced when paced with a pulse-amplitude of 8
mA with varying pulse-widths. Fig. 4(a) shows the
uncontracted intestine at baseline. The region where
contractions occur has been identified by black arrows. When
paced with a pulse-width of 100 ms (Fig. 4(b)), the
anti-mesenteric border of the jejunal segment adjacent to the
pacing site contracted in the circumferential axis resulting in a
strain of -0.14. The intensity of the contraction on the
anti-mesenteric border increased when paced with a pulse-
width of 200 ms and a small contractile response was observed
on the mesenteric border as well, as depicted in Fig. 4(c) (strain
= -0.15). When the pulse-width was increased to 400 ms, the
intensity of the contractions increased on both the mesenteric
and anti-mesenteric borders resulting in a strain of -0.16.
Segmental contractions induced at all pulse-settings were
centered over the negative pacing electrode.

B. Correlation between pulse parameters and energy

When pacing with a constant pulse-width of 400 ms, the
voltage measured across the pacing site increased when the
pulse-amplitude was increased in the order of 4 mA (5.0 £ 0.9
V), 6 mA (6.7 £ 1.2 V) and 8 mA (7.7 = 0.7 V). While the
pacing voltages were significantly different between 4 mA and
8 mA (p=0.010), the consecutive voltage increments were
statistically comparable (p=0.122 between 4 mA and 6 mA,
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Fig. 4. Segmental contractions in the jejunum in response to high-energy
pacing. Shown are (a) baseline activity compared against the segmental
contractions induced in response to pacing with a pulse-amplitude of 8 mA
and pulse-widths of (b) 100 ms, (c) 200 ms, and (d) 400 ms. The activity area
is highlighted with black arrows along both the mesenteric and antimesenteric
borders. Contractions along the mesenteric borders were initiated only at (c),
and therefore, an air pocket was created at the contraction points of (c) and (d).
The outlines of the intestinal borders are given in (e) - (h) with relative location
of the pacing electrodes indicated by (+) and (-) signs. The diameter of the
contracted intestine is indicated by red arrows.

p=0.476 between 6 mA and 8 mA). The corresponding tissue
resistance computed from the measured voltages were
essentially constant, with no statistically significant difference
(p>0.05), and were in the range 1.0+ 0.1 to 1.3 = 0.2 kQ. Based
on the tissue resistance and pacing voltage, the applied pacing
energy was determined and visualized in Fig. 5. For a
pulse-width of 400 ms, the pacing energy applied on the tissue
site linearly increased from 0.2 + 0.1 to 0.7 £ 0.1 J for pulse-
amplitudes between 4-8 mA. The energy levels were
significantly different for each pulse-amplitude (p=0.003
between 4 mA and 6 mA, p=0.002 between 6 mA and 8 mA,
and p<0.001 between 4 mA and 8 mA).

C. Histological analysis

Histological analysis of the tissue samples located beneath
the pacing electrodes showed normal cellular integrity of the
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Fig. 5. Resultant applied energy at increasing pulse-amplitudes (4, 6, 8 mA)

for a pulse-width of 400 ms. The energy increased linearly with increasing

pulse-amplitude. Individual experimental results are indicated by the black
markers (4 recordings from 4 female pigs).

serosa and subsequent muscle layers through to the mucosa.
The tissue structure was compared against the control tissue
specimens and no signs of swollen nuclei or blood congestions
were observed. Fig. 6 illustrates representative specimens from
each energy level (Figs. 6(a)-(c)) along with a control specimen
(Fig. 6(d)). The gray arrows placed alongside the serosal layer
in Figs. 6(a)-(c) indicate the location of pacing sites. Magnified
views of the pacing locations and a control specimen
highlighted by the black squares in Figs. 6(a)-(d) are shown in
Figs. 6(e)-(h).

IV. DISCUSSION

This study introduces a framework that enables
quantification of in vivo small intestine contractile response to
high-energy pacing. Pulsatile segmental contractions were
induced with the onset of periodic pacing pulses and the
contractile response was correlated with different levels of
pacing energy achieved by systematically varying the pacing
parameters. This framework allows investigation of the effect
of small intestinal pacing on contractility with minimal
handling of the small intestine as opposed to manometry and
optical mapping, which require placement of sensors, markers
and dye injection that may disturb the intrinsic behavior [25],
[26], [34]. In addition, this framework does not require any
motion correction to account for the frame shift due to
respiration. The intensity of the visual deformation of the
contractions was correlated with the pacing parameters by
computing their strain. Histological analysis showed no
presence of tissue damage.

Antegrade pacing was used in this study as it has a higher
chance of entraining the slow wave activity [31]. The
contractile response significantly increased when the jejunum
was paced with increasing pulse-amplitudes (4-8 mA) resulting
in significant differences in the strain of the contractions. While
increasing pulse-widths enhanced the strain of the contractions,
the difference was only significant between the extreme
pulse-widths  (100ms vs 400ms). Therefore, the
pulse-amplitude plays a more critical role in regulating the
contractile strength in comparison to the pacing pulse-width.

Significant research has been conducted on the small
intestine to determine the effect of pacing on the Gl
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Fig. 6. Histological analysis from 4 representative specimens which were used
to assess for tissue damage (pacing was applied for 5 minutes at 10 s intervals).
The intestinal diameter was reduced by 9-18% during pacing. The structure of
((a)-(c)) paced tissue specimens was comparable to (d) a control tissue
specimen. For a fixed pacing pulse-width of 400 ms, the pulse-amplitude was
increased through (a) 4 mA, (b) 6 mA to (c) 8 mA. The gray arrows indicate
the location of pacing sites, and magnified views of the areas highlighted by
black squares in (a)-(d) are provided in (e)-(h).

motility [13]. However, investigators primarily mapped the rate
of emptying [14], [35], [36], or wused low-resolution
manometry to determine the motility response [15], [19], [37].
Only a few studies focused on the response of localized
contractions that were quantified based on pressure deflections
[19], [38]. While one study inhibited the motility response by
pacing, the effect was reported to be uninfluenced by the
direction of pacing (antegrade or retrograde) [19]. Another
study successfully induced pulsatile contractions with high
pulse-amplitudes (25-30 mA) in both anesthetized and awake
animals [38]. These results agree with our findings, but we were
able to successfully induce periodic contractions with
significantly less energy  which  corresponded to
pulse-amplitudes of 4-8 mA.

The results of our present study demonstrated that pulsatile
contractions were elicited in response to pacing pulses and their
rate was regulated by the period of the pacing pulses, whereas
the strength was defined by the pulse-amplitude and
pulse-width. This phenomenon is potentially therapeutic in

treating intestinal disorders with compromised motility
functions such as post-operative ileus and chronic intestinal
pseudo-obstruction. The ability to induce coordinated
contractions, especially in an obstructed intestinal segment is
critical to reinstate the healthy state of intestinal function [39].
Therefore, pacing has potential as a new emerging technique
that could offer therapeutic potential for post-operative ileus in
the future. On the other hand, segmental contractions can be
induced in the absence of any obstruction through pacing to
treat chronic intestinal pseudo-obstruction [40]. Segmental
contractions aid digestion by breaking down food into smaller
pieces and mixing chyme to promote absorption, whereas
peristaltic contractions transport luminal contents along the
length of the intestine [41]. Therefore, enhancing segmental
contractions through pacing may be beneficial for managing
conditions like short bowel syndrome [18]. Therefore, the
ability to elicit pulsatile segmental contractions is of paramount
importance in treating a range of disorders in the GI tract.

Histological analysis was performed at maximum pacing
energy settings with pulse-widths of 400 ms and
pulse-amplitudes varying from 4-8 mA over a 5 minute
duration. Although no tissue damage was observed during these
acute studies, chronic studies will be needed to confirm if tissue
damage may result from sustained pacing over longer periods.
Similar findings were reported from a series of chronic high
frequency stimulation studies conducted on the proximal
jejunum where localized intestinal contractions were induced in
response to each stimulus [42]. Based on histological analysis
reported in that study, electrical stimulation did not damage the
stimulation site while suturing the electrodes caused mild
inflammation and hemorrhage, which were not clinically
significant [42]. Future studies can enhance the evaluation of
tissue integrity by extending the analysis to longer pacing
durations and examining tissue inflammation using histological
indices like the Geboes score and peripheral blood biomarkers,
as well as measuring cellular stress through assessing damage
to biomolecules such as DNA and RNA [43], [44]. It is
important to note that long-term pacing may lead to corrosion
and metal deposit at the pacing site. Therefore, optimizing
electrode characteristics for chronic environments, employing
biphasic pacing and using biocompatible adhesives to attach the
electrodes to the intestinal tissue are critical measures to be
taken to minimize tissue damage due to pacing.

The contractile response was analyzed while fasted, which
may be different to the response at a fed state. In addition, the
observed contractions were localized and did not exhibit
peristaltic propagation, but this may also be due to the fact that
the intestine contained no digesta. A key limitation of this
framework is the manual tracing of the active intestinal segment
to compute strain, which could introduce observer bias.
Automated methods that quantify regional deformations using
strain fields can be adopted in future to mitigate this effect [29],
[45]. Furthermore, pendular contractions were observed
occasionally at higher pulse-amplitudes (6 and 8 mA), but the
analysis was restricted to segmental contractions as pendular
contractions occurred sporadically only in 10 % of the higher
pacing energy studies. The localized segmental contractions
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were possibly associated with sites of bioelectrical slow wave
initiation where slow waves propagated radially outwards based
on our previous investigations [31]. Future studies with
simultaneous electrical and contractile mapping are required to
confirm this hypothesis.

Conclusions from this study were derived from limited
pacing durations and the reliability of these findings can be
improved by pacing for extended durations and allowing longer
rest periods to minimize residual effects in future studies.
Wireless implantable devices optimized for pacing parameters
are a critical advancement necessary for the progression of
chronic studies. In addition, the analysis of the contractile
response was limited to the intestinal region within the field of
view of the camera, but the entire exteriorized segment was
within the view and included approximately 20 cm around the
paced site. Local and propagating contractions have been
induced over longer lengths of the isolated colon using
optogenetics and electrical stimulation resulting in increased
motility and fecal output [46], [47]. Such techniques can now
be integrated and compared in future studies. Mapping
contractions based on visibility do not account for isometric
contractions that do not induce visible deformations [48], as
well as passive deformations which are affected by factors such
as tissue elasticity [49]. The presented framework could be
integrated with high-resolution manometry in the future for
improved understanding of the induced contractility [26].

The developed techniques can now be applied to map the
contractile response during pacing on other parts of the small
intestine, and to also investigate other types of contractions
such as peristaltic contractions [50]. The motility and electrical
response of the small intestine during pacing was previously
correlated, but the response of localized contractions were not
investigated, and the studies were conducted using
low-resolution techniques [51], [52]. High-resolution mapping
techniques have been previously used to map the intrinsic
electrical activity of the small intestine in both animals and
humans [30], [31], [53], [54]. Therefore, similar techniques can
be adopted in future research for simultaneous high-resolution
measurement and correlation of contractile and electrical
responses during pacing. A robust understanding of the
pathways involved in pacing-induced coordinated contractions
is of utmost importance in developing clinical solutions for a
range of functional motility disorders.

V. CONCLUSION

Localized segmental contractions were induced in response
to jejunal pacing and were defined based on visible
deformations. Rhythmic contractions were initiated at an
interval that corresponded with the pacing pulses. Contractile
strength was increased with increasing pulse-width, and most
importantly, the pulse-amplitude. A novel video-based
framework was introduced with minimal intestinal handling to
investigate the contractility during small intestine pacing.
Triggering and enhancing motility response is of therapeutic
potential for a range of critical bowel disorders, and therefore,
anticipate clinical translation of this technique in the future.
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