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Abstract

The physiological function of the gastrointestinal tract is based on the slow wave
generated and transmitted by the interstitial cells of Cajal. Extracellular myoelectric
recording techniques are often used to record the characteristics and propagation of
slow wave and analyze the models of slow wave transmission under physiological and
pathological conditions to further explore the mechanism of gastrointestinal
dysfunction. This article reviews the application and research progress of
electromyography, bio-electromagnetic technology, and high-resolution mapping in
animal and clinical experiments; summarizes the clinical application of gastrointestinal
electrical stimulation therapy; reviews the electrophysiological research on the biliary

system.
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Core Tip: The motility pattern of the gastrointestinal tract is fundamental in studying
functional gastrointestinal disorders. The extracellular recording has been used to
characterize the generation and propagation of slow waves and abnormalities that may
lead to gastrointestinal motility disorders. This review focuses on the application and
progress of extracellular recording techniques in the physiological and pathological

state of the alimentary system.

INTRODUCTION

The gastrointestinal (GI) tract is a complex organ that efficient processing nutrients and
waste. These tasks are facilitated by the phasic contractions resulting from a cyclical
depolarization-repolarization cycle, known as electrical slow waves. The slow wave
potential of the GI tract is generated by Cajal interstitial cells (ICCs) distributed in the
submucosa and smooth muscle layer of the GI wall and spreads to smooth muscle cells
(SMCs), causing excitation-contraction coupling'. SMCs and ICCs are also electrically
coupled with PDGFRa* cells, foyming an integrated unit called the SIP (SMCs-ICCs-
PDGFRa* Cells) syncytiuml23l. SIP cells are known to provide pacemaker activity,
propagation pathways for slow waves, transduction of inputs from motor neurons, and
mechanosensitivityl42].

Alvarez!®l and Berkson ef all7] firstly recorded the extracellular slow wave potential of
the stomach and small intestine, and proved the consistency between the frequency of
slow wave and the rhythm of GI contraction. Over the past century, extracellular
electrical recording technology has become one of the most critical methods to
characterize the generation and propagation of slow wave and GI motility disorders/®l.
The milestone research of extracellular gastrointestinal slow wave recording is provided
in Table 1. The limitation of electromyography (EMG) is the lack of temporal-spatial
features of slow wave propagation, which has been proved to be an essential indicator
of GI dysfunctionl’l. In recent years, research on high-resolution (HR) mapping of GI

mucosa slow wave using array matrix electrodes in vivo and a bio-electromagnetic
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technique for recording the magnetic field produced by GI electrical activity, has
provided more accurate and reliable support for research on the role of GI dysrhythmia
in digestive diseases. This review aims to explore the application and progress of
extracellular recording techniques in the physiological and pathological state of the

alimentary system.

GASTROINTESTINAL ELECTROPHYSIOLOGY

In the GI tract, SMCs form gap junctions with two types of interstitial cells, namely
ICCs and PDGFRa* cells, creating a hig]&/ integrated electrical syncytium called SIP
(SMCs-ICCs-PDGFRa* cells) syncytium. Electrical coupling makes it very difficult to
deduce the specific functions of one component in intact tissues, so the functions of SIP
cells have benefitted from studies of particular cell typeslVl. ICCs are organized into
networks in the pacemaker regions of the GI tract(!l. Spontaneous electrical activity is
generated by ICCs, which are electrically coupled to the smooth muscle cells'213]. Once
a slow w&ve is generated, it regenerates and propagates actively through the ICCs
network. Depolarization gf SMCs by slow wave enhances the open probability of L-
type voltage-dependent Ca2* channels resulting in the generationdsf Ca?* action
potentials, which are superimposed upon the peaks of slow waves. Slow waves are
actively propagated in gastrointestinal muscle tissues, enabling the recruitment of
thousands of SMCs to contract together or in sequence to generate segmental and
peristaltic contractions. In normal, the PDGFRa* cells network runs parallel or even
intercalates with that formed by the ICCs network. PDGFRa* cells express SK3 channels
and P2Y1 receptors!'415l. These proteins are essential in purinergic inhibitory regulation
of gastrointestinal motility!>'617l. GI motility patterns are highly integrated behaviors
requiring coordination between SMCs and utilizing regulatory inputs from interstitial
cells (ICCs and PDGFRa cells), neurons, and endocrine and immune cells!1.18.
Disorders of gastroduodenal function without an apparent organic cause are
common, defined by the Rome IV criteria, including functional dyspepsia, chronic

nausea and vomiting, belching, and rumination disorders['l. The resultant inefficiencies
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contribute to vast health and economic burden, considering societal prevalence rates of
> 10% for functional dyspepsia and > 2% for chronic nausea and_vomitingl20-22].
Diagnosing gastrointestinal functional disorders remains challenging. Slow waves are
omnipresent in GI organs, and motor activity is controlled_in part, by modulation of the
frequency, amplitude, and duration of slow waves2324. ICC loss and injury is now a
significant research focus as it is recognized as a hallmark of several functional

motility disorders!?sl. Hence, coupling between slow waves and contractions is vital in
understanding GI motility and developing concepts about what might lead to motility
disorders. It requires techniques to record and model the patterns of slow wave

generation and propagation.

ELECTROMYOGRAPHY

Since 1922, when Alvarez et all20l firstly recorded the slow wave of an experimental
animal using bioelectric recording devices, EMG has gradually developed into a
technique for recording bioelectric signals produced by nerve-muscle activity, using
electrical stimulation to detect nerve and muscle excitation conduction function, and
has assisted in the diagnosis and treatment of diseasesl?l. In the field of GI
electrophysiology, the most commonly used electrodes are monopole electrodes and

surface electrodes.

Monopolar electrode

The monopole electrode records the action potential (AP) of the muscle fiber adjacent to
the electrode so that the signal of AP amplitude is reliable and prominent!?’].
Szurszewski et all8] investigated the myoelectric activity of the small intestine in
conscious healthy dogs by implanting a monopolar electrode in the muscular layer of
the small intestine and found that the periodic AP activity spreads slowly from the
duodenum to the end of the ileum. This regular electrical activity only occurs during
fasting. In follow-up research, Code et all®’l divided the periodic GI myoelectric activity,

namely migrating motor complex (MMC), into four typical stages (I-IV): phaseI is the
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quiescent phase with no contractions; phase Il is characterized by random contractions;
phaseIll has a sudden onset and ends with a burst of contractions with maximal
amplitude and duration, and phase IV is characterized by the rapid decrease of
contractions. The human GI tract also has regular MMCs, and is regulated by circadian
rhythms, hormones, nerves and other factors(24l.

As monopolar electrode implantation is an invasive operation, the main
complications are pain, bleeding, infection, and perforation!?73031 Moreover, the
reference electrode is routinely placed on the surface of the skin near the tested tissue or
organ, so the recorded myoelectric signal has many interferences and poor baseline
stability. Therefore, the monopolar electrode is rarely used in the clinical diagnosis and
treatment of the digestive system.

ctrogastrography

Electrogastrography (EGG) is a non-invasive technique for recording Gl myoelectric
activity using a surface electrode placed on the abdominal wall32. Many early studies
have shown a good correlation between EGG and EMG which was recorded by a
monopolar electrodel®*?4. Familonie et all*® recorded the surface EGG and intragastric
EMG of postoperative patients and healthy subjects, respectively. They found that EGG
could not only detect normal slow wave and electrical rhythm but also successfully
detected abnormal EGGs in patients with clinical GI symptoms.

EGG is currently regarded as an auxiliary diagnostic examination in the clinic, which
is used to evaluate nausea, vomiting, and other GI rhythm disorders, eventually
exploring the mechanism of functional GI diseasel”7. Chen et all8l found that
approximately 75% of gastroparesis patients had preprandial or postprandial abnormal
signal patterns following EGG examination of healthy subjects and gastroparesis
patients. About 60% of patients with functional dyspepsia have an abnormal EGG,
including delayed gastric emptying and slow wave reduction[®l. A prospective study
that compared the EGG of mechanical, vascular, paralytic intestinal obstruction, and
combined with inflammatory indices, indicated that EGG has high sensitivity in

evaluating vascular and paralytic intestinal obstruction, even though its specificity is
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low. However, the significant correlation between EGG and plasma levels of
interleukin-6 and procalcitonin supports the role of inflammation in the pathogenesis of
impaired gastric electrical activity in patients with intestinal obstruction/l.

EGG also shows potential in clinical pharmacological research, digestive system
development, GI function evaluation, and treatment safety evaluation. A case-control
study that studied the EGG changes in patients with esophageal variceal bleeding
during treatment with octreotide found that octreotide could inhibit gastric electrical
activity and was positively correlated with its hemostatic effect. Therefore, EGG can be
used as a predictive index to evaluate the efficacy of octreotide in treating esophageal
variceal bleedingl#ll. Ortigoza et all2l simultaneously used EGG, abdominal near-
infrared spectroscopy, and intestinal tinnitus acoustics to monitor the development of
the GI tract in premature infants, evaluate the safety of enteral feeding and reduce the
morbidity and mortality of premature infants.

Because the relative position of the electrode affixed to the body surface is easy to
deviate from the stomach, it is difficult for the recording system to obtain stable and
repeatable data. The main parameter of EGG analysis is the frequency of slow wave,
which cannot fully reflect the function of the GI tract. Therefore, the value of EGG in

clinical diagnosis is limited!*?l.

Gastrointestinal electrical stimulation

The GI myoelectric abnormalities observed in the models of gastroparesis, intractable
nausea and vomiting, and intestinal obstruction provide a theoretical basis for the
development of GI electrical stimulation (GIES) therapy[34l. According to the location
of electrical stimulation, GIES can be divided into inhibitory electrical stimulation and
excitatory electrical stimulation*3l. Inhibitory _ (IES) can inhibit the
contractile movement of the normal GI tract by placing the electrode near the tail end of

the GI tract to send stimulation signals, forcing GI myoelectric activity and movement

to reverse propagationl447l. Excitatory FlCCINCAINSHIMMIANGN (EES), also known as
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"electrical pacing", promotes GI peristalsis by implanting electrodes into the area near
the physiological pacemaker to send electrical stimulation signals[45:49],

Recently, many clinical studies have shown that GIES can improve the physiological
function of the GI tract and relieve clinical symptoms by setting different parameters
and electrical stimulation sites (Table 2). However, as a treatment modality, GIES is still
in the exploratory stage. A meta-analysis based on a case-control study found that GIES
had a significant "placebo effect" in the treatment of gastroparesis. Therefore, GIES
therapy requires further clinical studies to prove its safety and efficacy and related
animal models to explore the pathogenic mechanism50. Although GIES is still

controversial, it has great potential to improve and treat GI motility disorders/51-52l.

HIGH-RESOLUTION MAPPING

In clinical practice, the myoelectric signal obtained directly from the surface of the GI
tract is still the most reliable method for analyzing GI myoelectricity. However, both
EMG and EGG are highly dependent on equipment hardware, filtering technology, and
the size and material of recording electrodes. They could only obtain low-resolution GI
myoelectric recordings, which have limited value for analyzing slow wave propagation
mode and speed of the GI tract. By placing multiple arrays of electrodes on the serous
surface of the GI tract to record GI myoelectric signals, HR mapping can accurately
analyze GI myoelectric signals and electrical rhythm disorders under pathological

conditions/53l,

Gastric pacing region

Alvarez et all°] first studied the pacing region of the human stomach and proposed the
hypothesis that the "pacing region" may be located in the lesser curvature of the gastric
cardia. Hinder ef all*¥ roughly located the "gastric pacing region" in the greater
curvature of the middle gastric corpus by implanting multiple pairs of monopolar
electrodes. Through HR mapping research of the stomach in patients with normal

gastric function, O'Grady et all5] found that the slow wave of the stomach originated
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from a "special region" in the middle and upper part of the great curvature of the
stomach, which was consistent with the results of Hinder's work. He also found a
significant regional spread of slow waves from the pacing area to the distal gastric
antrum. However, the pacing region lacked specialized anatomical tissue or cellular
structures and was labile in that if it was to be removed, a neighboring region becomes

the apparent site of initiation!*l.

Gastric conduction system

HR mapping studies in humans and large animal healthy stomach models have shown
that slow waves arise from the defined pacemaker region and are quickly propagated in
a circular waveform from the pacing area to the antrum(5>5-I, In the human stomach,
the annular slow waves are propagated longitudinally at a velocity of 3 mm-s until the
distal antrum is continuously moving at a higher velocity (almost > 7 mm-s?) at the
greater vs lesser curvature and eventually terminate in the pylorusl®l. Interestingly,
slow waves do not normally excite the gastric fundus/e0l.

HR mapping technology has apparent advantages in diagnosing and treating GI
motility disorders. In an HR mapping study, O'Grady et all®!l found that approximately
50% of experimental pigs with abnormal gastric function had abnormal rhythms,
including incomplete and complete conduction block, escape rhythm competing,
ectopic pacemakers, and functional re-entry. Subsequently, Du et all62] designed and
optimized a flexible printed circuit board (PCB) that can be sterilized repeatedly, which
can be used for HR mapping of the slow wave of the GI tract in an experimental animal
model and shows excellent spatio-temporal accuracy, which provides a low-cost and
stable alternative for clinical GI myoelectric detection. A recent clinical study comparing
EGG and HR mapping showed that gastric slow waves exhibit pacing and conduction
abnormalities in patients with gastroparesis, but their frequency is not significantly
abnormal, resulting in the missed detection of abnormal gastric myoelectricity on the
EGG, indicating that earlier studies likely underestimated both the prevalence and

complexity of gastric dysrhythmial®l. Berry et all*dl found that ectopic pacing of the
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remnant stomach after laparoscopic sleeve gastrectomy is one of the possible
mechanisms leading to postoperative chronic gastric dyskinesia. Mapping studies also
revealed how anisotropic propagation, re-entry, and conducti block contribute to
motility disruption during dysrhythmial616365], These works enabled several novel
clinically-relevant insights into the features and mechanisms of gastric arrhythmias.
However, due to the limitations of invasive examination, HR mapping is rarely
applied in the clinic. A clinical study attempted to detect and analyze the rhythm and
propagation pattern of gastric slow wave reliably through trocars in the limited area of
the gastric mucosa (limited by the number of trocars, usually less than four) during

laparoscopic surgeryl®l. Implanting temporary electrodes in GI mucosa through the

endoscope may be the direction of its future development.

BIO-ELECTROMAGNETIC TECHNOLOGY

Compared with EMG and HR mapping technology, bio-electromagnetic technology has
the advantages of non-invasiveness, non-ionizing radiation, and low risk, which
provides a new direction for the research of GI tract dynamics. Until now, the bio-
electromagnetic techniques used in GI research are mainly based on the alternate
current biosusceptometry (ACB) of tracking the movement of magnetic tracers in the GI
tract after ingestion and magnetogastrography (MGG) to detect the magnetic field

produced by the electrical activity of GI smooth musclel6768.

ACB

ACB is a bio-electromagnetic technique that records the changes in the magnetic flux of
magnetic tracers ingested in vivo with the movement of the GI tract by placing induction
coils and reference coils in vitro. This technique has the advantages of simplicity, easy
operation, and low cost in investigaing gastric emptying time and dynamic activity of
the GI tract in humans or experimental animals(®l. An animal experiment studying the
effect of triple immunosuppressive therapy on GI function found that both ACB and

EGG can accurately monitor the contraction frequency and amplitude of the GI tract.
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Américo et all”’l implanted magnetic markers and monopole electrodes under the serosa
of the distal stomach and proximal ascending colon in beagle dogs. Compared with
EMG, these works proved that ACB could safely and effectively record the contractile
activity of GI smooth muscle in vitro. The ACB image could visualize intrasegmental
tracer distribution and the automated scan of the GI motility segments/7173l. In two
animal experiments, analysis of the relationship between ACB and the strain-gauge
signal amplitude, showed that ACB may serve as an accurate and sensitive technique
for GI motility research!7475].

In the field of pharmacological research, Cora et all’el obtained a magnetic image of
the disintegration of drug tablets in the human stomach using ACB, which shows that
the ACB has sufficient sensitivity and spatial resolution in evaluating drug dosage
forms in vivo. It provides a new research method for comprehensively understanding
the metabolic model of drug dosage forms in the human GI tract and developing a new
drug delivery system to improve and control the bio-availability and effectiveness of
drugs. Another study developed a biomagnetic cellulose gel composed of polymeric
nanocapsules containing ferrite nanoparticles, which can be substantially retained in the
stomach walls, and consequently has the potential to be used as a traceable drug
delivery system for gastric diseasesl”.

However, the measurement of ACB is easily affected by the magnetic tracer, the
shape of the coils, the position of the coils, and the spatial position of the tracer relative
to the coils. Bruno et all”®l combined ultrasound and ACB to overcome its over-
dependence on the position and distribution of magnetic tracers in magnetic inductors.
Above all, ACB has apparent advantages in recording gastric emptying, which reflects

the unique superiority of ACB in GI function evaluation!”],

MGG
MGG is a bio-electromagnetic technique based on a superconducting quantum
interferometer to detect the extracellular magnetic field produced by the slow wave of

the GI tract, which is highly related to EGGI®l. Several studies have shown that MGG is
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less affected by the difference in electrical conductivity of the tissue, so it is easier to
reflect the physiological characteristics of slow waves in the GI tractl6%69801. Based on a
study of the effect of erythromycin on gastric motility, Somarajan ef all®!l compared the
differences among MGG, EGG, and EMG, proving that MGG could objectively indicate
gastric dysrhythmia and quantify the therapeutic effect in patients with functional
gastropathy. In addition, MGG can reliably detect spatial parameters such as
propagation velocity and mode of GI slow wave. In addition, Bradshaw et alls2l
measured EGG and MGG in seven healthy subjects and seven patients with diabetic
gastroparesis. The parameters such as dominant frequency, percentage of power
distribution, and propagation characteristics were compared. They found that MGG
could detect the pathological slow wave of gastroparesis. Above all, MGG shows
unique advantages in detecting transmission speed and propagation mode, which
provides a new method for studying the pathological myoelectric characteristics of

digestive diseases.

ELECTROPHYSIOLOGICAL RESEARCH ON THE GALLBLADDER AND BILIARY
TRACT

Early studies on MMC have shown that rhythmic myoelectric activity also exists in the
biliary system, which is regulated by many factors, such as cholecystokinin, cholinergic
receptor agonists, and intestinal peristalsis/®*l. Romanski et all®! found that the minute
rhythm occurs regularly in the entire ovine small intestine and gallbladder, which is
controlled by nicotinic receptors and muscarinic receptor subtypes. In benign
gallbladder diseases, research on biliary dysfunction, especially smooth muscle in the
biliary tract and the sphincter of Oddi is from animal experiments. Chen et all85
designed an annular electrode to detect Oddi sphincter EMG without damaging the
Oddi sphincter wall, which has the advantages of less trauma, convenient placement,
accurate location, and high repeatability. In the guinea pig lithogenic model, EMG was
used to detect the myoelectric difference in the Oddi sphincter at different stages under

a high cholesterol diet, indicating that Oddi sphincter dysfunction caused by a high
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cholesterol diet may be one of the pathogenic mechanisms of cholesterol gallstones/®°l.
Liu et all¥] also found Oddi sphincter dysfunction in rabbits with chronic cholangitis
and proved that the intracellular calcium mobilization pathway was involved in the
relaxation of the sphincter under pathological conditions.

To date, there is still little research on gallbladder myoelectricity. It may because the
weak gallbladder myoelectricity or signal close to the heart or respiration, making it
difficult for researchers to obtain stable myoelectric signals. Therefore, the gallbladder
myoelectric activity detection method needs to be continuously optimized and
improved. Recently, we detected gallbladder EMG in guinea pigs with acute acalculous
cholecystitis (AAC) using a bipolar electrode, which showed that the slow wave
frequency in the control group was 10.66 + 0.51 cpm, in the AAC 12 h group was 7.13 +
0.20 cpm (mean + SD, P < 0.001), in the AAC 24 h group was 6.46 + 0.16 cpm, and in the
AAC 48 h group was 5.75 + 0.43 cpm, respectively (unpublished data). There was no
significant difference between the AAC 12 h, AAC 24 h, and AAC 48 h groups. It
suggested that inflammation may first affect the function of gallbladder ICCs, then
decrease gallbladder slow wave frequency and eventually lead to a decline in
gallbladder function.

With a deeper understanding of the electrophysiology of the biliary system, clinicians
have begun to re-examine the necessity of gallbladder function evaluation for benign
gallbladder diseases. Nowadays, the primary methods for evaluating gallbladder
function are gallbladder angiography, three-dimensional ultrasonic detection,
cholescintigraphy, and Oddi sphincter manometry, which indirectly evaluate
gallbladder function through parameters such as gallbladder emptying and biliary
pressurel®l, There is still a lack of direct methods to evaluate biliary function in the
clinic. The advantages of EMG, bio-electromagnetic technology and HR mapping in the
study of the physiological function of the GI tract provide a new research direction for
the evaluation of biliary system function, especially for gallbladder function. We believe
that gallbladder EMG is the most concise, reliable, and direct method for evaluating

gallbladder function. However, there is still a lack of research on gallbladder EMG
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under physiological and pathological conditions. Compared with EMG, HR mapping
can directly detect the myoelectricity of the gallbladder and provide a spatio-temporal
model of the origin and propagation pattern of gallbladder myoelectricity. This will
enable a more comprehensive understanding of the origin and spread of myoelectric
activity in gallbladder pathophysiology and may provide new evaluation methods for
the diagnosis and treatment of benign gallbladder diseases. Nevertheless, because EMG
and HR mapping are invasive examinations, non-invasive low-risk bio-electromagnetic
technology may be the best method for clinical gallbladder function evaluation in the

future.

CONCLUSION

The rhythmic slow wave in the GI tract is the basis for the realization of the
physiological function of the digestive system. EMG detects the GI electrical signals by
placing electrodes on the GI serosa or mucosal surface and has been widely used to
study the normal physiological rhythm of the GI tract and the mode of dyskinesia
under pathological conditions. Because EMG is an invasive technique, which limits its
application in clinical diagnosis and treatment, it is mainly used in clinical scientific
research and electrical stimulation therapy. Therefore, non-invasive detection
technologies such as EGG and bio-electromagnetic technology are gaining more and
more attention from scientific researchers and clinical workers. EGG collects GI
electrical signals through the surface electrode of the abdominal wall, but it is easily
affected by the difference in tissue conductivity. ACB and MGG, which are based on
bio-electromagnetic technology, could not only accurately record the frequency and
distribution of GI slow wave, but also provide their time-space variation parameters.
HR mapping is also an invasive technique for detecting GI myoelectric signals. Unlike
EMG, HR mapping uses array electrodes to obtain the myoelectric signal of the GI
serosa surface, which can accurately obtain the spatial propagation model. Given the
lack of electrophysiological research on the gallbladder, it will be an important research

direction in the field of GI electrophysiology in the future.
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