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2. Abstract

Electrogastrography has emerged as a non-invasive technique for diagnosing an
extensive variety of gastrointestinal disorders. The non-invasive electrogastrogram
(EGG) remains a challenge due to the poor spatial resolution of conventional disk
electrodes. In this work we attempted to determine the possibility of detecting gastric
myoelectric activity using concentric ring electrodes (CRE) proposed to improve the
spatial resolution of bioelectrical recordings. We simultaneously recorded 8 bipolar and
bipolar concentric (BC) EGGs acquired by disk electrodes and CREs, respectively.
The BC EGG showed lower signal amplitude than the bipolar recordings but were less
influenced by cardiac interference and had a slow wave (SW) detectability above 80%
when positioned over the stomach. We found a similar gastric SW frequency in both
bipolar and BC EGG records in both fasting and postprandial states and a similar
postprandial/fasting power ratio, suggesting the feasibility of using CRE to identify
gastric myoelectric activity.

Keywords: Gastric myolectric activity, Gastric slow wave, electrogastrography,
electrogastrogram, concentric ring electrode.
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Highlight (3-5 points, maximum 85 characters, including spaces, per bullet point)

1.- Concentric ring electrodes can be used to record gastric myoelectric activity

2.- Bipolar Concentric recordings are less influenced by cardiac interference

3.- Bipolar Concentric EGG signal is 2-3 times lower than bipolar, but with better SNR
4.- Multichannel cross spectrum can identify gastric slow wave frequency

5.- Slow wave from Bipolar Concentric signals has high temporal and spatial stability
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TEXT
1. Introduction

Gastrointestinal (Gl) diseases are now widespread. Subacute and chronic
symptoms are common in primary care, and their prevalence is also high in
epidemiological studies [1]. Functional gastrointestinal disorders, which include
functional dyspepsia, functional vomiting, functional constipation, diarrhoea and
irritable bowel syndrome together with Gl motility disorders, are the most common Gl
disorders in the general population. While estimates vary, about 1 in 4 people or more
in the United States may suffer from any of these disorders [1]. Worldwide, the
prevalence rates of functional dyspepsia and irritable bowel syndrome in the general
population according to the Rome Il diagnostic criteria are 5.3—-20.4% and 1.1-29.2%,
respectively [2]. These disorders not only have a significant impact on the patients'
everyday activities and quality of life, their chronic symptoms cause emotional distress
and may also result in heavy economic burdens through direct medical expenses and
loss of productivity [3].

Many routine medical tests such as endoscopic exams, CT scans, blood tests
and radiological imaging fail to diagnose these functional Gl disorders and Gl motility
disorders since there is no inflammatory, infectious, or structural abnormality [4].
Electrogastrography has emerged as an alternative technique for diagnosing functional
gastric abnormalities. The electrogastrogram (EGG) is a recording of gastric
myoelectric activity obtained by positioning cutaneous electrodes on the upper
abdominal surface [5]. Traditionally, a bipolar configuration that consisted of obtaining
a differential potential was acquired using two conventional disk electrodes. The EGG
is made up of two components: omnipresent slow waves (SW), which are generated
and propagated through the network of interstitial cells of Cajal’'s, and spike bursts,
which are rapid action potentials directly related to the presence and intensity of gastric
contractions [5]. In a healthy human stomach, gastric slow waves originate from a
pacemaker region in the upper corpus region of the greater curvature in the proximal
stomach at a frequency of 3 cycles per minute (cpm) and propagate towards the
antrum [6] at a normal frequency range of between 2-4 cpm (normogastria). If the
EGG’s dominant frequency is ranged between 0.5-2 cpm and 4-9 cpm, it is considered
as bradygastria and tachygastria, respectively [7]. Gastric arrhythmia in which there is
no dominant peak power in the spectrum has also been reported [7].

However, surface EGG recordings not only contain gastric myoelectric activity
but are usually contaminated by cardiac interference, ultra-low frequency components
[8] and respiration between 12 to 25 cpm [7] and may also occasionally record the
small bowel slow wave (9-12 cpm) [7]. Since both cardiac, respiration and small bowel
slow wave activity do not generally overlap in frequency with that of gastric SW, EGG
signal analyses are usually performed in the spectral domain, since this latter
information was found to be more reliable than temporal characteristics. Previous
studies showed that the association of gastric contractions with the SW frequency was
80-85%, while its association with amplitude was 30-40% [9]. In contrast, the presence
of ultra-low frequency components, which are more likely to be associated with
spontaneous variations of skin-electrode contact potential and motion artifacts [8],
could make gastric SW identification difficult, giving rise to misinterpretation of
frequency components in the bradygastria range. As the power contribution of their
harmonics in the range of 2-4 cpm can be even higher than that of the ongoing gastric
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SW activity, the diagnosis of bradygastria, normogastria, or tachygastria cannot be
made simply on the basis of the power distribution in the EGG spectrum [8]. In the
literature, normal EGG recordings have traditionally been defined as presenting a
dominant frequency in the 2-4 cpm range for at least 70% of the recording time [10][11].
Although the SW does not represent gastric motility, it does control the propagation
and occurrence frequency of the gastric contractions [5]. It is well known that gastric
SW dysrhythmias have been implicated in several Gl motility disorders, including
chronic unexplained nausea and vomiting, gastroparesis, functional dyspepsia, reflux
with regurgitation, gastroparesis, and motion sickness [12][13][14].

Despite this, EGG’s clinical application is still limited, since there is some
controversy about the relationship between the EGG temporal and spectral parameters
and gastric pathologies [15][16][17]. In this respect, the latest research focuses on
estimating the propagation speed of gastric SW activity by high-resolution
gastrointestinal electrical mapping. With a spatially dense electrode array directly on
the invasive serosa multichannel recordings, Berry et al found that resection of the
gastric pacemaker during laparoscopic sleeve gastrectomy resulted in an aberrant
distal unifocal ectopic pacemaker with retrograde propagation, which can persist in the
long term, inducing chronic dysmotility or bioelectrical quiescence [18]. An abnormally
rapid propagation velocity was also found, whereas frequency and amplitude were
unchanged [18]. Other authors have found aberrant initiation and conduction of the
SW in subjects with gastroparesis [13] and chronic unexplained nausea and vomiting
[12] using serosa high-resolution gastrointestinal electrical mapping, which
occasionally led to premature termination and colliding wavefronts. Half of the subjects
exhibited spatial abnormalities that occurred at the normal 3 cpm [12][13]. This
suggests that single channel EGG recordings are unable to detect such abnormalities
[9][19] and slow wave propagation speeds act as reliable signatures of the occurrence
of dysrhythmic events [20][21].

Despite the diagnosis value of high-resolution gastrointestinal electrical
mapping, its clinical application is restricted due to its invasiveness, while non-invasive
high-resolution surface EGG mapping has emerged as an alternative for obtaining
gastric propagation properties. Gharibans found that spatial patterns from high-
resolution non-invasive EGG correlate with the severity of symptoms in patients with
functional dyspepsia and gastroparesis [17]. However, the accurate estimation of the
propagation speed of non-invasive EGG recording could be impaired by the poor
spatial resolution of conventional disk electrodes due to the blurring effect of the
volume conductor [9] [22], which could not be resolved by simply increasing the
number of surface recording electrodes [23]. In other words, two nearby cutaneous
electrodes record similar signals since they record the average activity in overlapping
volumes of tissue. In fact, it has been found that dysrhythmic SW activity contributes
to functional Gl motility disorders, although the specific mechanisms and classification
of dysrhythmias could not be elucidated due to low-resolution approaches using
cutaneous EGG obtained from conventional disk electrodes [6].

The surface Laplacian potential has been proposed to improve spatial resolution
of non-invasive bioelectrical recordings such as the electrocardiogram [22][24],
electromyogram [25], electroencephalogram [26], electroenterogram [27] and
electrohysterogram [28]. Theoretically, surface Laplacian potential is proportional to
the derivative of the current density orthogonal component to the body surface and can
be interpreted as a filter that allocates more weight to the bioelectrical dipoles adjacent
to the recording points. The surface Laplacian emphasizes superficial localized
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sources while suppressing widespread and coherent deep and shallow sources. This
property allows us to detect accurate gastric slow wave propagation from the
abdominal surface [9]. The surface Laplacian signal can be estimated using discrete
methods from an array of spatially distributed disk electrodes, as conducted by
Gharibans who showed the possibility of estimating slow wave propagation speed
using a 5x5 disk electrode array[10]. The surface Laplacian potential can also be
directly acquired by concentric ring electrodes (CRE) [22][28] and has been shown to
better estimate the surface Laplacian potential than discrete methods. As to date there
have been no reports on the use of CRE to obtain gastric myoelectric activity, the aim
of this work was to determine the feasibility of picking it up by means of CREs and to
compare their characteristics with those acquired from conventional disk electrodes.

2. Materials and methods
2.1. Signal acquisition

A total of 8 recording sessions were conducted on 8 healthy subjects (4 men
and 4 women with an average age of 24.4+7.9 years and body mass index of
20.7+2.9 Kg/m?). The subjects were previously informed of the study’s nature and
provided written informed consent forms. The University Ethics Committee approved
the study protocol, which adhered to the Declaration of Helsinki.

Each session included 30-minutes of recording in a fasting state and 30-minutes
after ingesting a solid meal (400 kcal with a fat content of 20%). The subjects were
allowed to have some water if needed. For each recording session, the abdominal skin
was carefully prepared using an abrasive paste (Nuprep, Weaver) to reduce skin—
electrode contact impedance. One conventional disposable disk electrode and three
CREs (CODES5000S0, SPESMEDICA) were positioned on the upper abdominal
surface as shown in Figure 1 to simultaneously obtain three bipolar EGG recordings
(BIP) and three bipolar concentric (BC) EGG recordings. The conventional disposable
disk electrode consisted of a central Ag/AgCl conductor disk attached by adhesive, i.e.
they had a monopolar configuration. Due to the bipolar configuration’s ability to reject
common mode interferences, this latter configuration was usually used for acquiring
bioelectrical signals by obtaining the differential potential picked up by two
conventional disposable disk electrodes. In this work, the three bipolar recordings were
obtained by acquiring the differential potential between the CREs’ central disk and the
conventional disk electrode E4. We also used CRE in a bipolar configuration, which
consisted of obtaining the differential potential acquired from external ring and central
disk electrodes and then annotated them as bipolar concentric (BC) recordings. CRE
in bipolar configuration can be interpreted as a generalised discrete method in which
the recording electrodes surrounding the central disk tend to be infinite. The CRE’s
central disk diameter was 16 mm and the internal and external diameter of the outer
ring were 28 mm and 42 mm, respectively. Another disposable Ag/AgCl electrode was
placed on the subjects’ right hip as the ground electrode. For the respiration signal, a
thermocouple sensor was positioned in the nasal passage to detect the temperature
variation between the exhaled and inspired air flows (1401G from Grass
Technologies). All bioelectrical signals were amplified and band-pass filtered at [0.01,
30] Hz using commercial biopotential amplifiers (P511, Grass Technologies) and
sampled at 100 Hz using NI USB-6229 BNC. The cut-off frequency of the analogue
high-pass filter was set to as close as possible to 0.5 cpm, since the basic fundamental
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frequencies of the EGG signal range between 0.5-9 cpm [7]. In the same way we
established the cut-off frequency of the analogue low-pass filter at 30 Hz to be able to
quantify the electrocardlogram (ECQG) interference embedded in the EGG recording.

r BC1=R1-D1
% BGoR2D2

'BC3=R3-D3 i -\ -- Adhesive
‘BIP1=D1-E4

' BIP2=D2-E4 ~-f-Snap
BIP3=D3-E4 /|~ connector
—-— Ny 32mm

20 mm

Ag/AgCI —

16 mm
28 mm

5 42 mm [

Figure 1. Left image shows the electrode positions on the abdomen for EGG signal recording (CRE1-3) Concentric

ring electrodes for acquiring three BC EGG recordings, where Ri and Di are the biopotentials picked up by the

external ring and internal CRE disk respectively. (E4) Biopotential acquired by the active disposable Ag/AgCI
electrode 4 common to three bipolar recordings. (E5) Ground electrode. CRE dimensions are given on the right.

2.2. Data analysis

2.2.1 Signal quality assessment

Since the gastric slow wave mainly distributes its energy below 30 cpm [29], raw
EGG signals were bandpass filtered in the 0.6-30 cpm frequency range with a zero-
phase 5-th order Butterworth filter and resampled at 4 Hz. This latter is referred to
hereinafter as the preprocessed EGG signal. The digital low pass filter's cut-off
frequency was set taking the respiration rate into account (12-25 cpm) [7] to be able to
quantify the respiration interference embedded in the EGG recording. Since relatively
slow gastric dynamic and dysrhythmic events may occur within 1-2 min [11], we
performed the data analysis in 5-minute moving windows with an 80% overlap.

Taking into account the basic fundamental frequencies of EGG signals [7], we
computed the gastric slow wave amplitude (GSWA) as the root mean square value of
the EGG signal in the 0.6-9 cpm frequency range.

To determine signal quality, we quantified both the cardiac and respiration
interference embedded in the EGG recording. Since ECG interference mainly
distributes its energy above 1 Hz, the S/lecc was defined as the ratio between GSWA
and the estimated ECG interference calculated as the root mean square value of the
resulting signal after applying a high-pass filter with cut-off frequency at this frequency
to record the raw EGG (see Eq. 1).

GSWA
S/Igcg (dB) =20 -logio—— ECG (1)

As the human respiration frequency can vary throughout the recording session,
we quantified the respiration interference in the spectral domain. Firstly, a periodogram
with a hamming window was used to obtain the dominant frequency of the
simultaneously recorded respiration signal (DFresp). The S/lesp parameter was then
defined as the ratio between the EGG signal power in the 0.6-9 cpom bandwidth and
respiration interference embedded in the EGG recording, which was computed as the
EGG signal power in the DFrespt1 cpm frequency range (see Eq. 2).

7
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z:0.6cpm PSDEGG

S/Iresp (dB) =10 - logq, DFyespticpm (2)

DFresp—lem PSDEGq

Where PSDecc is the power spectral density of the preprocessed EGG signal using
the periodogram method with a Hamming window.

2.2.2 ldentifying gastric myoelectric activity

We further attempted to characterize the gastric SW frequency since this latter is one
of the most relevant characteristics of the EGG signal and ultra-low frequency
components can mask this activity, giving rise to erroneous results. We therefore
aimed to estimate the gastric SW frequency from multichannel EGG recordings based
on prior information. Firstly this activity detected in multichannel EGG recording should
be highly coupled [30], i.e. the SW should present similar frequencies at different
points. As it should also remain over time [5], we determined the gastric SW frequency
using the cross spectrum. For each 30-minute recording session (both fasting and
postprandial states), we performed the cross spectrum using the Welch’'s method (10-
min hamming window with overlapping of 50%) between the three bipolar (BIP1-2, 2-
3 and 1-3) and three BC recordings (BC1-2, 2-3 and 1-3), obtaining a total of six cross
spectra. We then determined the dominant frequency in each cross spectrum in the
typical SW frequency range (from 2 cpm to 4 cpm). Theoretically the six cross spectra
should have the same dominant frequency. In practice, they do not always match due
to interference, after which we defined the global gastric slow wave frequency
(GGSWF) as the mode value of the different cross spectra’s dominant frequency at 2-
4 cpm.

Since gastric SW frequency can vary slightly around GGSWF, we attempted to
determine the dominant frequency in the GGSWF+0.3 cpm range in the power
spectrum obtained using a covariance method-based autoregressive (AR) model in 5-
minute moving windows with an 80% overlap (hereinafter DFCS). We preferred these
parametric spectral estimators to determine gastric SW frequency since the latter
provide better frequency resolution than non-parametric techniques for a given window
length [31]. A grid search was made of model order between 60 and 150 with a step
size of 30, order 120 being a trade-off between dominant frequency detectability and
its variability between consecutive windows.

We also computed the DFAR parameter, which is commonly used in the literature for
EGG SW identification [7][11][15]. DFAR is the dominant frequency in the typical SW
frequency range (2-4 cpm) of the preprocessed EGG signal, using an autoregressive
model of the same order to compare it with the DFCS in detecting gastric SW
frequency.

For each channel (fasting and postprandial), we computed the mean and standard
deviation of both DFAR and DFCS for all the analysed windows. For both DFAR and
DFCS, we assessed gastric SW detectability by computing the ratio between the
number of windows with a dominant frequency in the typical SW frequency range (2—
4 cpm) and in the GGSWF*0.3 cpm range and the total number of windows analysed
(hereinafter %DFAR and %DFCS, respectively). To analyse gastric SW frequency
variability throughout the recording, we also computed the frequency instability
coefficient (FIC), which is the ratio between the standard deviation and the average

8
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value [32]. Lower values indicate higher stability of frequency components over time.
To evaluate gastric SW spatial variability we also computed the percentage of slow
wave coupling (%SWC) between each pair of bipolar and BC EGG recordings. For this
purpose, we first determined for each analysis window if the SWs in two channels was
coupled with the difference between their frequencies less than 0.2 cpm [33]. The
%SWC was then calculated as the ratio between the total number of windows in which
the SW were coupled and the total number of windows analysed.

Bland and Altman plots [34] were used to determine the degree of agreement between
bipolar and BC EGG recordings in detecting gastric SW frequency for both DFAR and
DFCS in both fasting and postprandial states.

Finally we computed postprandial/fasting power ratio (PR) since the literature reports
the postprandial/fasting response in the typical SW range (2-4 cpm) [35], but also in
the high frequency range around 50-80 cpm in EGG recordings [36][37]. PR can
therefore help to assess the uptake of gastric activity on the surface. We calculated
three postprandial/fasting power ratios in 2-4 cpm (PRLF), 30-60 cpm (PRHF1) and 30-
90 cpm (PR#r2). Due to their being less complicated, PR energy ratios were computed
rather than the power associated with the dominant frequency peak [38].

So as to assess the statistical significant difference between the different parameters
from conventional bipolar and BC recordings, and between fasting and postprandial
state, in this work we used paired Wilcoxon signed-rank test (=0.05). In addition, due
to the limited sample size, we also worked out the statistical power of the probability of
rejecting a null hypothesis that is actually false. In this respect we only considered the
statistically significant differences if their statistical power was over 70%.

3. Results

Figure 2 shows five minutes of simultaneous recordings from the three bipolar, BC
EGG and respiration signals. Gastric SW activity can be seen at 3 cpm, except for
bipolar 3, in which no gastric myoelectric activity was found. Bipolar recordings had
higher amplitude (peak-to-peak amplitude: ~400 uV for BIP1 and BIP2 vs. 100-150 pV
for BCs) and stronger cardiac interference than those from BC EGG. In this case, there
was no respiration interference embedded in the EGG recordings.
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Figure 2. Five minutes of simultaneous recordings of three bipolar and BC EGG signals acquired from subject 3
during postprandial state (left) and their power spectra density (right) estimated by AR model of order 120. From
top to bottom: EGG from bipolar channel 1 (BIP1), 2 (BIP2), and 3 (BIP3), bipolar concentric channel 1 (BC1), 2
(BC2), and 3 (BC3), and respiration. Vertical black lines show the normogastric slow wave bandwidth boundaries
(2-4 cpm).

Table 1 shows the mean and standard deviation of GSWA, S/lecc and S/lresp 0f both
conventional bipolar (BIP) and BC EGG recordings in fasting and postprandial states.
The three postprandial to fasting power ratios are also shown in this table. Regardless
of recording channel, bipolar recording amplitude was 2-3 times higher than that of BC
EGG recordings, which was found to be statistically significant. There was generally
wide variability in GSWA between subjects. The GSWA amplitude slightly increased
with inter-electrode distance (BIP1<BIP2<BIP3), while no considerable difference was
found between the three BC channels as the inter-electrode distances remained
constant. In general, food ingestion increased GSWA, except for BC3 in which even
slightly lower postprandial GSWA was obtained. Similar postprandial/fasting power
ratio in 2-4 cpm was found for bipolar and BC EGG records, ranging from 1.1+0.9 to
1.910.6 for BC3 and BC2, respectively. With the exception of BC3, food ingestion also
increased high frequency components between 30-60 cpm to a similar power ratio as
that of 2-4 cpm, which was consistently found in both bipolar and BC recordings. These
results cast doubt on the detectability of gastric activity in the BC3 recording. In the 30-
90 cpm frequency band, this increasing trend after food was also found in BC1 and
BC2 recordings, while no appreciable change occurred in the postprandial/fasting
power ratio computed in 30-90 cpm in bipolar recordings. By contrast, BC3’s
postprandial power in this frequency band was even less than in the fasting state
(PRur2<1 for BC3). In general, no significant difference between conventional bipolar
and BC recording was found for the different postprandial/fasting power ratios, except
for BC3 for which PRHr1 was significantly lower than that of those from BIP3. In bipolar
recordings there was strong cardiac interference, giving rise to a relatively low S/lecc
ratio (below 0 dB). This means that the ECG interference amplitude was even higher
than GSWA, while BC EGG presented a significantly higher S/lecc ratio than that of
bipolar EGG. Regardless of recording channel and electrode type, there was no
noteworthy respiration interference in EGG recordings, obtaining S/lresp ratios higher
than 15 dB. No significant difference was found for this latter between conventional
bipolar and BC recordings. Neither GSWA, S/lecc nor S/leesp obtained significant
difference between fasting and postprandial state.

Table 1. Mean and standard deviation of the GSWA, S/lecc and S/lresp that quantify signal quality from bipolar
recordings (BIP) and bipolar concentric recordings (BC) in fasting and postprandial states; and postprandial/fasting
power ratios in the 2-4cpm frequency bands (PRir), 30-60cpm (PRwr1), and 30-90cpm (PRur2). * showed a
significant difference between conventional bipolar and BC recording (BIP1 vs. BC1, BIP2 vs. BC2, BIP3 vs. BC3),

and o indicated the significant difference between fasting and postprandial state (only for GSWA, S/lece and
Sl/lresp).

Channel State GSWA (uV) | Sllecc (dB) | Sllresp (dB) PRLF PRHF1 PRHF2
BIP2 | pmiprandial | d2sio 1+ | 20555 | Toesss | 11209 | 15406 | 10:03
BIPS | pomiprandial | 5o0e12 5 | 24535 | Tt | M09 | 15:06° | 11203
BC1 | posprandial | 045125 | Sosa07 | 7 imp | 17E10 | 19413 | 15813
BC2 Fasting 14.4¢7.0* 5.5+6.2* 17.0+9.8 1.9+0.6 2.0+1.3 1.4+0.5
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Table 2 gives the parameters related to the identification of the gastric SW frequency
and Figure 3 shows the SW frequency FIC and %SWC, which assesses its stability
over time and spatial variability in fasting and postprandial states, respectively. In
general, average DFAR values were around 2.70-2.80 cpom. DFAR did not show a clear
trend in gastric SW frequency after food ingestion, i.e. BIP1 and BIP2 obtained
somewhat lower values while other channels showed slightly higher postprandial
values. Regardless of recording channel and electrode type, the %DFAR was higher
than 96% and also had low variability, while DFAR showed a relatively high instability
over time, with FIC ranging from 4.1 + 1.5% to 13.33 + 4.06% for BIP1 and BC3
respectively. In general, no significant differences were found for these gastric SW
frequency parameters (DFAR, %DFAR, FICorar) between conventional bipolar and BC
recordings, and between fasting and postprandial state, except that the DFAR of BC3
showed significant higher instability over time than those from BIP3 after food ingestion
(see figure 3 : FICsc3_pFarR>FICaiP3_DFAR).

As for spatial stability, bipolar recordings obtained high SW frequency coupling
between channels in both fasting and postprandial states and was the highest coupling
obtained for BIP1 and BIP2. The SW frequency coupling estimated from DFAR
between BC recordings dropped considerably, with a %SWC below 50% for both
fasting and postprandial BC1-BC3 and BC2-BC3, being statistically significant
between BIP and BC recordings in postprandial state (see figure 3).

Table 2. DFAR and DFCS for gastric SW frequency detection and the corresponding percentage time in which
gastric SW frequency was detected. Decreased and increased gastric SW frequency after food ingestion is shaded
in grey and green, respectively. * showed significant difference between conventional bipolar and BC recording
(BIP1 vs. BC1, BIP2 vs. BC2, BIP3 vs. BC3), and o indicated the significant difference between fasting and
postprandial state.

Channel | State DFAR (cpm) | DFCS (cpm) %DFAR %DFCS
BIP1 Fasting 2.80£0.13 2.81+0.13 100.0 £ 0.0 949+75
Postprandial 2.78+0.19 2.83+0.17 99.4+1.6 87.8+19.7
BIP2 Fasting 2.82+0.12 2.82+0.15 100.0 £ 0.0 95.8+3.9
Postprandial 2.80+0.17 2.83+0.17 96.6 £ 6.7 89.7+15.2
BIP3 Fasting 2.81+0.10 2.81+0.12 99.0+1.8 91.2+104~*
Postprandial 2.82+0.12 2.85+0.16 99.1+1.6 87.8+14.5*
BCA Fasting 2.77+0.16 2.78+0.15 100.0 £ 0.0 96.5+5.7
Postprandial 2.78+0.16 2.82+0.18 99.1+25 87.6 £19.0
BC2 Fasting 2.75+0.15 2.78+0.12 100.0+ 0.0 82.8 + 23.1
Postprandial 2.82+0.19 2.80£0.23 97.9+4.0 84.5+20.2
BC3 Fasting 2.74+0.12 2.75+0.10 96.9+4.8 61.1+29.0*
Postprandial 2.77+0.16 2.82+0.23 96.4 +4.5 489+ 23.7*

DFCS showed similar values to those of DFAR, the average value being slightly higher.
After food, a consistently increasing trend was found for gastric SW frequency
regardless of recording channel and electrode type. In general, %DFCS was higher
than 82% except for BC3, and was considerably lower than %DFAR. Whatever the
recording channel, electrode type or recording condition (fasting or postprandial),
DFCS showed less FIC (<4.5%) and higher %SWC (>76%) than that of DFAR (blue
vs. green bar), suggesting that the gastric SW frequency identified by DFCS presented
high temporal and spatial stability. Again, we did not find any significant differences for
these parameters (DFCS, %DFCS, FICorcs, %SWCbrcs) between conventional
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386  bipolar and BC recordings, and fasting and postprandial state, except that %DFCS of
387  BIP3 was significantly higher than that of BC3.
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389

390 Figure 3. FIC (upper trace) and %SWC (lower trace) of gastric SW frequency that assess its stability over time and
391 spatial variability in both fasting (left) and postprandial (right) states, respectively. * showed significant differences
392 between conventional bipolar and BC recording (BIP1 vs. BC1, BIP2 vs. BC2, BIP3 vs. BC3), and o indicated the

%8431 significant difference between fasting and postprandial state.

395  Figure 4 shows the Bland and Altman plot of DFAR and DFCS between bipolar and
396 BC EGG recordings. For both fasting and postprandial state the mean frequency
397 difference between bipolar and BC recordings was less than 0.06 cpm. DFAR
398  frequency difference seemed to be higher those of DFCS (left: difference of £0.3 cpm
399 for DFAR vs. right: £0.2 com for DFCS). This result means that both types of recordings
400 are equally valid for picking up gastric SW frequency components and DFCS even
401  outperforms in detecting gastric SW frequency.
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405 Figure 4. Bland and Altman plot of DFAR (left) and DFCS (right) between bipolar and BC EGG recordings in both
406 fasting (blue dot) and postprandial (orange dot) states.
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4. Discussion

Multichannel EGG recordings were used to map the abdominal surface and identify
gastric disorders providing spatio-temporal patterns of gastric electrical activity [39].
Gharibans et al attempted to estimate the body surface Laplacian potential from
multichannel recordings acquired from a high density electrode array using discrete
methods to identify abnormal spatial gastric patterns related to gastric pathologies
such as functional dyspepsia and gastroparesis [17]. CRE allows the direct estimation
of the Laplacian potential on the abdominal surface instead of using monopolar
electrodes and discretization techniques. There is no evidence for the feasibility of
using CRE to pick up gastric activity in abdominal surface recordings. As far as we are
aware, this is the first work to attempt this issue and also to determine their capacity to
attenuate physiological interference such as ECG.

We found that the amplitude of the bipolar EGG was of an order of magnitude of tens
or hundreds of microvolts, which is within the range of values reported in the literature
[71[40]. In contrast, BC EGG amplitude was two or three times less than in bipolar
recordings, which agrees with other authors who used CRE to record other bioelectric
signals [41][42]. This could be mainly due to the relatively short distance between its
recording electrodes. The postprandial/fasting power ratio in 2-4 cpm obtained for BCs
was similar to that obtained in bipolar recordings [8] [35]. It has been hypothesized that
this amplitude increase could be related to the stomach being closer to the surface [9]
and/or due to increased gastric contractilty after ingesting food.

A regularly increasing trend was found for postprandial/fasting power ratio in 30-60
cpm for both bipolar and BC EGG except for BC3, whose value was similar to the PRLr.
However, when the signal power in 30-90 cpm was analysed, a similar trend and value
was obtained for BC but not for bipolar recordings. This could have been due to the
strong cardiac interference (around 60-70 cpm) embedded in bipolar recordings, which
can mask the power increase after ingesting food. This confirms that most of the energy
above 60 cpm in surface EGG recordings is associated with cardiac interference,
which was hypothesized when defining the S/lece parameter in the present work. As
expected, the closer the recording channels (channels 1 and 2) to the heart, the lower
the S/lecc ratio obtained. This problem was partially mitigated by BC EGG, which
provided a relatively higher S/lecc ratio because of its ability to reject distant bioelectric
dipole sources. These high frequency components with a postprandial increase could
be related to gastric contractile activity, which has been shown to range from 50 to 80
cpm [37][43]. However, they could also be attributed to gastric SW activity harmonics
in high frequency components since the postprandial/ fasting power ratio in both low
and high frequency ranges was similar. Futher studies are still needed to determine
the origin of these components and the feasibility of detecting gastric spike bursts in
suface EGG recordings. In this regard, the analysis of the interdigestive migrating
motor complex pattern in fasting combined with the CRE'’s ability to reject distance
dipoles such as cardiac interference could be helpful in clarifying this issue. As regards
respiratory interference, both bipolar and BC recordings yielded similar S/lresp ratios in
fasting and fed stages. This finding agrees with previous studies on intestinal
myoelectric signals recorded by CRE and may be due to the fact that respiration
interference is of mechanical and non-bioelectrical origin [27][44].

Gastric SW frequency is undoubtedly one of the most relevant characteristics
of EGG recordings. Due to physiological interference from different origins, its
identification in surface EGG recordings remains a challenge and is one of the main
obstacles in transferring the EGG technique to clinical practice. Gastric SW frequency
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has traditionally been identified as the dominant frequency of the filtered EGG signal
in the target bandwidth (similar to the DFAR parameter). Other authors have proposed
using empirical mode decomposition to detect the instantaneous frequency of the
intrinsic mode functions [15][45][40]. In this study, we proposed to use the dominant
frequency in the multichannel EGG recordings’ cross-spectrum (DFCS) for robust
assessment of high spatial stability components, which has previously been used to
detect SW uncoupling in multichannel EGG in dogs (surface and serosal) and humans
(surface) [46]. Firstly, both DFAR and DFCS were around 2.70-2.80 cpm, which were
within the range of normal values for this component [47][48]. In bipolar recordings,
both %DFAR (>96%), their corresponding FIC (<15%) and %SWC (>80%) were within
the range of values reported by other authors [30] [49] [50] (%DFAR ~95%, FIC 17-
38% and %SWC~80%). The slight difference could be attributed to the subject’s
position during recording. According to Jonderko et al, the gastric SW frequency’s FIC
values obtained in a reclining position were lower than when the subject was sitting
during the recordings [49]. In comparison to DFAR, slightly higher values were
obtained for DFCS (see Table 2). This result may suggest the presence of some
frequency peaks around 2 cpm with a higher amplitude than the gastric SW, which
could be from the very low frequency components’ harmonics from fluctuating skin-
electrode contact potential. The %DFCS was thus slightly lower than that of %DFAR.
Even so, except for BC3, both %DFAR and %DFCS were higher than 70%, which was
set as the normal percentage of gastric SW in abdominal surface recordings based on
empirical studies in healthy subjects [11], suggesting the detectability of the gastric SW
frequency for both bipolar and BC recordings. In addition, the gastric SW frequency
identified by the cross spectrum method provided high temporal and spatial stability,
giving rise to relatively lower FIC (DFCS<6% vs. DFAR<15%) and higher %SWC. We
also found that gastric SW frequency slightly increased after food ingestion, which was
consistent with a previous study that found that SW frequency slightly increased after
ingesting solid food [51]. Solid food with up to 400 kcal and less than 50% fat increases
both the amplitude and frequency of gastric slow waves in healthy subjects [33].

To sum up, our results suggest the feasibility of picking up gastric myoelectric activity
from CRE. In comparison to conventional bipolar recordings, the gastric SW frequency
identified in BC recordings was similar, while BC EGG was less influenced by cardiac
interference. However, CRE’s ability to pick up gastric myoelectric activity was highly
influenced by the electrode position. Firstly, no postprandial response was obtained for
BC3 (see Table 1: GSWA and postprandial/ fasting ratio). Although the dominant
frequency DFCS for both fasting and postprandial states was similar in the three BC
recordings, the %DFCS of the BC3 was considerably lower than those of BC1 and
BC2. As can be seen in Figure 1, CRE1 and CRE2 were both placed over the stomach,
while CRE3 was further away. Our electrode positions were partly influenced by the
lack of standard electrode positions on the abdomen for EGG recording. Most studies
have been conducted with the electrodes aligned horizontally below the left costal
margin and between the xyphoid process and the navel, with a reference electrode in
the right upper abdomen quadrant [7][11]. The placement of the electrodes was slightly
different in this work since the EGG recordings were carried out with the subject lying
in the supine position, while in many other studies they were picked up with the
volunteers seated. The position of the stomach is lower when sitting than lying down,
which was why an arrangement was proposed following the anatomical situation of the
stomach in that position. Our findings agree with theoretical studies of the two-
dimensional spatial transfer function, which showed that CRE are more sensitive to
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vertical dipole sources just below the electrode, the sensitivity of these electrodes
being much lower than bipolar recordings for distant dipoles [52][53]. To precisely
estimate gastric slow wave propagation from body surface Laplacian potentials it is
necessary to properly position the CRE array just above the stomach. Depending on
the position of the body and the amount of food it contains, the stomach is capable of
altering its size and shape, an empty stomach being about 30 cm long and 15 cm
across at its widest point. We should reconsider the CRE dimension for estimating
body surface Laplacian potentials to achieve a trade-off between the number of CRE
that can be positioned above the stomach and gastric myoelectrical activity
detectability. Previous studies have pointed out that the external diameter of the
electrode must be similar to the distance between the surface recording point and the
signal source [54]. Other works have claimed that the diameter of the outer ring should
be, at the most, half the size of the organ being studied [55]. Furthermore, the CRE
chosen in the present work (7 mm between inner disk and external ring) met Garibans’
requirements regarding a maximum edge-to-edge distance of 12.5 mm [10] to study
the gastric SW propagation.

The present work is not without certain limitations, such as the small number of patients
in its database and the possible bias associated with age and the body mass index,
which is intended to be remedied in future work. In addition, in this work we did not
carry out the gastric slow wave propagation speed from signals picked up by concentric
ring electrodes. Further studies are needed to determine the gastric SW propagation
speed from body surface Laplacian mapping using a high density CRE array in both
healthy subjects and patients with gastric disorders such as mechanical and idiopathic
gastroparesis [56]; tachygastria and delayed gastric emptying or studying the origin of
nausea and vomiting, especially in pregnant women [57].

5. Conclusions

The experimental results revealed that DFCS from multichannel recordings can
robustly estimate the gastric SW frequency of EGG recordings with high temporal and
spatial stability, obtaining thereby a steadily rising trend in gastric SW frequency after
ingesting food. In addition, we checked the feasibility of using CRE to detect gastric
SW activity, obtaining a similar gastric SW frequency in simultaneous bipolar and BC
EGG recording in both fasting and postprandial states and also a similar
postprandial/fasting power ratio. In comparison to bipolar recordings, the gastric SW
activity acquired by CRE was of significantly lower amplitude and less influenced by
cardiac interference, obtaining a significantly higher S/lecc ratio. These results could
be very helpful for the non-invasive detection of gastric spike burst. Unlike conventional
disk electrodes, CRE’s gastric activity detectability is highly influenced by the relative
positions of the electrode and the stomach due to its enhanced spatial resolution. This
property also minimizes the blurring effect of the volume conductor and could be used
for more precisely estimating the gastric slow wave propagation speed from surface
Laplacian potential mapping.

15



554
555
556
557
558
559

560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611

Acknowledgments

Research supported by a grant from the Spanish Ministry of Economy and
Competitiveness, the European Regional Development Fund (MCIU/AEI/FEDER, UE
RTI12018-094449-A-100-AR)

References

(1]
(2]

(3]
(4]
(3]
(6]
[7]
(8]

(9]
[10]

(1]

[12]
[13]
(14]

[15]

[16]

[17]

(18]

[19]

(20]

N. J. Talley, “Functional gastrointestinal disorders as a public health problem,”
Neurogastroenterology and Motility. 2008.

M. Avramidou, F. Angst, J. Angst, A. Aeschlimann, W. Rdssler, and U. Schnyder,
“Epidemiology of gastrointestinal symptoms in young and middle-aged Swiss adults:
Prevalences and comorbidities in a longitudinal population cohort over 28 years,” BMC
Gastroenterol., 2018.

F. Mearin and P. Malfertheiner, “Functional Gastrointestinal Disorders: Complex Treatments for
Complex Pathophysiological Mechanisms,” Digestive Diseases. 2018.

D. A. Drossman, “The Functional Gastrointestinal Disorders and the Rome Ill Process,”
Gastroenterology, 2006.

S. Kara, F. Dirgenali, and S. Okkesim, “Detection of gastric dysrhythmia using WT and ANN in
diabetic gastroparesis patients,” Comput.Biol.Med., vol. 36, no. 3, pp. 276-290, 2006.

N. Paskaranandavadivel, G. Ogrady, and L. K. Cheng, “Time-delay mapping of high-resolution
gastric slow-wave activity,” IEEE Trans. Biomed. Eng., 2017.

J.Yin and J. D. Z. Chen, “Electrogastrography: Methodology, Validation and Applications,”
www.jnmjournal.org J Neurogastroenterol Motil, vol. 19, no. 1, pp. 5-17, 2013.

M. A. M. T. M. T. Verhagen, L. J. Van Schelven, M. Samsom, and A. J. P. M. P. M. Smout,
“Pitfalls in the analysis of electrogastrographic recordings,” Gastroenterology, vol. 117, no. 2,
pp. 453460, Aug. 1999.

M. P. Mintchev, Y. J. Kingma, and K. L. Bowes, “Accuracy of cutaneous recordings of gastric
electrical activity,” Gastroenterology, 1993.

A. A. Gharibans, S. Kim, D. C. Kunkel, and T. P. Coleman, “High-Resolution
Electrogastrogram: A Novel, Noninvasive Method for Determining Gastric Slow-Wave Direction
and Speed,” IEEE Trans. Biomed. Eng., 2017.

H. P. Parkman, W. L. Hasler, J. L. Barnett, and E. Y. Eaker, “Electrogastrography: A document
prepared by the gastric section of the American Motility Society Clinical Gl Motility Testing Task
Force,” Neurogastroenterology and Motility. 2003.

T. R. Angeli et al., “Loss of Interstitial Cells of Cajal and Patterns of Gastric Dysrhythmia in
Patients With Chronic Unexplained Nausea and Vomiting,” Gastroenterology, 2015.

G. O’Grady et al., “Abnormal initiation and conduction of slow-wave activity in gastroparesis,
defined by high-resolution electrical mapping,” Gastroenterology, 2012.

W. Sha, P. J. Pasricha, and J. D. Z. Chen, “Rhythmic and spatial abnormalities of gastric slow
waves in patients with functional dyspepsia,” J. Clin. Gastroenterol., 2009.

G. Riezzo, F. Russo, and F. Indrio, “Electrogastrography in adults and children: The strength,
pitfalls, and clinical significance of the cutaneous recording of the gastric electrical activity,”
BioMed Research International, vol. 2013. 2013.

A. Leahy, K. Besherdas, C. Clayman, I. Mason, and O. Epstein, “Abnormalities of the
electrogastrogram in functional gastrointestinal disorders,” Am. J. Gastroenterol., vol. 94, no. 4,
pp. 1023-1028, 1999.

A. A. Gharibans, T. P. Coleman, H. Mousa, and D. C. Kunkel, “Spatial Patterns From High-
Resolution Electrogastrography Correlate With Severity of Symptoms in Patients With
Functional Dyspepsia and Gastroparesis,” Clin. Gastroenterol. Hepatol., vol. 17, no. 13, pp.
2668-2677, Dec. 2019.

R. Berry et al., “Patterns of Abnormal Gastric Pacemaking After Sleeve Gastrectomy Defined
by Laparoscopic High-Resolution Electrical Mapping,” Obes. Surg., 2017.

M. L. Buist, L. K. Cheng, K. M. Sanders, and A. J. Pullan, “Multiscale modelling of human
gastric electric activity: Can the electrogastrogram detect functional electrical uncoupling?,”
Exp. Physiol., 2006.

G. O’Grady et al., “Rapid high-amplitude circumferential slow wave propagation during normal
gastric pacemaking and dysrhythmias,” Neurogastroenterol. Motil., 2012.

16



612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670

[21]

[22]

(23]

(24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

[32]

[33]

(34]

[35]
(36]

[37]
[38]

[39]

[40]

[41]

[42]

[43]

P. Du et al., “The impact of surgical excisions on human gastric slow wave conduction, defined
by high-resolution electrical mapping and in silico modeling,” Neurogastroenterol. Motil., 2015.
G. Prats-Boluda, Y. Ye-Lin, E. Garcia-Breijo, J. Ibafiez, and J. Garcia-Casado, “Active flexible
concentric ring electrode for non-invasive surface bioelectrical recordings,” Meas. Sci.
Technol., vol. 23, no. 12, 2012.

J. Lian, G. Li, J. Cheng, B. Avitall, and B. He, “Body surface Laplacian mapping of atrial
depolarization in healthy human subjects,” Med. Biol. Eng. Comput., vol. 40, no. 6, pp. 650—
659, Nov. 2002.

Y. Ye-Lin, J. M. M. Bueno-Barrachina, G. Prats-boluda, R. Rodriguez de Sanabria, and J.
Garcia-Casado, “Wireless sensor node for non-invasive high precision electrocardiographic
signal acquisition based on a multi-ring electrode,” Measurement, vol. 97, pp. 195-202, Feb.
2017.

J. Garcia-Casado, G. Prats-Boluda, Y. Ye-Lin, S. Restrepo-Agudelo, E. Perez-Giraldo, and A.
Orozco-Duque, “Evaluation of Swallowing Related Muscle Activity by Means of Concentric
Ring Electrodes,” Sensors, vol. 20, no. 18, p. 5267, Sep. 2020.

X. Liu, O. Makeyev, and W. Besio, “Improved Spatial Resolution of Electroencephalogram
Using Tripolar Concentric Ring Electrode Sensors,” J. Sensors, vol. 2020, 2020.

G. Prats-Boluda, J. Garcia-Casado, J. L. Martinez-de-Juan, and Y. Ye-Lin, “Active concentric
ring electrode for non-invasive detection of intestinal myoelectric signals,” Med. Eng. Phys., vol.
33, no. 4, 2011.

Y. Ye-Lin, J. Alberola-Rubio, G. Prats-boluda, A. Perales, D. Desantes, and J. Garcia-Casado,
“Feasibility and Analysis of Bipolar Concentric Recording of Electrohysterogram with Flexible
Active Electrode,” Ann. Biomed. Eng., vol. 43, no. 4, 2015.

D. Komorowski, “EGG DWPack: System for Multi-Channel Electrogastrographic Signals
Recording and Analysis,” J. Med. Syst., vol. 42, no. 11, Nov. 2018.

X. Lin and J. D. Z. Chen, “Abnormal gastric slow waves in patients with functional dyspepsia
assessed by multichannel electrogastrography,” Am. J. Physiol. - Gastrointest. Liver Physiol.,
2001.

E. M. Wong, F. Tablin, and E. S. Schelegle, “Comparison of nonparametric and parametric
methods for time-frequency heart rate variability analysis in a rodent model of cardiovascular
disease,” PLoS One, 2020.

Z.Y.Li, C. S.Ren, S. Zhao, H. Sha, and J. Deng, “Gastric motility functional study based on
electrical bioimpedance measurements and simultaneous electrogastrography,” J. Zhejiang
Univ. Sci. B, 2011.

A. Kasicka-Jonderko, K. Jonderko, B. Krusiec-Swidergot, |. Obrok, and B. Btorska-Fajfrowska,
“Comparison of multichannel electrogastrograms obtained with the use of three different
electrode types,” J. Smooth Muscle Res., vol. 42, no. 2-3, pp. 89-101, 2006.

J. M. Bland and D. G. Altman, “Measuring agreement in method comparison studies,” Stat.
Methods Med. Res., 1999.

K. L. Koch and R. M. Stern Oxford, “Handbook of Electrogastrography,” 2004.

A. Akin and H. H. Sun, “Non-invasive gastric motility monitor: fast electrogastrogram (fEGG),”
Physiol.Meas., vol. 23, no. 3, pp. 505-519, 2002.

A. Akin and H. H. Sun, “Time-frequency methods for detecting spike activity of stomach,”
Med.Biol.Eng Comput., vol. 37, no. 3, pp. 381-390, 1999.

B. Pfaffenbach, R. J. Adamek, K. Kuhn, and M. Wegener, “Electrogastrography in healthy
subjects - Evaluation of normal values, influence of age and gender,” Dig. Dis. Sci., 1995.

R. Avci, K. J. W. Miller, N. Paskaranandavadivel, L. A. Bradshaw, M. L. Huckabee, and L. K.
Cheng, “Bioelectrical signals for the diagnosis and therapy of functional gastrointestinal
disorders,” Applied Sciences (Switzerland), vol. 10, no. 22. MDPI AG, pp. 1-20, 02-Nov-2020.
Y.LP, J. C, Z. QL, and M. G, “Electrogastrogram Analysis in Children with Chronic Abdominal
Pain,” J. Clin. Lab. Med., vol. 4, no. 1, 2019.

J. Garcia-Casado, V. Zena-Gimenez, G. Prats-Boluda, and Y. Ye-Lin, “Enhancement of non-
invasive recording of electroenterogram by means of a flexible array of concentric ring
electrodes,” Ann. Biomed. Eng., vol. 42, no. 3, 2014.

G. Prats-Boluda, Y. Ye-Lin, F. Pradas-Novella, E. Garcia-Breijo, and J. Garcia-Casado, “Textile
Concentric Ring Electrodes: Influence of Position and Electrode Size on Cardiac Activity
Monitoring,” J. Sensors, vol. 2018, pp. 1-9, Jul. 2018.

S. Qin, W. Ding, L. Miao, N. Xi, H. Li, and C. Yang, “Signal reconstruction of the slow wave and
spike potential from electrogastrogram,” Biomed. Mater. Eng., vol. 26, pp. S1515-S1521, 2015.

17



671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

(53]

[54]

[59]
[56]

[57]

V. Zena-Giménez, J. Garcia-Casado, Y. Ye-Lin, E. Garcia-Breijo, and G. Prats-Boluda, “A
flexible multiring concentric electrode for non-invasive identification of intestinal slow Waves,”
Sensors.(Basel), vol. 18, no. 2, Feb. 2018.

J. D. Z Chen et al., “Detection of gastric slow wave propagation from the cutaneous
electrogastrogram,” Am. J. Physiol. Liver Physiol., vol. 277, no. 2, pp. G424—-G430, 1999.

Z. S. Wang, S. Elsenbruch, W. C. Orr, and J. D. Z. Chen, “Detection of gastric slow wave
uncoupling from multi-channel electrogastrogram: validations and applications,”
Neurogastroenterol. Motil., vol. 15, no. 5, pp. 457-465, Oct. 2003.

D. Couturier, C. Rozé, J. Paolaggi, and C. Debray, “Electrical activity of the normal human
stomach - A comparative study of recordings obtained from the serosal and mucosal sides,”
Am. J. Dig. Dis., vol. 17, no. 11, pp. 969-976, Nov. 1972.

H. Geldof, E. J. Van Der Schee, and J. L. Grashuis, “Electrogastrographic characteristics of
interdigestive migrating complex in humans,” Am. J. Physiol. - Gastrointest. Liver Physiol., vol.
250, no. 2 (13/2), 1986.

K. Jonderko, A. Kasicka-Jonderko, and B. Btoinska-Fajfrowska, “Does body posture affect the
parameters of a cutaneous electrogastrogram?,” J. Smooth Muscle Res., vol. 41, no. 3, pp.
133-140, 2005.

S. Sengottuvel, P. F. Khan, N. Mariyappa, R. Patel, S. Saipriya, and K. Gireesan, “A Combined
Methodology to Eliminate Artifacts in Multichannel Electrogastrogram Based on Independent
Component Analysis and Ensemble Empirical Mode Decomposition,” SLAS Technol., vol. 23,
no. 3, pp. 269-280, Jun. 2018.

D. Levanon and J. Z. Chen, “Electrogastrography: Its role in managing gastric disorders,”
Journal of Pediatric Gastroenterology and Nutrition. 1998.

C. C. Lu and P. P. Tarjan, “Pasteless, Active, Concentric Ring Sensors for Directly Obtained
Laplacian Cardiac Electrograms,” J.Med.Biol.Eng., vol. 22, pp. 199-203, 2002.

G. Prats-Boluda, Y. Ye-Lin, J. M. Bueno-Barrachina, R. Rodriguez De Sanabria, and J. Garcia-
Casado, “Towards the clinical use of concentric electrodes in ECG recordings: Influence of ring
dimensions and electrode position,” Meas. Sci. Technol., vol. 27, no. 2, 2016.

M. Kaufer, L. Rasquinha, and P. Tarjan, “Optimization of multi-ring sensing electrode set,” in
Proceedings of the Twelfth Annual International Conference of the IEEE Engineering in
Medicine and Biology Society, 1990, pp. 612—613.

G. Li et al., “Active Laplacian Electrode for the data-acquisition system of EHG,” J. Phys. Conf.
Ser., vol. 13, pp. 330-335, 2005.

R. J. Brzana, K. L. Koch, and S. Bingaman, “Gastric myoelectrical activity in patients with
gastric outlet obstruction and idiopathic gastroparesis,” Am. J. Gastroenterol., 1998.

T. L. Abell, “NAUSEA AND VOMITING OF PREGNANCY AND THE
ELECTROGASTROGRAM OLD DISEASE NEW TECHOLOGY,” The American Journal of
Gastroenterology, vol. 87, no. 6. pp. 689-691, 01-Jun-1992.

18



