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2. Abstract  20 

Electrogastrography has emerged as a non-invasive technique for diagnosing an 21 
extensive variety of gastrointestinal disorders. The non-invasive electrogastrogram 22 
(EGG) remains a challenge due to the poor spatial resolution of conventional disk 23 
electrodes. In this work we attempted to determine the possibility of detecting gastric 24 
myoelectric activity using concentric ring electrodes (CRE) proposed to improve the 25 
spatial resolution of bioelectrical recordings. We simultaneously recorded 8 bipolar and 26 
bipolar concentric (BC) EGGs acquired by disk electrodes and CREs, respectively. 27 
The BC EGG showed lower signal amplitude than the bipolar recordings but were less 28 
influenced by cardiac interference and had a slow wave (SW) detectability above 80% 29 
when positioned over the stomach. We found a similar gastric SW frequency in both 30 
bipolar and BC EGG records in both fasting and postprandial states and a similar 31 
postprandial/fasting power ratio, suggesting the feasibility of using CRE to identify 32 
gastric myoelectric activity.  33 
 34 
Keywords: Gastric myolectric activity, Gastric slow wave, electrogastrography, 35 
electrogastrogram, concentric ring electrode. 36 
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 39 

1.- Concentric ring electrodes can be used to record gastric myoelectric activity 40 

2.- Bipolar Concentric recordings are less influenced by cardiac interference 41 

3.- Bipolar Concentric EGG signal is 2-3 times lower than bipolar, but with better SNR 42 

4.- Multichannel cross spectrum can identify gastric slow wave frequency 43 

5.- Slow wave from Bipolar Concentric signals has high temporal and spatial stability  44 
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TEXT 46 

1. Introduction 47 

Gastrointestinal (GI) diseases are now widespread. Subacute and chronic 48 
symptoms are common in primary care, and their prevalence is also high in 49 
epidemiological studies [1]. Functional gastrointestinal disorders, which include 50 
functional dyspepsia, functional vomiting, functional constipation, diarrhoea and 51 
irritable bowel syndrome together with GI motility disorders, are the most common GI 52 
disorders in the general population. While estimates vary, about 1 in 4 people or more 53 
in the United States may suffer from any of these disorders [1]. Worldwide, the 54 
prevalence rates of functional dyspepsia and irritable bowel syndrome in the general 55 
population according to the Rome III diagnostic criteria are 5.3–20.4% and 1.1–29.2%, 56 
respectively [2]. These disorders not only have a significant impact on the patients' 57 
everyday activities and quality of life, their chronic symptoms cause emotional distress 58 
and may also result in heavy economic burdens through direct medical expenses and 59 
loss of productivity [3]. 60 

Many routine medical tests such as endoscopic exams, CT scans, blood tests 61 
and radiological imaging fail to diagnose these functional GI disorders and GI motility 62 
disorders since there is no inflammatory, infectious, or structural abnormality [4]. 63 
Electrogastrography has emerged as an alternative technique for diagnosing functional 64 
gastric abnormalities. The electrogastrogram (EGG) is a recording of gastric 65 
myoelectric activity obtained by positioning cutaneous electrodes on the upper 66 
abdominal surface [5]. Traditionally, a bipolar configuration that consisted of obtaining 67 
a differential potential was acquired using two conventional disk electrodes. The EGG 68 
is made up of two components: omnipresent slow waves (SW), which are generated 69 
and propagated through the network of interstitial cells of Cajal’s, and spike bursts, 70 
which are rapid action potentials directly related to the presence and intensity of gastric 71 
contractions [5]. In a healthy human stomach, gastric slow waves originate from a 72 
pacemaker region in the upper corpus region of the greater curvature in the proximal 73 
stomach at a frequency of 3 cycles per minute (cpm) and propagate towards the 74 
antrum [6] at a normal frequency range of between 2-4 cpm (normogastria). If the 75 
EGG’s dominant frequency is ranged between 0.5-2 cpm and 4-9 cpm, it is considered 76 
as bradygastria and tachygastria, respectively [7]. Gastric arrhythmia in which there is 77 
no dominant peak power in the spectrum has also been reported [7]. 78 

However, surface EGG recordings not only contain gastric myoelectric activity 79 
but are usually contaminated by cardiac interference, ultra-low frequency components 80 
[8] and respiration between 12 to 25 cpm [7] and may also occasionally record the 81 
small bowel slow wave (9-12 cpm) [7]. Since both cardiac, respiration and small bowel 82 
slow wave activity do not generally overlap in frequency with that of gastric SW, EGG 83 
signal analyses are usually performed in the spectral domain, since this latter 84 
information was found to be more reliable than temporal characteristics. Previous 85 
studies showed that the association of gastric contractions with the SW frequency was 86 
80-85%, while its association with amplitude was 30-40% [9]. In contrast, the presence 87 
of ultra-low frequency components, which are more likely to be associated with 88 
spontaneous variations of skin-electrode contact potential and motion artifacts [8], 89 
could make gastric SW identification difficult, giving rise to misinterpretation of 90 
frequency components in the bradygastria range. As the power contribution of their 91 
harmonics in the range of 2-4 cpm can be even higher than that of the ongoing gastric 92 
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SW activity, the diagnosis of bradygastria, normogastria, or tachygastria cannot be 93 
made simply on the basis of the power distribution in the EGG spectrum [8]. In the 94 
literature, normal EGG recordings have traditionally been defined as presenting a 95 
dominant frequency in the 2-4 cpm range for at least 70% of the recording time [10][11]. 96 
Although the SW does not represent gastric motility, it does control the propagation 97 
and occurrence frequency of the gastric contractions [5]. It is well known that gastric 98 
SW dysrhythmias have been implicated in several GI motility disorders, including 99 
chronic unexplained nausea and vomiting, gastroparesis, functional dyspepsia, reflux 100 
with regurgitation, gastroparesis, and motion sickness [12][13][14]. 101 

Despite this, EGG’s clinical application is still limited, since there is some 102 
controversy about the relationship between the EGG temporal and spectral parameters 103 
and gastric pathologies [15][16][17]. In this respect, the latest research focuses on 104 
estimating the propagation speed of gastric SW activity by high-resolution 105 
gastrointestinal electrical mapping. With a spatially dense electrode array directly on 106 
the invasive serosa multichannel recordings, Berry et al found that resection of the 107 
gastric pacemaker during laparoscopic sleeve gastrectomy resulted in an aberrant 108 
distal unifocal ectopic pacemaker with retrograde propagation, which can persist in the 109 
long term, inducing chronic dysmotility or bioelectrical quiescence [18]. An abnormally 110 
rapid propagation velocity was also found, whereas frequency and amplitude were 111 
unchanged [18]. Other authors have found aberrant initiation and conduction of the 112 
SW in subjects with gastroparesis [13] and chronic unexplained nausea and vomiting 113 
[12] using serosa high-resolution gastrointestinal electrical mapping, which 114 
occasionally led to premature termination and colliding wavefronts. Half of the subjects 115 
exhibited spatial abnormalities that occurred at the normal 3 cpm [12][13]. This 116 
suggests that single channel EGG recordings are unable to detect such abnormalities 117 
[9] [19] and slow wave propagation speeds act as reliable signatures of the occurrence 118 
of dysrhythmic events [20][21]. 119 

Despite the diagnosis value of high-resolution gastrointestinal electrical 120 
mapping, its clinical application is restricted due to its invasiveness, while non-invasive 121 
high-resolution surface EGG mapping has emerged as an alternative for obtaining 122 
gastric propagation properties. Gharibans found that spatial patterns from high-123 
resolution non-invasive EGG correlate with the severity of symptoms in patients with 124 
functional dyspepsia and gastroparesis [17]. However, the accurate estimation of the 125 
propagation speed of non-invasive EGG recording could be impaired by the poor 126 
spatial resolution of conventional disk electrodes due to the blurring effect of the 127 
volume conductor [9] [22], which could not be resolved by simply increasing the 128 
number of surface recording electrodes [23]. In other words, two nearby cutaneous 129 
electrodes record similar signals since they record the average activity in overlapping 130 
volumes of tissue. In fact, it has been found that dysrhythmic SW activity contributes 131 
to functional GI motility disorders, although the specific mechanisms and classification 132 
of dysrhythmias could not be elucidated due to low-resolution approaches using 133 
cutaneous EGG obtained from conventional disk electrodes [6].  134 

The surface Laplacian potential has been proposed to improve spatial resolution 135 
of non-invasive bioelectrical recordings such as the electrocardiogram [22][24], 136 
electromyogram [25], electroencephalogram [26], electroenterogram [27] and 137 
electrohysterogram [28]. Theoretically, surface Laplacian potential is proportional to 138 
the derivative of the current density orthogonal component to the body surface and can 139 
be interpreted as a filter that allocates more weight to the bioelectrical dipoles adjacent 140 
to the recording points. The surface Laplacian emphasizes superficial localized 141 
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sources while suppressing widespread and coherent deep and shallow sources. This 142 
property allows us to detect accurate gastric slow wave propagation from the 143 
abdominal surface [9]. The surface Laplacian signal can be estimated using discrete 144 
methods from an array of spatially distributed disk electrodes, as conducted by 145 
Gharibans who showed the possibility of estimating slow wave propagation speed 146 
using a 5x5 disk electrode array[10]. The surface Laplacian potential can also be 147 
directly acquired by concentric ring electrodes (CRE) [22][28] and has been shown to 148 
better estimate the surface Laplacian potential than discrete methods. As to date there 149 
have been no reports on the use of CRE to obtain gastric myoelectric activity, the aim 150 
of this work was to determine the feasibility of picking it up by means of CREs and to 151 
compare their characteristics with those acquired from conventional disk electrodes.  152 

 153 
2. Materials and methods 154 

2.1. Signal acquisition 155 

A total of 8 recording sessions were conducted on 8 healthy subjects (4 men 156 

and 4 women with an average age of 24.47.9 years and body mass index of 157 

20.72.9 Kg/m2). The subjects were previously informed of the study’s nature and 158 
provided written informed consent forms. The University Ethics Committee approved 159 
the study protocol, which adhered to the Declaration of Helsinki.  160 

Each session included 30-minutes of recording in a fasting state and 30-minutes 161 
after ingesting a solid meal (400 kcal with a fat content of 20%). The subjects were 162 
allowed to have some water if needed. For each recording session, the abdominal skin 163 
was carefully prepared using an abrasive paste (Nuprep, Weaver) to reduce skin–164 
electrode contact impedance. One conventional disposable disk electrode and three 165 
CREs (CODE5000S0, SPESMEDICA) were positioned on the upper abdominal 166 
surface as shown in Figure 1 to simultaneously obtain three bipolar EGG recordings 167 
(BIP) and three bipolar concentric (BC) EGG recordings. The conventional disposable 168 
disk electrode consisted of a central Ag/AgCl conductor disk attached by adhesive, i.e. 169 
they had a monopolar configuration. Due to the bipolar configuration’s ability to reject 170 
common mode interferences, this latter configuration was usually used for acquiring 171 
bioelectrical signals by obtaining the differential potential picked up by two 172 
conventional disposable disk electrodes. In this work, the three bipolar recordings were 173 
obtained by acquiring the differential potential between the CREs’ central disk and the 174 
conventional disk electrode E4. We also used CRE in a bipolar configuration, which 175 
consisted of obtaining the differential potential acquired from external ring and central 176 
disk electrodes and then annotated them as bipolar concentric (BC) recordings. CRE 177 
in bipolar configuration can be interpreted as a generalised discrete method in which 178 
the recording electrodes surrounding the central disk tend to be infinite. The CRE’s 179 
central disk diameter was 16 mm and the internal and external diameter of the outer 180 
ring were 28 mm and 42 mm, respectively. Another disposable Ag/AgCl electrode was 181 
placed on the subjects’ right hip as the ground electrode. For the respiration signal, a 182 
thermocouple sensor was positioned in the nasal passage to detect the temperature 183 
variation between the exhaled and inspired air flows (1401G from Grass 184 
Technologies). All bioelectrical signals were amplified and band-pass filtered at [0.01, 185 
30] Hz using commercial biopotential amplifiers (P511, Grass Technologies) and 186 
sampled at 100 Hz using NI USB-6229 BNC. The cut-off frequency of the analogue 187 
high-pass filter was set to as close as possible to 0.5 cpm, since the basic fundamental 188 
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frequencies of the EGG signal range between 0.5-9 cpm [7]. In the same way we 189 
established the cut-off frequency of the analogue low-pass filter at 30 Hz to be able to 190 
quantify the electrocardiogram (ECG) interference embedded in the EGG recording.  191 

 192 
Figure 1. Left image shows the electrode positions on the abdomen for EGG signal recording (CRE1-3) Concentric 193 
ring electrodes for acquiring three BC EGG recordings, where Ri and Di are the biopotentials picked up by the 194 
external ring and internal CRE disk respectively. (E4) Biopotential acquired by the active disposable Ag/AgCl 195 
electrode 4 common to three bipolar recordings. (E5) Ground electrode. CRE dimensions are given on the right. 196 
2.2. Data analysis 197 

2.2.1 Signal quality assessment 198 

Since the gastric slow wave mainly distributes its energy below 30 cpm [29], raw 199 
EGG signals were bandpass filtered in the 0.6-30 cpm frequency range with a zero-200 
phase 5-th order Butterworth filter and resampled at 4 Hz. This latter is referred to 201 
hereinafter as the preprocessed EGG signal. The digital low pass filter’s cut-off 202 
frequency was set taking the respiration rate into account (12-25 cpm) [7] to be able to 203 
quantify the respiration interference embedded in the EGG recording. Since relatively 204 
slow gastric dynamic and dysrhythmic events may occur within 1–2 min [11], we 205 
performed the data analysis in 5-minute moving windows with an 80% overlap.  206 

Taking into account the basic fundamental frequencies of EGG signals [7], we 207 
computed the gastric slow wave amplitude (GSWA) as the root mean square value of 208 
the EGG signal in the 0.6-9 cpm frequency range.  209 

To determine signal quality, we quantified both the cardiac and respiration 210 
interference embedded in the EGG recording. Since ECG interference mainly 211 
distributes its energy above 1 Hz, the S/IECG was defined as the ratio between GSWA 212 
and the estimated ECG interference calculated as the root mean square value of the 213 
resulting signal after applying a high-pass filter with cut-off frequency at this frequency 214 
to record the raw EGG (see Eq. 1).  215 

 216 

𝑆 𝐼ா஼ீ⁄  ሺdBሻ ൌ 20 ൉ 𝑙𝑜𝑔ଵ଴
ீௌௐ஺

ா஼ீ
   (1) 217 

 218 
As the human respiration frequency can vary throughout the recording session, 219 

we quantified the respiration interference in the spectral domain. Firstly, a periodogram 220 
with a hamming window was used to obtain the dominant frequency of the 221 
simultaneously recorded respiration signal (DFresp). The S/Iresp parameter was then 222 
defined as the ratio between the EGG signal power in the 0.6-9 cpm bandwidth and 223 
respiration interference embedded in the EGG recording, which was computed as the 224 
EGG signal power in the DFresp±1 cpm frequency range (see Eq. 2). 225 



8 

 

 226 

𝑆 𝐼௥௘௦௣⁄ ሺdBሻ ൌ 10 ൉ 𝑙𝑜𝑔ଵ଴
∑ ௉ௌ஽ಶಸಸ
వ೎೛೘
బ.ల೎೛೘

∑ ௉ௌ஽ಶಸಸ
ವಷೝ೐ೞ೛శభ೎೛೘
ವಷೝ೐ೞ೛షభ೎೛೘

   (2) 227 

Where PSDEGG is the power spectral density of the preprocessed EGG signal using 228 
the periodogram method with a Hamming window. 229 
 230 

2.2.2 Identifying gastric myoelectric activity 231 

We further attempted to characterize the gastric SW frequency since this latter is one 232 
of the most relevant characteristics of the EGG signal and ultra-low frequency 233 
components can mask this activity, giving rise to erroneous results. We therefore 234 
aimed to estimate the gastric SW frequency from multichannel EGG recordings based 235 
on prior information. Firstly this activity detected in multichannel EGG recording should 236 
be highly coupled [30], i.e. the SW should present similar frequencies at different 237 
points. As it should also remain over time [5], we determined the gastric SW frequency 238 
using the cross spectrum. For each 30-minute recording session (both fasting and 239 
postprandial states), we performed the cross spectrum using the Welch’s method (10-240 
min hamming window with overlapping of 50%) between the three bipolar (BIP1-2, 2-241 
3 and 1-3) and three BC recordings (BC1-2, 2-3 and 1-3), obtaining a total of six cross 242 
spectra. We then determined the dominant frequency in each cross spectrum in the 243 
typical SW frequency range (from 2 cpm to 4 cpm). Theoretically the six cross spectra 244 
should have the same dominant frequency. In practice, they do not always match due 245 
to interference, after which we defined the global gastric slow wave frequency 246 
(GGSWF) as the mode value of the different cross spectra’s dominant frequency at 2-247 
4 cpm.  248 
Since gastric SW frequency can vary slightly around GGSWF, we attempted to 249 
determine the dominant frequency in the GGSWF±0.3 cpm range in the power 250 
spectrum obtained using a covariance method-based autoregressive (AR) model in 5-251 
minute moving windows with an 80% overlap (hereinafter DFCS). We preferred these 252 
parametric spectral estimators to determine gastric SW frequency since the latter 253 
provide better frequency resolution than non-parametric techniques for a given window 254 
length [31]. A grid search was made of model order between 60 and 150 with a step 255 
size of 30, order 120 being a trade-off between dominant frequency detectability and 256 
its variability between consecutive windows.  257 
We also computed the DFAR parameter, which is commonly used in the literature for 258 
EGG SW identification [7][11][15]. DFAR is the dominant frequency in the typical SW 259 
frequency range (2-4 cpm) of the preprocessed EGG signal, using an autoregressive 260 
model of the same order to compare it with the DFCS in detecting gastric SW 261 
frequency.  262 
For each channel (fasting and postprandial), we computed the mean and standard 263 
deviation of both DFAR and DFCS for all the analysed windows. For both DFAR and 264 
DFCS, we assessed gastric SW detectability by computing the ratio between the 265 
number of windows with a dominant frequency in the typical SW frequency range (2–266 
4 cpm) and in the GGSWF±0.3 cpm range and the total number of windows analysed 267 
(hereinafter %DFAR and %DFCS, respectively). To analyse gastric SW frequency 268 
variability throughout the recording, we also computed the frequency instability 269 
coefficient (FIC), which is the ratio between the standard deviation and the average 270 
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value [32]. Lower values indicate higher stability of frequency components over time. 271 
To evaluate gastric SW spatial variability we also computed the percentage of slow 272 
wave coupling (%SWC) between each pair of bipolar and BC EGG recordings. For this 273 
purpose, we first determined for each analysis window if the SWs in two channels was 274 
coupled with the difference between their frequencies less than 0.2 cpm [33]. The 275 
%SWC was then calculated as the ratio between the total number of windows in which 276 
the SW were coupled and the total number of windows analysed.  277 
Bland and Altman plots [34] were used to determine the degree of agreement between 278 
bipolar and BC EGG recordings in detecting gastric SW frequency for both DFAR and 279 
DFCS in both fasting and postprandial states. 280 
Finally we computed postprandial/fasting power ratio (PR) since the literature reports 281 
the postprandial/fasting response in the typical SW range (2-4 cpm) [35], but also in 282 
the high frequency range around 50-80 cpm in EGG recordings [36][37]. PR can 283 
therefore help to assess the uptake of gastric activity on the surface. We calculated 284 
three postprandial/fasting power ratios in 2-4 cpm (PRLF), 30-60 cpm (PRHF1) and 30-285 
90 cpm (PRHF2). Due to their being less complicated, PR energy ratios were computed 286 
rather than the power associated with the dominant frequency peak [38].  287 
So as to assess the statistical significant difference between the different parameters 288 
from conventional bipolar and BC recordings, and between fasting and postprandial 289 

state, in this work we used paired Wilcoxon signed-rank test (=0.05). In addition, due 290 
to the limited sample size, we also worked out the statistical power of the probability of 291 
rejecting a null hypothesis that is actually false. In this respect we only considered the 292 
statistically significant differences if their statistical power was over 70%. 293 
 294 
3. Results 295 

Figure 2 shows five minutes of simultaneous recordings from the three bipolar, BC 296 
EGG and respiration signals. Gastric SW activity can be seen at 3 cpm, except for 297 
bipolar 3, in which no gastric myoelectric activity was found. Bipolar recordings had 298 

higher amplitude (peak-to-peak amplitude: 400 µV for BIP1 and BIP2 vs. 100-150 µV 299 
for BCs) and stronger cardiac interference than those from BC EGG. In this case, there 300 
was no respiration interference embedded in the EGG recordings. 301 

 302 
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Figure 2. Five minutes of simultaneous recordings of three bipolar and BC EGG signals acquired from subject 3 303 
during postprandial state (left) and their power spectra density (right) estimated by AR model of order 120. From 304 
top to bottom: EGG from bipolar channel 1 (BIP1), 2 (BIP2), and 3 (BIP3), bipolar concentric channel 1 (BC1), 2 305 
(BC2), and 3 (BC3), and respiration. Vertical black lines show the normogastric slow wave bandwidth boundaries 306 
(2-4 cpm). 307 
 308 
Table 1 shows the mean and standard deviation of GSWA, S/IECG and S/Iresp  of both 309 
conventional bipolar (BIP) and BC EGG recordings in fasting and postprandial states. 310 
The three postprandial to fasting power ratios are also shown in this table. Regardless 311 
of recording channel, bipolar recording amplitude was 2-3 times higher than that of BC 312 
EGG recordings, which was found to be statistically significant. There was generally 313 
wide variability in GSWA between subjects. The GSWA amplitude slightly increased 314 
with inter-electrode distance (BIP1<BIP2<BIP3), while no considerable difference was 315 
found between the three BC channels as the inter-electrode distances remained 316 
constant. In general, food ingestion increased GSWA, except for BC3 in which even 317 
slightly lower postprandial GSWA was obtained. Similar postprandial/fasting power 318 
ratio in 2-4 cpm was found for bipolar and BC EGG records, ranging from 1.1±0.9 to 319 
1.9±0.6 for BC3 and BC2, respectively. With the exception of BC3, food ingestion also 320 
increased high frequency components between 30-60 cpm to a similar power ratio as 321 
that of 2-4 cpm, which was consistently found in both bipolar and BC recordings. These 322 
results cast doubt on the detectability of gastric activity in the BC3 recording. In the 30-323 
90 cpm frequency band, this increasing trend after food was also found in BC1 and 324 
BC2 recordings, while no appreciable change occurred in the postprandial/fasting 325 
power ratio computed in 30-90 cpm in bipolar recordings. By contrast, BC3’s 326 
postprandial power in this frequency band was even less than in the fasting state 327 
(PRHF2<1 for BC3). In general, no significant difference between conventional bipolar 328 
and BC recording was found for the different postprandial/fasting power ratios, except 329 
for BC3 for which PRHF1 was significantly lower than that of those from BIP3. In bipolar 330 
recordings there was strong cardiac interference, giving rise to a relatively low S/IECG 331 
ratio (below 0 dB). This means that the ECG interference amplitude was even higher 332 
than GSWA, while BC EGG presented a significantly higher S/IECG ratio than that of 333 
bipolar EGG. Regardless of recording channel and electrode type, there was no 334 
noteworthy respiration interference in EGG recordings, obtaining S/Iresp ratios higher 335 
than 15 dB. No significant difference was found for this latter between conventional 336 
bipolar and BC recordings. Neither GSWA, S/IECG nor S/Iresp obtained significant 337 
difference between fasting and postprandial state. 338 
 339 
Table 1. Mean and standard deviation of the GSWA, S/IECG and S/Iresp that quantify signal quality from bipolar 340 
recordings (BIP) and bipolar concentric recordings (BC) in fasting and postprandial states; and postprandial/fasting 341 
power ratios in the 2-4cpm frequency bands (PRLF), 30-60cpm (PRHF1), and 30-90cpm (PRHF2). * showed a 342 
significant difference between conventional bipolar and BC recording (BIP1 vs. BC1, BIP2 vs. BC2, BIP3 vs. BC3), 343 
and  indicated the significant difference between fasting and postprandial state (only for GSWA, S/IECG and 344 
S/Iresp).  345 
 346 
 347 

Channel State GSWA (µV) S/IECG (dB) S/Iresp (dB) PRLF PRHF1 PRHF2 

BIP1 
Fasting 35.4±19.6 * -5.5±5.5 * 17.4±7.8 

1.5±1.0 1.5±0.5 1.0±0.2 
Postprandial 40.5±20.3 * -4.0±4.4 * 16.7±6.0 

BIP2 
Fasting 36.1±13.9 * -4.4±4.7 * 17.4±8.1 

1.7±0.9 1.5±0.6 1.0±0.3 
Postprandial 46.2±18.1 * -2.2±3.8 * 16.6±5.8 

BIP3 
Fasting 45.0±18.7 * -5.7±4.9 * 17.8±7.0 

1.3±0.3 1.5±0.6 * 1.1±0.3 
Postprandial 59.8±12.3 * -2.4±3.9 * 16.5±6.3 

BC1 
Fasting 15.4±8.8 * 1.8±5.5 * 17.1±8.2 

1.7±1.0 1.9±1.3 1.5±1.3 
Postprandial 19.4±12.5 * 3.9±4.0 * 17.1±6.2 

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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Postprandial 19.8±9.9 * 7.7±4.3 * 15.1±9.5 

BC3 
Fasting 15.8±10.7 * 10.0±6.7 * 16.3±5.3 

1.1±0.9 0.8±0.4 * 0.7±0.4 
Postprandial 14.6±10.8 * 11.6±4.8 * 18.0±4.9 

 348 

Table 2 gives the parameters related to the identification of the gastric SW frequency 349 
and Figure 3 shows the SW frequency FIC and %SWC, which assesses its stability 350 
over time and spatial variability in fasting and postprandial states, respectively. In 351 
general, average DFAR values were around 2.70-2.80 cpm. DFAR did not show a clear 352 
trend in gastric SW frequency after food ingestion, i.e. BIP1 and BIP2 obtained 353 
somewhat lower values while other channels showed slightly higher postprandial 354 
values. Regardless of recording channel and electrode type, the %DFAR was higher 355 
than 96% and also had low variability, while DFAR showed a relatively high instability 356 
over time, with FIC ranging from 4.1 ± 1.5% to 13.33 ± 4.06% for BIP1 and BC3 357 
respectively. In general, no significant differences were found for these gastric SW 358 
frequency parameters (DFAR, %DFAR, FICDFAR) between conventional bipolar and BC 359 
recordings, and between fasting and postprandial state, except that the DFAR of BC3 360 
showed significant higher instability over time than those from BIP3 after food ingestion 361 
(see figure 3 : FICBC3_DFAR>FICBIP3_DFAR). 362 
As for spatial stability, bipolar recordings obtained high SW frequency coupling 363 
between channels in both fasting and postprandial states and was the highest coupling 364 
obtained for BIP1 and BIP2. The SW frequency coupling estimated from DFAR 365 
between BC recordings dropped considerably, with a %SWC below 50% for both 366 
fasting and postprandial BC1-BC3 and BC2-BC3, being statistically significant 367 
between BIP and BC recordings in postprandial state (see figure 3).  368 
 369 
Table 2. DFAR and DFCS for gastric SW frequency detection and the corresponding percentage time in which 370 
gastric SW frequency was detected. Decreased and increased gastric SW frequency after food ingestion is shaded 371 
in grey and green, respectively. * showed significant difference between conventional bipolar and BC recording 372 
(BIP1 vs. BC1, BIP2 vs. BC2, BIP3 vs. BC3), and  indicated the significant difference between fasting and 373 
postprandial state.  374 
 375 

Channel State DFAR (cpm) DFCS (cpm) %DFAR %DFCS 

BIP1 
Fasting 2.80±0.13 2.81±0.13 100.0 ± 0.0 94.9 ± 7.5 
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 ±10.4 * 
Postprandial 2.82±0.12 2.85±0.16 99.1 ± 1.6 87.8 ±14.5 * 

BC1 
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 ± 2.5 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 48.9 ± 23.7 * 

 376 
DFCS showed similar values to those of DFAR, the average value being slightly higher. 377 
After food, a consistently increasing trend was found for gastric SW frequency 378 
regardless of recording channel and electrode type. In general, %DFCS was higher 379 
than 82% except for BC3, and was considerably lower than %DFAR. Whatever the 380 
recording channel, electrode type or recording condition (fasting or postprandial), 381 
DFCS showed less FIC (<4.5%) and higher %SWC (>76%) than that of DFAR (blue 382 
vs. green bar), suggesting that the gastric SW frequency identified by DFCS presented 383 
high temporal and spatial stability. Again, we did not find any significant differences for 384 
these parameters (DFCS, %DFCS, FICDFCS, %SWCDFCS) between conventional 385 
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bipolar and BC recordings, and fasting and postprandial state, except that %DFCS of 386 
BIP3 was significantly higher than that of BC3. 387 
 388 

 389 
Figure 3. FIC (upper trace) and %SWC (lower trace) of gastric SW frequency that assess its stability over time and 390 
spatial variability in both fasting (left) and postprandial (right) states, respectively. * showed significant differences 391 
between conventional bipolar and BC recording (BIP1 vs. BC1, BIP2 vs. BC2, BIP3 vs. BC3), and  indicated the 392 
significant difference between fasting and postprandial state.  393 
 394 
Figure 4 shows the Bland and Altman plot of DFAR and DFCS between bipolar and 395 
BC EGG recordings. For both fasting and postprandial state the mean frequency 396 
difference between bipolar and BC recordings was less than 0.06 cpm. DFAR 397 
frequency difference seemed to be higher those of DFCS (left: difference of ±0.3 cpm 398 
for DFAR vs. right: ±0.2 com for DFCS). This result means that both types of recordings 399 
are equally valid for picking up gastric SW frequency components and DFCS even 400 
outperforms in detecting gastric SW frequency. 401 
 402 

 403 

 404 
Figure 4. Bland and Altman plot of DFAR (left) and DFCS (right) between bipolar and BC EGG recordings in both 405 
fasting (blue dot) and postprandial (orange dot) states.  406 
 407 
 408 
 409 
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4. Discussion 410 
Multichannel EGG recordings were used to map the abdominal surface and identify 411 
gastric disorders providing spatio-temporal patterns of gastric electrical activity [39]. 412 
Gharibans et al attempted to estimate the body surface Laplacian potential from 413 
multichannel recordings acquired from a high density electrode array using discrete 414 
methods to identify abnormal spatial gastric patterns related to gastric pathologies 415 
such as functional dyspepsia and gastroparesis [17]. CRE allows the direct estimation 416 
of the Laplacian potential on the abdominal surface instead of using monopolar 417 
electrodes and discretization techniques. There is no evidence for the feasibility of 418 
using CRE to pick up gastric activity in abdominal surface recordings. As far as we are 419 
aware, this is the first work to attempt this issue and also to determine their capacity to 420 
attenuate physiological interference such as ECG.  421 
We found that the amplitude of the bipolar EGG was of an order of magnitude of tens 422 
or hundreds of microvolts, which is within the range of values reported in the literature 423 
[7][40]. In contrast, BC EGG amplitude was two or three times less than in bipolar 424 
recordings, which agrees with other authors who used CRE to record other bioelectric 425 
signals [41][42]. This could be mainly due to the relatively short distance between its 426 
recording electrodes. The postprandial/fasting power ratio in 2-4 cpm obtained for BCs 427 
was similar to that obtained in bipolar recordings [8] [35]. It has been hypothesized that 428 
this amplitude increase could be related to the stomach being closer to the surface [9] 429 
and/or due to increased gastric contractilty after ingesting food.  430 
A regularly increasing trend was found for postprandial/fasting power ratio in 30-60 431 
cpm for both bipolar and BC EGG except for BC3, whose value was similar to the PRLF. 432 
However, when the signal power in 30-90 cpm was analysed, a similar trend and value 433 
was obtained for BC but not for bipolar recordings. This could have been due to the 434 
strong cardiac interference (around 60-70 cpm) embedded in bipolar recordings, which 435 
can mask the power increase after ingesting food. This confirms that most of the energy 436 
above 60 cpm in surface EGG recordings is associated with cardiac interference, 437 
which was hypothesized when defining the S/IECG parameter in the present work. As 438 
expected, the closer the recording channels (channels 1 and 2) to the heart, the lower 439 
the S/IECG ratio obtained. This problem was partially mitigated by BC EGG, which 440 
provided a relatively higher S/IECG ratio because of its ability to reject distant bioelectric 441 
dipole sources. These high frequency components with a postprandial increase could 442 
be related to gastric contractile activity, which has been shown to range from 50 to 80 443 
cpm [37][43]. However, they could also be attributed to gastric SW activity harmonics 444 
in high frequency components since the postprandial/ fasting power ratio in both low 445 
and high frequency ranges was similar. Futher studies are still needed to determine 446 
the origin of these components and the feasibility of detecting gastric spike bursts in 447 
suface EGG recordings. In this regard, the analysis of the interdigestive migrating 448 
motor complex pattern in fasting combined with the CRE’s ability to reject distance 449 
dipoles such as cardiac interference could be helpful in clarifying this issue. As regards 450 
respiratory interference, both bipolar and BC recordings yielded similar S/Iresp ratios in 451 
fasting and fed stages. This finding agrees with previous studies on intestinal 452 
myoelectric signals recorded by CRE and may be due to the fact that respiration 453 
interference is of mechanical and non-bioelectrical origin [27][44].  454 

Gastric SW frequency is undoubtedly one of the most relevant characteristics 455 
of EGG recordings. Due to physiological interference from different origins, its 456 
identification in surface EGG recordings remains a challenge and is one of the main 457 
obstacles in transferring the EGG technique to clinical practice. Gastric SW frequency 458 
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has traditionally been identified as the dominant frequency of the filtered EGG signal 459 
in the target bandwidth (similar to the DFAR parameter). Other authors have proposed 460 
using empirical mode decomposition to detect the instantaneous frequency of the 461 
intrinsic mode functions [15][45][40]. In this study, we proposed to use the dominant 462 
frequency in the multichannel EGG recordings’ cross-spectrum (DFCS) for robust 463 
assessment of high spatial stability components, which has previously been used to 464 
detect SW uncoupling in multichannel EGG in dogs (surface and serosal) and humans 465 
(surface) [46]. Firstly, both DFAR and DFCS were around 2.70-2.80 cpm, which were 466 
within the range of normal values for this component [47][48]. In bipolar recordings, 467 
both %DFAR (>96%), their corresponding FIC (<15%) and %SWC (>80%) were within 468 

the range of values reported by other authors [30] [49] [50] (%DFAR 95%, FIC 17-469 

38% and %SWC80%). The slight difference could be attributed to the subject’s 470 
position during recording. According to Jonderko et al, the gastric SW frequency’s FIC 471 
values obtained in a reclining position were lower than when the subject was sitting 472 
during the recordings [49]. In comparison to DFAR, slightly higher values were 473 
obtained for DFCS (see Table 2). This result may suggest the presence of some 474 
frequency peaks around 2 cpm with a higher amplitude than the gastric SW, which 475 
could be from the very low frequency components’ harmonics from fluctuating skin-476 
electrode contact potential. The %DFCS was thus slightly lower than that of %DFAR. 477 
Even so, except for BC3, both %DFAR and %DFCS were higher than 70%, which was 478 
set as the normal percentage of gastric SW in abdominal surface recordings based on 479 
empirical studies in healthy subjects [11], suggesting the detectability of the gastric SW 480 
frequency for both bipolar and BC recordings. In addition, the gastric SW frequency 481 
identified by the cross spectrum method provided high temporal and spatial stability, 482 
giving rise to relatively lower FIC (DFCS<6% vs. DFAR<15%) and higher %SWC. We 483 
also found that gastric SW frequency slightly increased after food ingestion, which was 484 
consistent with a previous study that found that SW frequency slightly increased after 485 
ingesting solid food [51]. Solid food with up to 400 kcal and less than 50% fat increases 486 
both the amplitude and frequency of gastric slow waves in healthy subjects [33]. 487 
To sum up, our results suggest the feasibility of picking up gastric myoelectric activity 488 
from CRE. In comparison to conventional bipolar recordings, the gastric SW frequency 489 
identified in BC recordings was similar, while BC EGG was less influenced by cardiac 490 
interference. However, CRE’s ability to pick up gastric myoelectric activity was highly 491 
influenced by the electrode position. Firstly, no postprandial response was obtained for 492 
BC3 (see Table 1: GSWA and postprandial/ fasting ratio). Although the dominant 493 
frequency DFCS for both fasting and postprandial states was similar in the three BC 494 
recordings, the %DFCS of the BC3 was considerably lower than those of BC1 and 495 
BC2. As can be seen in Figure 1, CRE1 and CRE2 were both placed over the stomach, 496 
while CRE3 was further away. Our electrode positions were partly influenced by the 497 
lack of standard electrode positions on the abdomen for EGG recording. Most studies 498 
have been conducted with the electrodes aligned horizontally below the left costal 499 
margin and between the xyphoid process and the navel, with a reference electrode in 500 
the right upper abdomen quadrant [7][11]. The placement of the electrodes was slightly 501 
different in this work since the EGG recordings were carried out with the subject lying 502 
in the supine position, while in many other studies they were picked up with the 503 
volunteers seated. The position of the stomach is lower when sitting than lying down, 504 
which was why an arrangement was proposed following the anatomical situation of the 505 
stomach in that position. Our findings agree with theoretical studies of the two-506 
dimensional spatial transfer function, which showed that CRE are more sensitive to 507 
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vertical dipole sources just below the electrode, the sensitivity of these electrodes 508 
being much lower than bipolar recordings for distant dipoles [52][53]. To precisely 509 
estimate gastric slow wave propagation from body surface Laplacian potentials it is 510 
necessary to properly position the CRE array just above the stomach. Depending on 511 
the position of the body and the amount of food it contains, the stomach is capable of 512 
altering its size and shape, an empty stomach being about 30 cm long and 15 cm 513 
across at its widest point. We should reconsider the CRE dimension for estimating 514 
body surface Laplacian potentials to achieve a trade-off between the number of CRE 515 
that can be positioned above the stomach and gastric myoelectrical activity 516 
detectability. Previous studies have pointed out that the external diameter of the 517 
electrode must be similar to the distance between the surface recording point and the 518 
signal source [54]. Other works have claimed that the diameter of the outer ring should 519 
be, at the most, half the size of the organ being studied [55]. Furthermore, the CRE 520 
chosen in the present work (7 mm between inner disk and external ring) met Garibans’ 521 
requirements regarding a maximum edge-to-edge distance of 12.5 mm [10] to study 522 
the gastric SW propagation. 523 
The present work is not without certain limitations, such as the small number of patients 524 
in its database and the possible bias associated with age and the body mass index, 525 
which is intended to be remedied in future work. In addition, in this work we did not 526 
carry out the gastric slow wave propagation speed from signals picked up by concentric 527 
ring electrodes. Further studies are needed to determine the gastric SW propagation 528 
speed from body surface Laplacian mapping using a high density CRE array in both 529 
healthy subjects and patients with gastric disorders such as mechanical and idiopathic 530 
gastroparesis [56]; tachygastria and delayed gastric emptying or studying the origin of 531 
nausea and vomiting, especially in pregnant women [57].  532 
 533 
 534 
5. Conclusions 535 
 536 

The experimental results revealed that DFCS from multichannel recordings can 537 
robustly estimate the gastric SW frequency of EGG recordings with high temporal and 538 
spatial stability, obtaining thereby a steadily rising trend in gastric SW frequency after 539 
ingesting food. In addition, we checked the feasibility of using CRE to detect gastric 540 
SW activity, obtaining a similar gastric SW frequency in simultaneous bipolar and BC 541 
EGG recording in both fasting and postprandial states and also a similar 542 
postprandial/fasting power ratio. In comparison to bipolar recordings, the gastric SW 543 
activity acquired by CRE was of significantly lower amplitude and less influenced by 544 
cardiac interference, obtaining a significantly higher S/IECG ratio. These results could 545 
be very helpful for the non-invasive detection of gastric spike burst. Unlike conventional 546 
disk electrodes, CRE’s gastric activity detectability is highly influenced by the relative 547 
positions of the electrode and the stomach due to its enhanced spatial resolution. This 548 
property also minimizes the blurring effect of the volume conductor and could be used 549 
for more precisely estimating the gastric slow wave propagation speed from surface 550 
Laplacian potential mapping. 551 
 552 

 553 
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