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Abstract
AIM
To enhance the clinical utility of electrogastrography 
(EGG), which has been recorded since 1922, but  is 
clinically unutilized.

METHODS
An innovative method to salvage the promise of EGG is 
proposed by introducing a preliminary procedure, while 
maintaining the electrodes, standardized equipment, 
and signal processing utilized in the well-established 
EGG testing of today. The proposed enhanced EGG 
(EEGG) protocol involves swallowing an ingestible 
capsule containing miniature electronic oscillator 
embedded in an expandable, self-disintegratable, 
biocompatible pseudobesoar residing in the stomach for 
the duration of the test. The benefits of the proposed 
approach are outlined, tested and discussed in details. 

RESULTS
Experiments were performed on eight mongrel dogs (6F, 
4M, 23.8 ± 3.3 kg). Four were administered an active 
EEGG capsule, while the rest were given a deactivated 
(battery removed) capsule. Pharmacologically facilitated 
gastric motility revealed a significant (P  < 0.01) 
Pearson correlation between gastric motility indices 
obtained by force transducers implanted directly on the 
stomach, and the motility indices obtained by EEGG. A 
particular emphasis was made on preserving standard 
EGG-related hardware and software in order to facilitate 
the introduction of the proposed EEGG in environments 
which already utilize standard EGG testing. The 
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expanded intragastric pseudobezoar containing the 
miniature electronic oscillator was retained during the 
tests, and could be disintegrated on demand. 

CONCLUSION
Enhancing standard EGG by an ingestible, self-
expanding and self-disintegrating pseudobesoar 
containing a miniature electronic oscillator can be an 
important avenue for clinical applicability of this test.

Key words: Electrogastrography; Functional dyspepsia; 
Gastroparesis; Ingestible oscillator; Pseudobesoar
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Core tip: Intrinsic gastric electrical activity is of specific 
nature that restricts the clinical applicability of its non-
invasive measurements known as electrogastrography 
(EGG). This study proposes the utilization of an 
ingestible, self-expanding and self-disintegrating 
pseudobesoar containing a miniature electrical oscillator 
to enhance the clinical utility of EGG in diagnosing 
functional dyspepsia and gastroparesis.
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INTRODUCTION
Cutaneous recordings of gastric electrical activity 
(GEA), known as electrogastrography (EGG), have 
been recorded since 1922[1] and has been groomed 
to become a single, non-invasive test for the 
early diagnosis of functional gastric dyspepsia and 
gastroparesis. However, to this day remain clinically 
unutilized, although two distinct Current Procedural 
Terminology (CPT) codes associated with EGG have 
been introduced in the United States for diagnostic 
purposes[2]. Despite numerous unsubstantiated claims 
regarding the clinical utility of EGG, the prevailing 
attitude addressing the limitations of EGG for clinical 
decision-making is that they have overwhelmingly 
cast their shadow over this tempting non-invasive 
test which was promoted as a primary clinical tool for 
diagnosing functional dyspepsia[2-4]. In this study we 
discuss an innovative method to salvage the promise 
of EGG, by introducing a preliminary procedure to the 
patient preparation, while maintaining the electrodes, 
standardized equipment, and signal processing utilized 
in the standard EGG testing of today, with the hope 
that this technique can revive the promise of EGG as 
a clinical diagnostic test for functional dyspepsia and 
gastroparesis.

Functional dyspepsia as a disorder of gastric motility
Functional dyspepsia is a multifaceted disorder of the 
upper gastrointestinal tract that affects between 5% 
and 11% of the world population[5], and is defined 
by the so called Rome IV criteria, which include: (1) 
sensation of pain and/or burning in the epigastrium; (2) 
early satiety (inability to finish a normal-sized meal); 
(3) distinct feeling of fullness during and immediately 
after meal; and (4) combination of these symptoms in 
a repetitive manner[6]. Gastric motility abnormalities 
such as delayed emptying, impaired initial distribution 
of a meal within the stomach, impaired accommodation 
to a meal, antral hypomotility, gastric electrical 
dysrhythmias (tachygastrias, bradygastrias, and mixed 
dysrhythmias), and delayed gastric emptying have all 
been identified in patients with functional dyspepsia[7]. 
The portfolio of dyspeptic symptoms strongly suggests 
an impaired gastric motility association with the 
disorder. However, although antral hypomotility and 
delayed gastric emptying are frequent in patients with 
functional dyspepsia[6], the clinical importance of these 
findings remains uncertain, mainly for two reasons: 
(1) they do not always correlate with symptoms; and 
(2) the link to impaired gastric motility has not been 
demonstrated[8] due to the lack of a single, reliable, 
24-h (or longer) ambulatory test for assessing gastric 
motility in settings not different than the normal daily 
routine of the patient, as is presently investigated in 
the evaluation of esophageal reflux[9].

In this situation, the availability of a reliable long-
term, ambulatory gastric motility test could possibly 
correlate the presence of dyspeptic symptoms to gastric 
motor function abnormalities, or, alternatively, to dispel 
such relationship altogether. This testing deficiency 
prompted researchers to search for alternative causes 
and reasons that could possibly be associated with 
functional dyspepsia[10]. Thus, presently, the diagnosis 
of functional dyspepsia is predominantly symptom-
based, with the support of several tests, including 
most typically antral manometry and gastric emptying, 
but in what could be classified as a scientific curiosity 
associated with mild desperation, researchers are 
actively seeking other valid reasons for the dyspeptic 
symptoms to manifest themselves[10,11].

EGG and its limitations
EGG, the cutaneous, non-invasive recordings of GEA, 
seemed to be perfectly suited to offer the missing 
link between gastric motility abnormalities and 
dyspeptic symptoms, as it was supposed to be a true 
representation of the intrinsic, omnipresent GEA, 
which in turn controls gastric motility[12]. Not quite, 
unfortunately. Although arguments pro[13] and con[14] 
have been circulating in the research community for 
the last 30 years, the prevalent objective scientific 
opinion outlines the following 4 major limitations 
associated with plain EGG:
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(1) EGG cannot reliably represent gastric con-
tractions or their shape, pattern, frequency, coupling 
and strength[15]; (2) Although EGG seems to represent 
a heavily integrated picture of the intrinsic gastric 
electrical rhythm, it fails where its reliability is needed 
most - in truthfully representing objectively existing 
internal gastric electrical abnormalities - dysrhythmias, 
tachygastrias and bradygastrias[16]; (3) Although 
postprandial EGG somewhat differs from fasting 
EGG, these differences have not led to any reliable 
clinical association with abnormal gastric motility, 
even if a standardized meal is administered[17]; and 
(4) The intrinsic electrical activity of the stomach is a 
complex, multi-component phenomenon, and the omni-
present rhythmic electrical component (also known 
as electrical control activity, or ECA) is a necessary, 
but not sufficient condition for gastric contractions to 
occur. Because of the different physiological nature of 
the gastric pump compared to the cardiac pump, the 
electrical fields of the stomach and of the heart differ 
substantially, with the stomach resembling functionally 
an “asynchronous pump”, irregularly exhibiting 
intermittent contractions during the presence of 
which the underlying electrical activity controlling it 
grows in complexity by the superposition over ECA 
of the so-called electrical response activity (ERA), 
which in turn is of two types, plateau and spikes[18]. 
Only the presence of the latter has been associated 
with meaningfully strong contractions. However, 
unfortunately, although often of high amplitude, spikes 
are of very short duration, which results in relatively 
low electrical power that dissipates before it can 
influence the cutaneous EGG recordings in any reliable 
and meaningful manner. In contrast, the heart can be 
regarded as a “synchronous” pump, with its electrical 
and mechanical activity corresponding quite intimately 
and with mutually reflected changes[19].

Unfortunately, the tempting promise of EGG as a 
non-invasive test for assessing gastric motor function 
similarly to the way its overwhelmingly successful 
sister, electrocardiography (ECG) can assess the motor 
function of the heart, continue to overshadow the 
above limitations, which in our opinion are objectively 
prohibitive. Although the arguments pro- and con-
EGG can continue forever, the facts are clear: one after 
another, the assessment panels of state insurance 
companies in the United States label EGG as an 
investigative, but not as a diagnostic test, and refuse 
to offer any reimbursement for it, despite that two 
distinct current procedural terminology (CPT) codes 
associated with EGG have been introduced long time 
ago[20]. It is our opinion, therefore, that unless a major 
change in the EGG paradigm is proposed, the test 
will slowly decay and die its natural death. Thus, in 
our view, the standard EGG testing of today can be 
regarded not as a promise, only partially kept[21], but 
as a promise not kept at all, at least in the context of 
objectively assessing gastric motility.  

The “SmartPill” alternative
Recently, and with much fanfare, the so-called 
“SmartPill” has been introduces as a possible gastric 
motility test, at least as a minimally invasive tool to 
measure gastric emptying[22]. Although this could 
represent a welcome replacement of traditional 
scintigraphy for measuring gastric emptying, it has 
been already discussed that gastric emptying test 
alone could not be the long searched single diagnostic 
test for dyspepsia, and by itself is not a direct gastric 
motility test[23,24]. 

The need for gastric retention
Our present opinion is that in order to reliably assess 
gastric motility, particularly in ambulatory settings 
closely resembling the daily routine of the patient, 
three necessary conditions need to be met: (1) A 
“smart” capsule needs to be ingested by the patient; 
(2) The capsule should be retained in the stomach for 
the duration of the test, but should has the capability 
to disintegrate and safely exit the gut naturally after 
the testing is completed; and (3) Existing testing 
equipment and established procedures need to be used 
in order to optimise the path to clinical utilization of the 
technique, and respectively, to its reimbursement by 
insurance companies as a legitimate diagnostic test.

Pseudobezoar-based gastric retentive oscillator
Recently, we have been exploring the utilization of 
passive, temporary, controllable pseudobezoars as 
ingestible implements for the treatment of obesity[25]. 
The safety of these implements has been established 
in various tests on animals and humans[25]. It has 
been already discussed that the intrinsic gastric 
electrical oscillator is a complex, multicomponent 
and dynamic phenomenon, whose relationship with 
actual gastric motility is so multifaceted that plain 
EGG cannot reliably assess it. Thus, we recently 
proposed to enhance an ingestible pill containing a 
temporary, controllable pseudobezoar with a miniature 
electronic oscillator of known and strong enough 
emitting frequency, optimized for good transluminal 
transmission[26-28]. This is a way to essentially enhance 
the intrinsic gastric electrical oscillator with a strong, 
simple, single-frequency source, which could be easily 
detected cutaneously by traditional EGG equipment 
and can be consequently processed by the same 
signal processing tools that plain EGG testing of today 
employs. Thus, not only long-term gastric retention 
could be achieved, but also the internal manipulation 
of the oscillator-containing pseudobezoar by gastric 
motility would be able to manifest itself cutaneously in 
a far more reliable fashion. Thus, our proposition is: (1) 
Convert an ingestible, passive, temporary, controllable 
pseudobezoar capsule into an active oscillator source, 
while preserving its gastric retentive capability; and 
(2) Utilize routine EGG testing equipment, electrode 
arrangement and signal processing tools to record 
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custom caps were made of machined copper that was 
threaded to closely fit the body in order to be able to 
seal the contents of the pill. The inside surface of the 
copper caps was soldered to thin wires connected to 
output vias on the circuit board before being screwed 
together. Particular care was taken to ensure that 
body fluids did not enter the capsule; the two caps 
were screwed onto the shell with a layer of ultra-thin 
polytetrafluoroethylene (PTFE) film in order to provide 
high quality waterproof seal between threads. Figure 1 
shows the full design of the internal circuitry and body 
of the enhanced EGG (EEGG) capsule.

Gastric retention: In order to provide long term 
gastric motility measurements and prevent the 
expulsion of the EEGG pill into the duodenum, a 
gastric retentive enclosure was incorporated into 
the prototype. The oscillating EEGG capsule was 
embedded in 0.15 g of dry, non-toxic, hydrophilic, 
crosslinked polyacrylate polymer granules contained 
inside a nonwoven, high permeability 20-gsm polyvinyl 
alcohol (PVA) mesh. The polymer granules are able to 
immediately absorb and retain hundreds of times their 
weight in water, and swell to 30-50 times their dry 
size in gastric liquids if accompanied by the concurrent 
intake of strong antacid. Once the polymers have 
swelled they are unable to dissolve due to the three 
dimensional crosslinked structure[30], making them an 
ideal choice for gastric retention when held in place 
by a permeable mesh structure. The PVA mesh was 
designed to ensure that upon expansion the whole 
structure would exceed 1.5 cm in any direction, but 
not be larger than 4 cm in any direction, with a fully 
expanded volume between 20 to 30 ml, which is well 
below the threshold of perception[31]. When pressure is 
applied the polymer granules linearly retain less water, 
allowing a certain degree of compliance of the structure 
to the mechanical activity of the stomach. The mesh 
was also chosen due to its permeability to fluids, which 
enable the polymer granules to make adequate contact 
with the gastric juices. The 40-degree PVA mesh is 
biodegradable, and will disintegrate within 2-3 d in 
order to avoid obstruction, and similar gastric retentive 
technologies have been demonstrated to withstand 
digestive antral pressures, and produce no adverse 

the electric power dynamics of the ingested gastric-
retentive oscillator, with the hope that it would reliably 
reflect gastric motility. 

MATERIALS AND METHODS
Design of the enhanced EGG ingestible capsule
Oscillator: Previous literature demonstrated that 
50 kHz is an optimal frequency for luminal electrical 
impedance measurements to minimize interference 
with regular muscle, nerve, and organ functions, while 
enabling effective transmission through the body[26,27]. 
Body conduction of small low frequency signals has 
been clinically proven to be safe, and has found 
application in other GI related technologies[29]. Size 
and power consumption were taken into account when 
it was decided to utilize the TS3001 (Silicon labs, 
Austin, TX, United States) programmable oscillator 
integrated circuit that offers a frequency range from 9 
to 300 kHz and uses a maximum of 5.4 µA of supply 
current to maintain operation. The complete design 
including a battery, the selected oscillator chip, resistor 
and capacitor fitted onto a 10-mm by 6-mm two sided 
printed circuit board that was custom manufactured. 

enhanced eGG capsule body: In order to protect the 
circuitry, the custom-designed electronics were held 
in a custom capsule that was made for the prototype 
models. The capsule consisted of a cylindrical body 
with two cap electrodes on either end, with an outer 
dimension of 10 mm in diameter and 19 mm in length, 
(Figure 1). The hollow cylindrical body was made of a 
machined biocompatible chemically resistant medical 
grade polyetherimide (PEI) resin (Ultem 2300; Ritter 
GmbH, Schwabmunchen, Germany). This material 
was selected for its corrosion resistance, dielectric 
insulation, and high strength to weight ratio[30]. The 
inner diameter of the cylindrical body was 8.36 mm, 
allowing the custom electronics to fit. On either end 
of the body the last 2.5 mm had recessed threading 
to allow custom-made caps to be tightly screwed into 
place. The main constraint on the size of the capsule 
was the presence of embedded electronics, as well as 
the need for gastric retentive polymers surrounding 
the capsule but within a dissolvable pill body. The 
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2.2 MΩ
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5           4
6           3
7           2
8           1

Outputs

10 mm

6 mm

19 mm

10 mm

Copper electrodes

Figure 1  The oscillator circuit, printed circuit board layout, and enhanced electrogastrography capsule body. Dimensions of the circuit board were 10 mm × 6 
mm, which allowed it to fit inside the capsule body that had dimensions 19 mm × 10 mm. Size of the board was constrained by component choice, as well as the need 
for swelling polymers surrounding the capsule body.
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mucosal impact or evacuation obstruction issues[25]. 
The PVA mesh can be immediately disintegrated on 
demand via the consumption of a glass of hot (> 
40 ℃) water. Obviously, in human testing, the patients 
should be advised not to drink hot (> 36 ℃) beverages 
for the duration of the test, unless they need to 
terminate it. 

encapsulation: In order to orally deliver the EEGG 
capsule and gastric retentive enclosure to the stomach 
the prototype models were encased in a split hard 
gelatin shell capsule (AAA DB capsule, Capsugel, 
Greenwood, SC, United States). The size of the gelatin 
capsule directly affected how much expanding polymer 
could be integrated into the design, as the size of the 
inner EEGG capsule was determined from the internal 
electronics. For the present feasibility study the 
emphasis was on demonstrating the effectiveness of 
the electronics. Figure 2 presents an exploded image 
of the pill, as well as the order of assembly. 

Testing EEGG in a canine study
Experiments were performed on eight mongrel dogs 
(6F, 4M, 23.8 ± 3.3 kg). Four were administered 
an active EEGG capsule, while the rest were given 
a deactivated (battery removed) capsule. The dogs 
were vaccinated and dewormed as per the Canadian 
Veterinary Medical Association’s recommended yearly 
protocol regime. Vaccines included Canine distemper/
adenovirus, Type 2 parvovirus/bordetella/rabies. 
Drontal Plus (Bayer HealthCare llC, Shawnee Mission, 
KS, United States) was used as an oral dewormer. 
Each animal underwent a physical examination by 
a board-certified veterinarian and was found to be 
in good condition. After 24 h of fasting and 12 h of 
water deprivation, each animal transorally ingested 

a single capsule as described above with 500 cc of 
room temperature water (21.0 ℃). The pill swelled 
to its maximum size in the stomach within 15 min 
after ingestion to dimensions exceeding 1.5 cm 
in any direction, and subsequently was unable to 
pass the pyloric sphincter even when subjected to 
pharmacologically induced propulsive peristalsis. 

Each animal underwent an induction with an 
intravenous injection of thiopental (Thiotal 15 mg/kg 
IV, Vetoquinol Canada, lavaltrie, QC, Canada) and 
was subsequently maintained on inhalant isoflurane 
and oxygen (Halocarbon laboratories, River Edge, NJ, 
United States) with a vaporizer setting of 1%-3%. The 
anesthesia was chosen because it did not influence 
gastric neurotransmitters, and as such would not 
affect gastric contractions[32]. Individually, the animals 
were then positioned supine, their abdomens shaved, 
cleaned, and sterilized with alcohol before performing 
laparotomy via a median incision vertically along the 
linea alba to gain access to the stomach.

After the incision the location of the ingested pill 
in the stomach was verified endoscopically using 
an EPK-700 veterinary endoscope (Pentax, Tokyo, 
Japan), and the voltage developed on the serosa of 
the stomach was measured using an oscilloscope 
(Tektronix, Beaverton, OR, United States) to confirm 
the presence of an activated or deactivated pill. After 
this verification, two 90W24 force transducers (RB 
Products, Stillwater, MN, United States) were surgically 
sutured to the serosal side of the antral stomach along 
the gastric axis[33]. The first force transducer was 
positioned 1-2 cm from the pylorus, and the second 
was affixed proximally 5-6 cm from the pylorus, along 
the gastric axis. The mesenteric innervation and the 
blood supply of the stomach were carefully preserved. 
The internal position of the EEGG oscillator and the 
serosal position of the force transducers is shown in 
Figure 3. 

The signals from the force transducers were 
amplified using a custom-designed multichannel 
bridge amplifier, and digitized using a PCMCIA DAQ 
Card-Al-16XE-50 (National Instruments, Austin, TX, 
United States). The force transducer signals were 
monitored and analyzed with custom-designed signal 
processing and visualization software (GAS-6.2, 
Biomedical Instrumentation laboratory, University of 
Calgary, Calgary, Alberta, Canada). Once the force 
transducers were in place, their functionality was 
verified mechanically by manual palpation of variable 
strength, and the offsets and gains were calibrated 
accordingly for maximal sensitivity. 

The intragastric position of the pill was then verified 
mechanically by palpating it to ensure that it had not 
been compromised during surgery. Following the FT 
implantations, the abdomen was closed, and after 
appropriate skin cleaning and preparation, three 
pediatric ECG electrodes (Conmed, Utica, NY, United 
States) were placed cutaneously over the stomach 

1 cm

1 
cm

1

2

9

8 7
6

4 5
3

Figure 2  Breakdown of the enhanced electrogastrography gastric 
retentive pill. The oscillator circuit was first sealed into the assembled capsule, 
and added to superabsorbent granules held in a liquid-permeable mesh. This 
was inserted into a dissolvable pill, which completely disintegrated in the 
stomach after 10 min, allowing the granules to swell. A mm scale is provided 
on the left of the image. 1: Oscillator circuit; 2: Capsule body; 3: Assembled 
capsule; 4; Superabsorbent granules; 5: Capsule and granules inside a liquid-
permeable mesh; 6: Dissolvable pill containing the mesh enclosed capsule; 7: 
Enhanced electrogastrography gastric retentive pill; 8: Pill expanded in water; 9: 
Test dish.
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along the abdominal projection of the gastric axis, 
with a ground electrode positioned close to the left 
hip of the animal[34]. The position of the electrodes 
was similar to the one associated with impedance 
epigastrography, since previous studies have suggested 
optimal electrode placement[35]. 

The EEGG signals were measured with a custom-
designed 16-channel electrogastrograph. The amplifi-
cation of the electrogastrograph was set to 1000 ×, 
in order to utilize the range of the analog to digital 
converter. The cut-off frequencies of the bandpass 
filter of the custom electrogastrograph were set 
to the commonly used 0.03-0.1 Hz following the 
hypothesis that gastric motility signals in the animals 
will not exceed 6 cycles-per-minute (cpm)[36] and 
will amplitude-modulate the intraluminal oscillator 
frequency of 50 kHz, the latter acting only as their 
carrier. The 0.1-Hz low pass filter would thus act 
as a demodulator for this transcutaneous signal 
transmission, and would prevent higher frequency 
electrophysiological and mechanical processes (e.g., 
electrocardiographic activity and respiration) from 
interfering with the signal originating from within 
the stomach. The signals were then digitized using 

the same PCMCIA card DAQ Card-Al-16XE-50 
(National Instruments, Austin, TX, United States) 
simultaneously with the force transducer signals, and 
were subsequently monitored and stored for further 
analysis using the same custom software. The overall 
setup of this experiment is shown in Figure 4.

Immediately after the experimental setup was 
completed, a baseline recording was performed with 
no pharmacological stimulant for 30 min. Following 
this recording, bolus neostigmine (0.04 mg/kg, APP 
Pharmaceuticals, Schaumburg, Il, United States) 
was administered intravenously as a smooth muscle 
stimulant to invoke contractions[34]. Thirty minutes 
of post-neostigmine recordings were subsequently 
obtained. The total recorded time from each animal 
was 60 min; 30 min in the basal state, and 30 min 
in the post-neostigmine state, with a one-minute 
time interval between them for the intravenous (IV) 
administration of the bolus neostigmine. 

At the end of the experiments the animals were 
sacrificed by an IV injection of Euthanyl, 480 mg/4.5 
kg (Bimeda-MTC Animal Health Inc., Cambridge, ON, 
Canada). Subsequent retrieval of the expanded pill 
was performed in order to verify its retention within 
the stomach, and to confirm the presence of the 
signal in the active EEGG pills or the lack thereof in 
the inactive sham pills using an oscilloscope. The post-
administration volume of each gastric-retentive pill 
was measured to quantify expansion dimensions. The 
study was approved by the Veterinary Sciences Animal 
Care Committee, University of Calgary, Calgary, Alberta, 
Canada.

Signal acquisition, conditioning, digitization, 
processing, and data logging
Signal acquisition: The cutaneous biovoltage 
evoked from the induced EEGG signal was measured 
via disposable Ag/AgCl ECG electrodes (Cleartrode, 
Conmed, Utica, NY, United States). Two EEGG channels 
were bipolarly recorded as the potential differences 
between two active electrodes measured relative to 
a common ground electrode placed away from the 
stomach on the shaved inner thigh of the animal. These 
bipolar signals were processed to reflect the dynamics 
of their electrical power, which was hypothesized to 
correlate highly with contractile activity. Electrodes 
were placed in a similar configuration to that used in 
standard EGG recordings (Figure 4)[37].

Signal conditioning: The raw analog signals from 
the ECG electrodes were amplified and filtered using 
a custom-designed multichannel electrogastrograph 
(EGG, James long Company, Caroga lake, NY, United 
States), which measured the voltages relative to the 
ground electrode using analog gain of 10000. The high 
pass filtering cut-off frequency was set at 0.03 Hz, 
while the low pass filtering cut-off frequency was 0.1 
Hz.

1-2 cm

Esophagus
Fundus

Pylorus

FT2
FT1

Serosal view

Gastric axis

A

Gastric retentive
          pill

EEGG
oscillator

Internal view

B

Figure 3  The serosal view of the stomach showing the placement of 
the force transducers (A), and the internal view of the stomach showing 
the position of the enhanced electrogastrography capsule and gastric 
retentive mesh (B). EEGG: Enhanced electrogastrography.

3

1
2

4
5

89

11 10 6 5 7

3 cm

6 c
m

Figure 4  Overall gastric retentive pill-based experimental setup. 1: 
Stomach; 2: Gastric retentive mesh; 3: Enhanced electrogastrography capsule; 
4: Implanted force transducers; 5: Connecting wire from force transducers; 
6: Custom bridge amplifier; 7: Cutaneous electrodes; 8: Receiving wires from 
electrocardiography electrodes; 9: Isolated bioelectric amplifier; 10: Analog-to-
digital converter; 11: Real-time data acquisition software.
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Signal digitization: After being amplified and filtered, 
the EEGG signal was digitized using a PCMCIA DAQ 
Card-Al-16XE-50 (National Instruments, Austin, TX, 
United States). This analog to digital converter can 
record 16 bit voltages between 0 and 5 volts at a 
maximum rate of 200 kS/s. Since the low-pass cut-
off frequency of the amplifier was set at 0.1 Hz, a 
sampling frequency of 10 Hz was chosen for simplicity 
and to avoid aliasing effects. The resolution of this 
analog-to-digital converter was found to be 0.076 mV 
± 0.038 mV.

Signal processing: The signals were viewed using 
custom signal processing and visualization software 
(GAS-6.2, Biomedical Instrumentation laboratory, 
University of Calgary, Calgary, Alberta, Canada). This 
software was designed with EGG in mind, and can 
visualize up to 16 channels simultaneously in real time. 
Signals are monitored and stored for further analysis. 

After the signals were acquired they were further 
processed using a custom program developed using 
Matlab (MathWorks, Natick, MA, United States) that 
normalized each signal before calculating one-minute 
motility indices, and computing Pearson correlation 
coefficients between the input signals. Normalization 
is done because of the inhomogeneity of the tissues 
between the EEGG transducer capsule and whichever 
electrode recorded the signal. As a result, EEGG 
signals are presented in terms of relative units, where 
the highest value is represented by a 1 and the lowest 
by a 0. Normalization was performed according to 
equation (1.1).

DNorm = (DO - DMin)/(DMax - DMin)   (1.1)
where, DNorm is the new normalized data point, 

[dimensionless]; DO is the original point to be 
normalized, [dimensionless]; DMin is the minimum data 
point in the entire set, [dimensionless]; and DMax is the 
maximum data point in the entire set, [dimensionless].

One-minute motility indices[38] effectively low-pass 
filter the signals, reducing the effect of erroneous 
outlying data and presenting the general trend of 
gastric motility. Motility indices are a convenient way 
to interpret the impedance dynamics of the tissue 
because they represent the power of the signal[39], 
which is independent of pill polarity. This is important 
because the pill is effectively floating within the 
stomach, and its orientation cannot be predicted 
so by measuring the power of the signal we can 
negate this effect. One-minute motility indices are 
further advantageous because signals from force 
transducers and EEGG may be out of phase due to 
the spatial difference in ECG electrodes. In this case 
if could appear that little to no correlation in activity 
was present. Motility indices are calculated by taking 
the sum of squared data points over the course of 
a minute. In one minute there were 600 samples, 
as the sampling frequency was 10 Hz. After motility 
indices were calculated using equation (1.2) they were 

again normalized according to equation (3.1). This 
normalization is indicative of the average power, and 
can be compared across samples even with varying 
sample rates. 

     600 × (i + 1)

Mi =  ∑    Dj
2   (1.2)

    j = 600 × i + 1

where Mi is the motility index M calculated for 
minute i, [dimensionless]; and Dj is the normalized 
data at point j, [dimensionless];

Once the general trends of gastric motility are 
established by the motility indices, Pearson correlation 
coefficients can be computed in order to compare the 
different signals, and provide a metric for validation. 
Pearson correlation coefficients were chosen for 
statistical validation because they indicate a measure 
of linearity between two signals. Pearson correlation 
coefficients with p < 0.05 were considered to be 
significant[40].

Further processing of the signals was done to assess 
the contractions per minute visible in each respective 
channel. Dominant peaks of the frequency for each 
measuring modality (basal and post-neostigmine) 
were subjected to a comprehensive statistical analysis 
using the paired Student’s t-test[40] to evaluate the 
relationship between the frequency dynamics of EEGG, 
sham and force transducer measurements. Frequency 
analysis was done using the Fast Fourier Transform, 
implemented in the custom visualization and analysis 
GAS-6.2 software used previously. 

RESULTS
Gastric retention
Before the implantation of the force transducers an 
oscilloscope was used to detect the 50 kHz signal, 
or lack thereof being emitted by the ingested EEGG 
capsule. Oscilloscope leads were placed in electrical 
contact with the serosa of the stomach over the pill, 
the position of which was approximately determined 
by manual palpation. A sample oscilloscope recording 
for an active pill is shown in Figure 5A, while Figure 5B 
shows a recording of an inactive pill. 

The expanded pill was retrieved from each animal 
after experimentation, in order to verify the pill’s 
activity using the same oscilloscope used previously, 
as well as to assess the expansion dimensions and 
structural integrity of the gastric retentive enclosure 
during testing. Each experiment revealed that all the 
EEGG pills remained either active during testing, and 
did not fail as a result of liquid exposure or battery 
failure. Conversely, the sham pills remained inactive, 
as expected. The average post-retrieval volume of 
the pills was 12.1 ± 0.4 ml, and had dimensions 
exceeding 1.5 cm in all directions. The presence of 
the intact pill within the stomach at the conclusion of 
the experiments indicated that the pharmacologically 
induced contractions were unable to propel the 
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expanded gastric retentive enclosure into the small 
intestine, nor were the pressures within the stomach 
high enough to rupture the gastric retentive enclosure 
itself. 

Motility indices, Pearson correlation coefficients, and 
contractions per minute (cpm)
The testing was divided into two sections, baseline 
and post-neostigmine, and results were recorded and 
labelled accordingly. During the baseline tests there 
was sporadic presence of spontaneous contractile 
activity as measured by the force transducers, and 
evidenced in the visual comparisons of Figure 6A and 
B. Following the introduction of neostigmine several 
gastric motility factors dramatically increased, notably 
the frequency, regularity, and amplitudes of contractile 
activity. A typical simultaneous force transducer and 
EEGG recording for an active capsule is shown in 
Figure 6A, along with the post processed one-minute 
motility indices in parallel. Thirty minutes of baseline 
activity and thirty minutes of post-neostigmine activity 
was recorded and normalized together, in order to put 
each recording into perspective with respect to the 
maximum and minimum of both states combined. In 
both states there were statistically significant (p < 0.01) 
correlations demonstrated between the one-minute 
motility indices of EEGG and force transducer signals. 
The more distal or proximal cutaneous electrode 
combinations were compared to their corresponding 
force transducer. In the case of the battery removed 
sham pill the results showed no significant correlations 
between respective motility indices. Another typical 

simultaneous recording is shown in Figure 6B, for 
the case of the sham pill. Table 1 summarizes the 
Pearson correlation coefficients of the one-minute 
gastric motility indices, divided into baseline or post-
neostigmine, and active or sham capsule.

Frequency spectral analysis was performed in order 
to assess the contractions per minute of each signal. 
As in the case of Pearson correlation coefficients distal 
and proximal EEGG recordings were compared to 
the corresponding force transducer. The dominant 
frequency peaks revealed statistically significant 
relationships between EEGG and force transducer 
recordings. The sham study revealed substantial 
dissociation between the dominant frequency peaks, 
particularly during the baseline period in which the 
limited spontaneous gastric activity was sporadic 
and irregular. Accordingly, there was no significant 
relationship between the sham study (which can be 
effectively be considered a standard EGG study) and 
the force transducers. The averaged values of the 
dominant peaks in the frequency spectra (0.03-0.1 
Hz) are presented in Table 2. 

Comparative statistical evaluation of the frequency 
dynamics of the dominant spectral peaks is presented 
in Table 3. 

DISCUSSION
The history of cutaneous recordings of human GEA 
spans almost one full century[1]. However, in contrast to 
its extremely successful twin sister, electrocardiography 
(ECG)[19], which became a pivotal clinical tool that 
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Figure 5  An oscilloscope reading from the gastric serosa prior to the force transducer implantation verified the presence of an activated enhanced 
electrogastrography pill inside the stomach (A). The sham pills did not demonstrate any signal (B).

Table 1  Averaged pearson correlation coefficients of the one-minute gastric motility indices per state per capsule type

Modality State PCCs proximal FT-proximal P  value PCCs distal FT-distal P  value

Cutaneous GMIs Cutaneous GMIs
EEGG capsule Baseline 0.763 ± 0.20 < 0.01 0.674 ± 0.47 < 0.01

After neostigmine 0.731 ± 0.12 < 0.01 0.734 ± 0.14 < 0.01
Sham capsule Baseline 0.160 ± 0.03 > 0.10 0.071 ± 0.02 > 0.10

After neostigmine 0.113 ± 0.09 > 0.10 0.051 ± 0.03 > 0.10

PCCs: Pearson correlation coefficients; GMIs: gastric motility indices; EEGG: Enhanced electrogastrography; FT: Force transducer.
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immensely enhanced the frontiers of cardiology, EGG, 
by any objective account, is a failure. The explanation 
of this failure can easily be sought in various different 
directions, ranging from the lack of critical, life-
saving diagnostic importance, to the lack of scientific 
consensus in identifying dyspepsia and gastroparesis 
as clear-cut gastric motility disorders, to the lack of 
attention of brilliant enough academics and scholars, to 
a bad luck due to numerous misrepresenting and over-
exaggerated EGG-related claims, etc. In our opinion, 
all these reasons cannot be regarded as serious. In 
our view, the deep reason for the lack of any clinical 
utility in the present-day EGG testing is rooted in the 
nature of the gastric electromagnetic field[17,41,42]. In 
contrast to the electromagnetic field of the heart[43], its 
gastric counterpart can be modeled with a dynamically 
moving annular cylindrical band of electrical dipoles 
pointing to the center, towards the gastric axis[17,42]. 

This is a special type of electromagnetic field that 
presents a highly integrated signature when its 
electrical potentials are recorded in its outer vicinity. 
Add to that the humble amplitude range of these 
biopotentials, their infralow frequency nature, and their 
secondary integration over the surface area of the 
recording cutaneous electrodes, and what emerges is 
the hypothesis that it is the very nature of the gastric 
electromagnetic field that objectively limits traditional 
present-day EGG. So, what can we do to revive EGG 
testing and breathe a new life in its promise as a single 
diagnostic test for dyspepsia and/or gastroparesis?

Our proposal is simple - if the nature of the gastric 
electromagnetic field is prohibitive to any meaningful 
cutaneous, non-invasive EGG testing of gastric 
motility, we create our own electromagnetic field 
inside the stomach, which can do the job in a far more 
meaningful and reliable way. In the present article we 
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Figure 6  Combined plot of the raw signals and the one-minute motility indices for an active pill (A) and an inactive pill (B) in the baseline state (0-1800) 
and post-neostigmine administration (1800-3600). A vertical line denotes the administration of neostigmine. Measurements are normalized and displayed in relative 
units (RU). EEGG: Enhanced electrogastrography; FT: Force transducer.
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present one such possibility - an ingestible, temporary, 
controllable pseudobezoar containing a point source 
of a 50-kHz electromagnetic field. Upon swallowing, 
the structure would swell in the stomach to a size 
prohibiting its expulsion through the pylorus for at 
least 48 h. Supplied by a powerful enough battery, this 
pseudobezoar-based, gastric-retentive electromagnetic 
oscillator overshadows the spontaneously existing GEA 
in a powerful, yet meaningful fashion. In fact, canine 
testing revealed that the cutaneous recordings of this 
new electromagnetic field reflect gastric contractions in 
a very reliable fashion. Subsequently, when the battery 
supplying the electronic oscillator in the pseudobezoar 
exhausts itself, the structure disintegrates into its 
constituent fibers (with the encapsulated electronic 
oscillator and its supplying battery being only 
several millimeters in diameter), which leave the 
gastrointestinal system in a natural way. An additional 
safety feature can be also integrated within the 
pseudobezoar, allowing its disintegration at any time 
prior to its self-disintegration, based on ingesting strong 
antacids, or drinking hot (> 45 ℃) liquids. 

As with any innovative idea, a lot more needs to 
be done before this radically new approach in the non-
invasive ambulatory assessment of gastric motility 
becomes a reliable clinical tool for diagnosing gastric 
dyspepsia and/or gastroparesis. First and foremost, 
the clinical community should clearly defend and loudly 
support the need for such a single, non-invasive and 
inexpensive test. Second, controlled clinical trials on 

humans should take place in order to explicitly show 
the real diagnostic value of such testing, including 
its sensitivity and specificity. Third, the existing EGG 
insurance codes should be revisited so that the routine 
EGG is replaced by EEGG and it enters the clinical 
mainstream, rather than remain forever “a research 
tool” of little consequence, administered free of charge 
only now and again and here and there by curious 
investigators.

In conclusion, EEGG is a new modality to record 
reliably and non-invasively gastric motility utilizing the 
same recording setup used in present-day plain EGG. 
Its clinical utilization promises to revive a non-invasive 
gastric testing that is fading in oblivion.
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