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Abstract

Gastric distension is known to affect normal slow-wave activity and gastric function, but links between slow-wave dysrhythmias
and stomach function are poorly understood. Low-resolution mapping is unable to capture complex spatial properties of gastric
dysrhythmias, necessitating the use of high-resolution mapping techniques. Characterizing the nature of these dysrhythmias has
implications in the understanding of postprandial function and the development of new mapping devices. In this two-phase
study, we developed and implemented a protocol for measuring electrophysiological responses to gastric distension in porcine
experiments. In vivo, serosal high-resolution electrical mapping (256 electrodes; 36 cm2) was performed in anaesthetized pigs
(n = 11), and slow-wave pattern, velocity, frequency, and amplitude were quantified before, during, and after intragastric disten-
sion. Phase I experiments (n = 6) focused on developing and refining the distension mapping methods using a surgically inserted
intragastric balloon, with a variety of balloon types and distension protocols. Phase II experiments (n = 5) used barostat-con-
trolled 500-mL isovolumetric distensions of an endoscopically introduced intragastric balloon. Dysrhythmias were consistently
induced in all five gastric distensions, using refined distension protocols. Dysrhythmias appeared 23 s (SD = 5 s) after the disten-
sion and lasted 129 s (SD = 72 s), which consisted of ectopic propagation originating from the greater curvature in the region of
distension. In summary, our results suggest that distension disrupts gastric entrainment, inducing temporary ectopic slow-wave
propagation. These results may influence the understanding of the postprandial stomach and electrophysiological effects of gas-
tric interventions.

NEW & NOTEWORTHY This study presents the discovery of temporary dysrhythmic ectopic pacemakers in the distal stomach
caused by localized gastric distension. Distension-induced dysrhythmias are an interesting physiological phenomenon that can
inform the design of new interventional and electrophysiological protocols for both research and the clinic. The observation of
distension-induced dysrhythmias also contributes to our understanding of stretch-sensitivity in the gut and may play an important
role in normal and abnormal postprandial physiology.

dysrhythmia; electrophysiology; gastrointestinal; interstitial cells of Cajal; stomach

INTRODUCTION

Gastrointestinal motility is initiated and regulated, in part,
by an underlying bioelectrical activity (1). Electrical events
known as “slow waves” propagate from the upper corpus to
the antrum in a rhythmic manner, responsible for the coordi-
nation of gastric contractions (2–4). In recent studies, high-re-
solution serosal electrical mapping of the stomach revealed
disordered spatial patterns of slow-wave activity in patients
with functional gastric motility disorders (4, 5). Currently, tra-
ditional high-resolution mapping techniques are unsuitable
for widespread clinical use, requiring invasive access to the
gastric serosa (3, 4, 6). This has motivated the development of
endoscopically introduced mapping arrays, which instead
measure electrical activity from the gastric mucosa (7).

Slow-wave activity in the stomach is governed by a net-
work of interstitial cells of Cajal (ICC) distributed between
and throughout the smoothmuscle layers, which are respon-
sible for pacesetting and propagation of gastric slow waves
(8, 9). Although ICC from the corpus to the antrum are capa-
ble of generating pacesetting potentials, slow-wave propaga-
tion is determined by an intrinsic frequency gradient (10). In
humans, slow waves originate from a region in the greater
curvature of the upper corpus, often referred to as the pace-
making region or pacemaker of the stomach (2, 11). This
pacemaking region exhibits the highest intrinsic slow-wave
frequency, which as a result entrains the surrounding tissue
giving rise to normal antegrade slow-wave activity propagat-
ing circumferentially and distally as a ring toward the pylo-
rus (10).
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High-resolution extracellular electrical mapping techniques
aim to understand slow-wave propagation on a whole organ
level. Any region of gastric tissue can theoretically be entrained
by surrounding regions exhibiting higher slow-wave frequency;
as a result, disruptions to the ICC network can result in altered
slow-wave propagation. Using a dense electrode array, regional
tissue depolarization can bemeasured andmapped to visualize
slow-wave propagation dynamics (6). Indeed, researchers have
characterized abnormal propagation patterns in patients with
depleted networks of ICC using high-resolution techniques (4,
5). These recordings permit descriptions of spatial dysrhyth-
mias, which cannot otherwise be resolved using conventional
amplitude or spectral analyses (12, 13).

Gastric distension is a regular occurrence in normal stom-
ach function post-prandially or for some endoscopic/surgical
procedures, but electrophysiological responses are still poorly
understood. Using sparse (i.e., low-resolution) electrode
recordings, Kelly et al. (14) observed a decrease in slow-wave
frequencies and an increase in conduction velocity following
distension. In the same study, it was shown that the percent-
age of slow waves causing contractions significantly increased
following distension; results of which were echoed in findings
by Andrews et al. (15) that showed an increase in antral motil-
ity following distension with pressure-only recordings.
Azpiroz and Malagelada (16) also observed propagation of
powerful retrograde contractions from the jejunum into the
distal stomach following distension, noting corresponding
changes in themigratingmotor complex.

In electrophysiological procedures where localized or
whole organ distension occurs, potential distension-related
responses require careful consideration. For example, endo-
scopicmapping protocolsmay cause some levels of distension
in the stomach, either directly frommaintaining contact with
themucosal surface (7, 17) or from insufflation during a stand-
ard endoscopic procedure. Spatial gastric dysrhythmias were
recorded in a single healthy control by Angeli et al. (4), where
the stomach was observed to be significantly distended with
air from anesthetic induction. Interestingly, spatial dysrhyth-
mias in healthy human patients have not otherwise been
observed (4, 5). Understanding the electrophysiological effects
of distension is vital for development of new mapping proto-
cols, given that spatial dysrhythmias have been suggested as a
biomarker for gastric disorders (4, 5, 18).

In this study, we hypothesized that periods of dysrhyth-
mic slow-wave activity arise during periods of high gastric
distension and have distinct spatial profiles that can be elu-
cidated using high-resolution, slow-wave mapping techni-
ques. We aimed to: 1) develop and apply an experimental
protocol for performing distension studies in combination
with high-resolution electrical mapping, 2) identify the chal-
lenges that distension-related effects may pose to new map-
ping procedures (e.g., endoscopic mapping), and 3) propose
strategies to address these challenges.

METHODS

Animal Preparation

Ethical approval for this work was granted by the
University of Auckland Animal Ethics Committee. All
recordings were performed in vivo on fasted, cross-bred,

female, weaner pigs, an established model for slow-wave
investigations (7, 12, 19). General anesthesia was induced
with Zoletil (Tiletamine HCl 50 mg·mL�1 and Zolazepam
HCl 50mg·mL�1) andmaintained with isoflurane. Vital signs
were continuously monitored and maintained within the
normal range throughout each study. At the conclusion of
each study, euthanasia was performed by a bolus injection of
sodium pentobarbital.

High-Resolution Mapping

Serosal extracellular recordings were performed using
high-resolution, flexible, printed circuit board arrays, cover-
ing a rectangular surface area of 31.2 cm2 to 36 cm2 (224 to
256 total electrodes, 4 mm spacing, 0.3 mm gold electrode
contacts) (20–22). After anesthesia was administered and a
midline laparotomy was performed, electrode arrays were
positioned across the distal-corpus and antrum (Fig. 1); care
was taken in documenting electrode orientations and posi-
tions relative to gastric landmarks (i.e., pylorus, esophago-
gastric junction, greater curvature, and lesser curvature).
Gauze packs soaked with warm saline were gently overlaid
onto the electrode array, and the wound edges were approxi-
mated using surgical clamps, to minimize cooling and dry-
ing of the stomach.

Monitoring and recording of unipolar signals was per-
formed with an ActiveTwo system (BioSemi, Amsterdam, The
Netherlands), with reference electrodes placed on a shaved
patch of the hindquarter thigh. Signals were acquired contin-
uously and monitored in real time at 512 Hz throughout the
experiments using ActiveView (BioSemi, Amsterdam, The
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Figure 1. Flexible printed circuit board electrodes were used to measure
slow-wave activity from the gastric serosa. A: a single 32-channel (20)
electrode can be tessellated to form a larger electrode array, of up to 256
channels (16� 16). B: electrode placement on the posterior serosal surface
on a distended stomach. The greater curvature (GC) and electrode array
are indicated.
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Netherlands), a signal acquisition software written in
LabView (National Instruments, Austin, TX).

Distension Protocol

Phase I: Distension protocol development.
In phase I preliminary studies, a series of experiments with
different distension parameters were tested to verify the ex-
istence of distension-induced spatial dysrhythmia and to es-
tablish a repeatable distension protocol. A small incision was
made in the gastric fundus, in which a custom barostat cath-
eter (Mui Scientific, Mississauga, ON, Canada) was inserted,
with the incision closed using a purse-string suture around
the inflation tube. Three different balloon types were eval-
uated: a rubber “party balloon,” a rubber latex condom, and a
nonstretchable polyolefin balloon (Mui Scientific, Mississauga,
ON, Canada). Each balloon was affixed to the end of a reusable
polyvinyl barostat catheter (Mui Scientific, Mississauga, ON,
Canada), which connected to a distension source by a Luer
lock. The tip of the catheter was positioned in the distal cor-
pus and antrum, which was verified both visually and by
touch. This position was chosen to be consistent with place-
ment of a recently developed endoscopic electrical mapping
catheter (7).

Following approximation of the laparotomy and a baseline
recording period, the balloon was inflated with air, either
manually using a 50-mL syringe or controlled via a barostat
(Distender II, G & J Electronics, Toronto, ON, Canada) (Table
1). Various distension sequences were tested, including iso-
volumetric inflation to 500 mL and/or 1,000 mL and step-
wise isobaric inflations from 4 mmHg to 8 mmHg of
pressure (Table 1). Distension was verified by a visibly dis-
tended abdomen and pressure recordings from an external
pressure sensor (ADInstruments, Dunedin, New Zealand) or
the internal pressure sensor of the barostat. Intragastric pres-
sures were monitored to ensure no leakages were present in
the balloon. Inflations or deflations were performed follow-
ing at least 5 min of stable activity, dysrhythmic or other-
wise; at least two distensions were performed in each
experiment. At the conclusion of the final distension, the
laparotomy was reopened and the electrode position, disten-
sion, and balloon position were verified visually.

Phase II: Electrophysiological responses to endoscopic
distension.
The results from phase I experiments informed a robust and
repeatable protocol for electrophysiological distension studies,
which was implemented in a series of five pigs in phase II. In
phase II of this study, experiments aimed to isolate distension-
related electrophysiological effects by addressing experimental
limitations of phase I studies.

The barostat catheter was introduced using a gastroscope
(Olympus Corporation, Tokyo, Japan) to avoid potential con-
founding effects of cannulation and organ handling during
surgical placement of barostat catheters, necessary in phase I
experiments. All phase II experiments commenced immedi-
ately after laparotomy, compared with variable delays in
phase I studies, where other electrophysiological experiments
unrelated to this study were performed before distension pro-
tocols. Serosal high-resolution electrical mapping was per-
formed in all phase II studies, as described in the previous
section.

Distensions were performed using a 600-mL polyolefin
barostat balloon attached to a barostat catheter, which was
controlled andmonitored using the barostat. After a baseline
period of at least 5min of continuous antegrade propagation,
a 500-mL volumetric distension over 15 s was applied. At
least 5 min of post-distension mapping was performed,
allowing for stabilization in propagation patterns. Two suc-
cessive distensions were performed in each pig, with at least
a 5-min stabilization period between deflation of the balloon
and the secondary distension. At the conclusion of the sec-
ond distension, the laparotomy was reopened and the dis-
tension and balloon position were verified visually.

Signal Processing, Data Analysis, and Visualization

Raw data were processed using custom analysis software
written in MATLAB 2020 (MathWorks, Natick, MA), compos-
ing of filtering, event detection (23), and grouping operations
(24), similar to previously validated techniques used in the
Gastrointestinal Electrical Mapping Suite (GEMS, FlexiMap,
Auckland, New Zealand) (25). Propagation animation and
isochronal maps were used to analyze individual slow
waves (25), whereas trace maps were used to visualize

Table 1. Distension protocols used in phase I experiments

Exp. Number Balloon Type Distension Control Distension Type Distension Parameters

1 Rubber party balloon Manual, 50-mL syringe Isovolumetric #1 – 0 mL to 500 mL; #2 – 0 mL to
500 mL

2 Rubber party balloon Manual, 50-mL syringe Isovolumetric #1 – 0 mL to 500 mL; #2 – 0 mL to
500 mL

3 Latex condom Manual, 50-mL syringe Isovolumetric #1 – 0 mL to 500 mL; #2 – 0 mL to
500 mL; #3 – 500 mL to 1,000 mL

4 Latex condom Manual, 50-mL syringe Isovolumetric #1 – 0 mL to 500 mL; #2 – 0 mL to
500 mL; #3 – 500 mL to 1,000 mL

5 800-mL polyolefin barostat balloon Programmatic, Barostat Isobaric 2 mmHg stepwise inflations from 4
mmHg to 8 mmHg

6 800-mL polyolefin barostat balloon Programmatic, Barostat Isobaric 2 mmHg stepwise inflations from 4
mmHg to 8 mmHg

7 600-mL polyolefin barostat balloon Programmatic, Barostat Isovolumetric #1 – 0 mL to 500 mL; #2 – 0 mL to
500 mL

8 600-mL polyolefin barostat balloon Programmatic, Barostat Isovolumetric #1 – 0 mL to 500 mL; #2 – 0 mL to
500 mL

Experimental parameters were assessed and modified following each experiment to develop a reliable distension protocol that was
subsequently applied in phase II experiments.
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temporal characteristics of slow-wave activity during a re-
cording (26).

Spatial analysis of slow-wave activity.
Within each recording, periods of activity were manually
classified either as normal antegrade propagation or spatial
dysrhythmias, using existing definitions of spatial dysrhyth-
mia patterns developed and validated by high-resolution
mapping (4, 5), particularly rapid circumferential propaga-
tion associated with ectopic propagation (27, 28). Periods
containing at least 1 min of continuous antegrade propaga-
tion were classified as normal antegrade activity, with all
other periods of activity considered as spatial dysrhythmias.
For periods containing dysrhythmic activity, the approxi-
mate origin, direction, and stability of propagation were
derived from visual analysis of activation maps and trace
maps. Trace maps consist of color-coded lines, which indi-
cate the changes in propagation direction over time.

The time after incision, stabilization period, inflation du-
ration, delay of response, and the dysrhythmia duration was
recorded for all experiments. A timeline and definition of
these terms is given in Fig. 2. In this paper, diagrammatical
representations of experiments were drawn and presented as
simplified trace maps (26), with corresponding activation

maps given in some examples (Fig. 3). Color-coded lines
show changes in activity over entire distension protocols,
whereas isochrone maps elucidate wave-to-wave variation in
spatial slow-wave dynamics.

Quantitative analysis of slow-wave activity.
Quantitative measures of slow-wave frequency, propagation
speed, and slow-wave amplitudes were calculated using exist-
ing definitions (21, 25, 29). The metrics for the initial
distensions in phase II studies were used to characterize prop-
erties of distension-induced dysrhythmias. Data were sum-
marized as means and standard deviations. A repeated-
measures ANOVA model followed by a post hoc pairwise
comparison was employed to compare changes in slow-wave
frequencies, speeds, and amplitude metrics prior, during, and
following the distension sequence. A P value <0.05 was con-
sidered as statistically significant. Statistical analyses were
performed usingMATLAB 2020 (MathWorks, Natick, MA).

RESULTS

Phase I: Distension Protocol Development

Using high-resolution serosal mapping techniques, we
were able to record and analyze slow-wave activity over the
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Figure 2. A timeline showing events in a
gastric distension protocol and timemeas-
urements recorded during data analysis.
Note that time after incision is always zero
for phase II experiments, as in these
experiments, recordings started immedi-
ately after laparotomy. In some cases, it is
possible for dysrhythmias to start before
the end of inflation.
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Figure 3. A diagrammatic representation of slow-wave activity during a distension protocol, with the x-axis denoting time. A (optional): level of inflation in
the intragastric balloon over time. B: categorization of normal antegrade (blue) and dysrhythmic (red) periods of activity. C: direction of propagation of
individual slow-wave events on the proximal-distal axis. Ectopic pacemakers are marked with a red dot. D (optional): individual activation maps. The bor-
der surrounding each map indicates regions of activity originating from the natural and ectopic pacemaker. Isochronal maps show the area covered by
a propagating wave front at 2-s intervals. The slow wave number appearing above each map corresponds to the number of the highlighted wave in C.

LOCALIZED GASTRIC DISTENSION INDUCES TEMPORARY ECTOPIC PROPAGATION

AJP-Gastrointest Liver Physiol � doi:10.1152/ajpgi.00219.2021 � www.ajpgi.org G659
Downloaded from journals.physiology.org/journal/ajpgi at Univ of Auckland Lib (130.216.158.078) on November 17, 2021.

http://www.ajpgi.org


duration of gastric distension protocols (Fig. 4). Across phase
I experiments, isovolumetric distensions were performed in
six pigs (mean = 41.6 kg, SD = 2.1 kg), with two 500-mL dis-
tensions performed in each experiment, for a total of 12 indi-
vidual distensions. In 6 of 12 distensions, temporary periods
of dysrhythmic electrical activity emerged during or follow-
ing gastric distension (Table 2). Dysrhythmias that followed
distensions consisted of rapid circumferential ectopic propa-
gation, originating from the greater curvature in the region
of distension (Fig. 5). The origin of ectopic pacemakers

occasionally shifted, usually toward the beginning or end of
a period of ectopic propagation. In some cases, it appeared
that distension-related dysrhythmias could be distinguished
from unrelated gastric dysrhythmias. For example, in Fig. 5,
experiment 4, sporadic ectopic slow waves were present
before and during gastric inflation, originating from a region
proximal to the electrode array and the region of distension.
After inflation, a new ectopic pacemaker emerged from the
region of distension.

In the six distensions that were followed by ectopic propa-
gation, the mean delay of response was 87 s (SD = 48 s), and
the mean dysrhythmia duration was 83 s (SD = 37 s). Activity
reverted to normal antegrade propagation while the stomach
was in the distended state in all six distensions. Distension-
induced dysrhythmias appeared in at least one of the two
distensions in 5 of 6 experiments. For the initial distensions,
4 of 6 experiments contained spatial dysrhythmias during
the 5-min period before distension; however, in all cases,
stable antegrade propagation was reached within 69 s. For
the secondary distensions, normal antegrade propagation
was already present on deflation of the intragastric balloon
in all but one case, where a stabilization period of 196 s
was observed before a 5-min window of normal antegrade
propagation.

The material and shape of the intragastric balloon used
for inflation did not alter the presence of distension-induced
ectopic propagation but affected the type of distension the
stomach experienced. From observations of the distended
stomach, rubber party balloons were able to maintain a
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Figure 4. A segment of recordings from an array of electrodes. A: electrode array positioning on the posterior stomach. B: a diagram of the electrode
array. Highlighted electrodes indicate the electrodes of the signals in C. C: 16 signal traces showing filtered electrical activities. Red dots represent slow-
wave activation times, and gray and red arrows represent normal antegrade and ectopic propagation, respectively. Note that slow waves originating
from the ectopic pacemaker have noticeably higher amplitudes than the slow waves of the surrounding antegrade propagation, a known characteristic
of pacemaker regions (28).

Table 2. Table of results from phase I isovolumetric
experiments

Exp. Number TI, min

Initial Distension Secondary Distension

SP, s IL, s DR, s DD, s SP, s IL, s DR, s DD, s

1 150 65� 200 125 130 0 80 ND ND
2 160 53� 70 ND ND 0 50 15 32
3 95 0 60 82 85 0† 30 152 103
4 140 69 30 ND ND 196‡ 30 80‡ 98‡
5 100 46� 15 65 48 0 15 ND ND
6 100 0 15 ND ND 0 15 ND ND

TI, time to incision; SP, stabilization period; IL, inflation length;
DR, delay of response; DD, dysrhythmia duration; ND, no dys-
rhythmia. �Recordings where a 5-min window of stable antegrade
propagation before distension was not met. †Bradygastric ante-
grade activity at baseline, which recovered to normal frequencies
following distension. ‡Dysrhythmias were present at baseline but
could be distinguished from distension-induced ectopic propaga-
tion (see Fig. 5, experiment 4).
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spherical shape, causing intense localized distension, how-
ever, were prone to shifting proximally during a distension.
Using similar distending volumes, latex condom intragastric
balloons conformed to the shape of the stomach, resulting in
a less intense distension but over a much larger surface area.

Nonstretchable barostat balloons produced predictable dis-
tensions that were less prone to slipping. In these balloons,
intraballoon pressure measurements were representative of
intragastric pressures, whereas in stretchable balloons, intra-
balloon pressures were a summation of intragastric pressure,
and the pressure exerted by the balloon. However, for non-
stretchable balloons, distending volumes must be close to the
specified volume of the balloon (i.e., 500-mL distension in a
600-mL balloon), otherwise only minor distension of the gas-
tric wall was able to be produced (i.e., 500-mL distension in
an 800-mL balloon).

Isovolumetric distensions to 1,000 mL from 500 mL
caused excessive, clearly visible distension of the abdominal
wall without opening the laparotomy, inducing ectopic pace-
makers in one of two experiments. Similarly, during isobaric
distensions, the gastric accommodation reflex resulted in a
constantly increasing intragastric balloon volume exceeding
1,000 mL at pressure of 8 mmHg. These distensions caused

highly disorganized patterns of activity, including multiple
patches of colliding wave fronts, which did not resemble dys-
rhythmic patterns seen at lower volume distensions. Ultimately,
these protocols were not used in phase II experiments as exces-
sive distensions to 1,000 mL are not likely to be encountered
during normal endoscopic procedures or in typical post-pran-
dial conditions.

Phase II: Electrophysiological Responses to Endoscopic
Distension

In phase II experiments, endoscopic placement of the
intragastric balloon allowed us to reduce organ handling and
eliminated the incision in the fundus used in the phase I
experiments. As such, the midline incision could be created
after balloon placement, meaning recordings could begin
immediately following electrode placement.

Ectopic pacemakers were induced in initial distensions in
all five pigs (Mean = 44.7 kg, SD = 6.5 kg) (Table 3). The mean
delay of response was 19 s (SD = 10 s) and themean dysrhyth-
mia duration was 149 s (SD = 100 s). All ectopic dysrhythmias
were temporary. In one case, ectopic dysrhythmias reap-
peared while the stomach was in the distended state follow-
ing a period of normal propagation (Fig. 6, experiment 2),
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Figure 5. A diagram of slow-wave propagation of two distensions in phase I experiments. A key for this diagram is given in Fig. 1. A: in experiment 1, a
stable ectopic pacemaker emerged during gastric distension. Ectopic propagation originated from the greater curvature, except for a single wave (35),
which originated from the lesser curvature. B: in experiment 4, dysrhythmias were present before distensions; however, distension-induced ectopic
activities originating from the region of distension appeared after distension. Experiment numbers correspond to those found in Table 2.
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which did not disappear until deflation of the intragastric
balloon. Analysis of activation maps showed that the natural
pacemaker likely persisted through periods of ectopic propa-
gation, even when the ectopic pacemaker entrained over the
entire mapping area. For example, in Fig. 6 (experiment 1),
slow waves from the ectopic pacemaker initially collided
with slow waves originating from the natural pacemaker.
Although the ectopic pacemaker eventually entrained over
the entire mapping area, activity returned to normal ante-
grade propagation with a similar pattern and frequency to
the original propagation (Fig. 7).

Using phase II distension protocols, dysrhythmias were
reliably induced in all five pigs in initial distensions, but
only in secondary distensions for two of five pigs (Table 3).
As secondary distensions did not reliably produce gastric
dysrhythmias, no further analysis was performed on these
experiments. Themean stabilization period for initial disten-
sions was 451 s (SD = 693 s). In all but one case, the stabiliza-
tion period was shorter than 5 min, with one case taking 28
min for activity to stabilize.

Across all distension-induced dysrhythmias during phase
II experiments, slow-wave activity exhibited similar proper-
ties to those seen in phase I experiments, consisting of ec-
topic propagation from the greater curvature in the region of
distension (Fig. 6). In initial distensions, mean propagation
velocities of ectopic propagation increased by 3.8 mm/s
(mean = 7.0 mm/s, SD = 0.8 mm/s versus mean = 10.8 mm/s,
SD = 2.2 mm/s, P = 0.0576), and exhibited a similar decrease
in velocity of 3.6 mm/s (mean = 10.8 mm/s, SD = 2.2 mm/s
versus 7.1 mm/s, SD = 1.2 mm/s, P = 0.0323) once activity
returned to normal antegrade propagation (Fig. 8). Slow
waves originating from ectopic propagation also exhibited a
highermean amplitude (3.7 mV, SD = 1.5 mV) compared with
preceding (2.8 mV, SD = 0.8 mV) and proceeding activity (2.5
mV, SD = 1.1 mV) (Fig. 8). The mean frequency of slow-wave
activity before (3.5 cpm, SD = 0.6 cpm), during (3.7 cpm, SD =
0.2), and following (3.7 cpm, SD = 0.3) ectopic propagation
did not significantly change (P = 0.5114 and P = 0.9003).

DISCUSSION

In this study, we used high-resolution mapping techni-
ques to define changes in slow-wave activity following gas-
tric distension. Our results demonstrated that 500-mL

distensions localized in the corpus or antrum of the stomach
consistently induced temporary ectopic slow-wave activa-
tion from the greater curvature of the stomach (Fig. 7).
Barostat-controlled distensions of an intragastric balloon
performed during concurrent serosal recordings provided a
precisemethod for inducing localized distension and captur-
ing the resultant conduction pathways of abnormal slow-
wave activation. The results of our present study accord
with the published literature on responses following gas-
tric distension and also add important high-resolution
spatiotemporal definitions of the resultant electrophysio-
logical response.

Previously, Andrews et al. (15) demonstrated an increase
in antral gastric motility following distension using pressure
sensors implanted in the ferret, associated with an increase
in afferent discharge. Similarly, Azpirov and Maglagelada
(16) demonstrated an increase in irregular motor activity in
the gastrointestinal tract following gastric distension in the
dog, including the development of retrograde waves propa-
gating into the distal stomach at highly distended volumes.
In simultaneous recordings of electrical activity and intralu-
minal pressure, Kelly et al. (14) were able to link explicit
changes in electrical activity to increased gastric contrac-
tions. Subsequent electrophysiological experiments contin-
ued to demonstrate the presence of distension-induced
dysrhythmias, albeit limited to single-channel or low-resolu-
tion recordings (31, 32).

In our present study, high-resolution mapping revealed
complex propagation patterns following gastric distension,
consisting of temporary ectopic pacemakers emerging
from the greater curvature. The ability to map propagation
has provided crucial insight into the complex spatial dy-
namics of distension-induced dysrhythmias, which were
otherwise previously restricted to quantitative compari-
sons. Kelly et al. (14) described increased slow-wave ampli-
tude and propagation velocity following distension, the
mechanism(s) of which were unclear. Based on our current
study, we hypothesize that the activity documented in
these recordings by Kelly et al. most likely initiated from a
distension-induced ectopic pacemaking region situated in
the region of distension, rather than the more proximally
situated natural pacemaker. Similarly, periods of irregular
slow-wave activity in low-resolution recordings (14, 32) can
be attributed to potentials generated from competing pace-
making regions.

For ectopic pacemakers to occur, the intrinsic frequency
gradient in the ICC must be altered such that regions of the
ICC network other than the natural pacemaking region have
an elevated intrinsic frequency compared with surrounding
regions. Unlike the heart, ICC pacemaker cells are distrib-
uted throughout the stomach, meaning ectopic propagation
does not arise fromphysiological structures, but frompertur-
bations to the ICC network, caused either by external stimuli
(33, 34) or disease (4, 5). As such, all pacemaking regions in
the stomach could be better described as functional pace-
makers where propagation originates as a function of the
underlying ICC network. Nevertheless, the use of the term
“pacemaker” is both widespread and well-accepted in gastro-
intestinal literature (1, 4, 5, 30, 35), providing useful termi-
nology for describing normal propagation and atypical slow-
wave propagation originating from regional increases of

Table 3. Results from phase II experiments

Exp. Number TI, Min

Initial Distension Secondary Distension

SP, s IL, s DR, s DD, s SP, s IL, s DR, s DD, s

1 0 0 15 32 229 0 15 19 420
2 0 272 15 17 66 CDA CDA CDA CDA
3 0 1,673 15 5 58 285 15 ND ND
4 0 243� 15 26 279 0 15 13 60
5 0 67 15 17 113 142 15 ND ND

SP, stabilization period; IL, inflation length; DR, delay of response;
DD, dysrhythmia duration; CDA, continuous dysrhythmic activity;
ND, no dysrhythmia. In experiment 2, dysrhythmias appeared
while the stomach was in the distended state during the initial
distension and did not return to normal antegrade propagation
for the rest of the recording. �Recordings where a 5-min win-
dow of stable antegrade propagation before distension was not
met.
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slow-wave frequency or disruption to the normal propagat-
ing wavefront.

One potential mechanism for distension-induced ectopic
pacemakers is the stretch-related electric properties of the
ICC network. On a cellular level, mechanosensitive ion chan-
nels capable of altering resting membrane potentials have
been discovered in ICC (36, 37), which, in turn, affect intrin-
sic slow-wave frequency. Similarly, on a tissue level, ex vivo
experiments in antral circular muscle cells showed an
increase in slow-wave frequency associated with depolariza-
tion of resting membrane potential following isometric
stretches (38). Our results provide a whole organ perspective
containing spatial descriptions of changes in propagation

patterns as a result of regional distension. Although the fre-
quency of ectopic pacemakers did not always exceed those
of the natural pacemaker, this suggests that ectopic pace-
makers can emerge from a region of elevated intrinsic slow-
wave frequency compared with surrounding regions, even in
the presence of propagation originating from the natural
pacemaker operating at a similar frequency. Indeed, in most
distensions (Fig. 6), propagation from the natural pacemaker
is apparent while an ectopic pacemaker was present, indicat-
ing that ectopic pacemakers do not necessarily entrain over
the entire stomach.

Alternatively, distension has known effects on neurogenic
and hormonal pathways, which could indirectly affect the
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Figure 6. A diagram of slow-wave activity in initial distensions in phase II experiments. Isochronal maps and electrode positions are given for experi-
ments 1 and 4. In experiment 1, a period of activity containing both spatial dysrhythmias and normal antegrade activity appears before returning to stable
antegrade propagation within the distended period. Experiment 2 was the only experiment in which the stomach did not stabilize to normal antegrade
propagation. A brief period of normal antegrade propagation appeared after the distension-induced ectopics, before an ectopic pacemaker appeared
and remained for the remainder of the recordings. In experiment 4, the ectopic pacemaker persisted longer than 5 min but returned to normal antegrade
propagation outside of the window shown.
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ICC network (39, 40), leading to ectopic propagation.
Increases in vagal afferent discharge following gastric disten-
sion documented by Andrews et al. (39) suggest that these
pathways play at least a minor role in modulating motility,
as do studies by Azpirov and Maglagelada (16), who have
documented retrograde contractile waves propagating from
the jejunum into the distal stomach at high levels of disten-
sion. It is also possible that gastric distension alters related
properties exhibiting a synergistic relationship with ectopic
propagation. Researchers have documented changes in gas-
tric motility following distension (14–16); Kelly et al. (14) in
particular detected an increase in proportion of slow waves
accompanied by physical contractions.

Interestingly, the transient nature of the distension-
induced ectopic pacemakers observed in this study suggests
that changes in slow-wave activity may be a component of
the gastric accommodation response related to post-prandial
effects of the stomach. Although distending volumes of 500
mL are well within porcine meal-intake volumes (41), disten-
sions were both sudden and localized to the corpus or antrum,
meaning that measured electrophysiological responses may
not necessarily reflect typical postprandial conditions. Antral
balloon air distensions were chosen to mimic existing endo-
scopic protocols (31, 32, 42); however, alternative distension
protocols, such as direct instillation of water or liquid nutri-
ent, or fundal distensions, may more accurately reflect the
post-prandial stomach (43).

In the gastrointestinal field, the presence of ectopic pace-
makers have generally been considered as abnormal patterns

of activity (35), particularly because they have been closely
associated with the diseased stomach (3–5, 44). Our results
indicate that in some cases, ectopic propagation can emerge
as a normal physiological response. Although being dysrhyth-
mic in nature, ectopic propagation is not necessarily indica-
tive of pathology; care has to be taken in classifying ectopic
propagation as “abnormal.” As such, if ectopic dysrhythmias
were to be used as a biomarker for abnormalities in gastric
conduction, factors including the location, duration, and per-
manence of ectopic pacemakers should be considered. In
comparison to previous high-resolution mapping studies in
diseased patients (4, 5), distension-induced ectopic pace-
makers appear to be more stable and less prone to wander,
but further characterizations of ectopic dysrhythmias in
healthy and diseased stomachs are required. This raises in-
triguing possibilities for new diagnostic methods; an abnor-
mal response to gastric distension may point to underlying
pathologies, given the relationship between ion-channel
abnormalities and gastrointestinal disease (45, 46).

The relationship between spatial dysrhythmias and con-
tractile function remains an open question. Although the
presence of gastric slow-wave activity in both human and
porcine experiments during surgery is well established, anes-
thesia and laparotomy are known to impede gastric motility
(47–49), posing challenges in directly linking ectopic slow-
wave propagation to the effects on gastric function. In high-
resolution mapping studies of the small intestine, multiple
pacemaking regions have been hypothesized to play a role in
driving peristalsis (19, 50, 51), entraining over different areas

AmplitudeVelocity Frequency

V
ol

ta
ge

   
m

V

S
pe

ed
   

m
m

/s

C
yc

le
s 

pe
r 

m
in

ut
e

1

2

3

4

5

6

4

6

8

10

12

14

2.0

2.4

2.6

2.8

3.0

3.2

Pre- Ectopic Post- Pre- Ectopic Post- Pre- Ectopic Post-

0.4063

0.7197

0.0561

0.0576

0.9767

0.0323

0.5114

0.6485

0.0949

Figure 8. Amplitudes, velocities, and fre-
quencies for pre-distension baseline ante-
grade activity, ectopic propagation, and post-
distension antegrade activity, including corre-
sponding P values. Each line represents a
result from a single experiment.

A B C
Figure 7. Electrophysiological responses
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return to baseline antegrade activity while
the stomach is in the distended state.
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of the intestine. There are, however, some critical differences
between propagation patterns seen in the stomach and in
the small intestine. In the stomach, slow waves originating
from distension-induced ectopic pacemakers exhibited sig-
nificantly higher amplitudes and velocities compared with
those originating from the natural pacemaker region. In con-
trast, in the small intestine, slow waves propagating ante-
grade and retrograde exhibited similar propagation profiles
(19, 50).

High-resolution mapping techniques are critical to under-
standing the spatial components of gastric electrophysiol-
ogy, as single-channel or low-resolution recordings are
unable to elucidate scenarios where there are changes in the
origin of propagation, or multiple sources of propagation (6,
13). Our results highlight the importance of developing new
minimally invasive mapping protocols. Although careful ex-
perimental design in our phase II protocols allowed us to
minimize extraneous factors, serosal mapping protocols
require invasive surgery under anesthesia, the effects of
which on spatial slow-wave propagation are not yet known.
New endoscopic mapping devices have been developed to
map electrical activity from the mucosal surface of the stom-
ach, enabling minimally invasive procedures, which can be
performed on conscious patients (7). Further investigation is
required to confirm whether dysrhythmias could be induced
using these devices, as they operate at much lower distend-
ing volumes (180 mL versus 500 mL). Nevertheless, the tem-
porary nature of distension-induced dysrhythmias and their
unique propagation profile could allow distension-related
effects to be distinguished from an underlying conduction
pathology in future clinical applications.

There are some important limitations in our distension
and high-resolution mapping protocols. We observed
changes in amplitude and velocity during distension-
induced ectopics consistent with previous studies; how-
ever, our results draw from a relatively limited sample size
(n = 5 in phase II). Quantifying slow-wave responses
remains a topic of interest, particularly in ascertaining charac-
teristic responses resulting from classes of dysrhythmias
related to dysfunction (44, 52, 53). Although this study did not
meet statistical significance for all quantitative descriptions
of distension-induced responses, our high-resolution proto-
cols enabled us to consistently observe changes in spatial
propagation following distension in all cases. For this study,
we targeted distensions toward the antrum, but in practice,
the intragastric balloon could slip proximally during a disten-
sion sequence, resulting in distensions in the mid-corpus.
Similarly, there were challenges in tracking the exact location
of the intragastric balloon and electrodes with respect to the
stomach geometry, as gastric tissue is expected to stretch
beneath the electrodes. Nevertheless, dysrhythmic propaga-
tion patterns were distinct from baseline propagation in both
visual comparisons of isochrone maps and quantitative char-
acteristics, and ectopic pacemakers were definitive, regardless
of underlying stretch. In our study, the position wasmanually
noted before and after recording periods; in the future, nonin-
vasive imaging may be used to determine electrode position-
ing more accurately during distensions. In other applications,
fluoroscopy or ultrasound have both previously been used
to verify electrode placement and would provide a noninva-
sive means for monitoring distension protocols (54, 55).

Quantification of tissue strain in the distended state could be
performed in the future to aid interpretation of velocity calcu-
lations, as well as providing a means for identifying potential
thresholds of response.

In future studies, extension of distension protocols to
humans would be valuable. Although pigs are a well-estab-
lished model, there are potential differences in physical ge-
ometry and the underlying ICC network that could alter
distension-induced responses. Given that endoscopic proce-
dures are often performed in conscious subjects, as are baro-
stat protocols (31, 42), new endoscopic devices provide
an opportunity to better understand electrophysiological
responses to gastric distension in the absence of surgery and
anesthesia. It is possible that the intragastric balloon used in
endoscopic mapping protocols could eventually serve an
additional purpose in measuring potential physical contrac-
tions in the stomach evoked by distension. Previous single-
channel body surface recordings have shown changes in
electrical activity associated with nausea during barostat
studies (31); simultaneous high-resolution mucosal mapping
could be used to draw the critical links between slow-wave
spatial dysrhythmias and function.

In conclusion, temporary ectopic pacemakers were
observed to emerge during substantial localized distension
in the distal stomach and appear to be an accommodation
response that is part of normal gastric physiology. This
means that electrophysiological protocols that distend gas-
tric tissue may cause temporary dysrhythmias but should
recover to baseline propagation patterns. Further studies are
required to understand the implications of such distension-
induced dysrhythmias and how this electrical response is
associated with physical and functional responses.
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