Gastrointestinal (GI) potential mapping could be useful for evaluating GI motility disorders. Such disorders are found in inflammatory bowel diseases, such as Crohn's disease, or GI functional disorders. GI potential mapping data originate from a mixture of several GI electrophysiological sources (termed ExG) and other noise sources, including the electrocardiogram (ECG) and respiration. Denoising and/or source separation techniques are required, however, with real measurements, no ground truth is available. In this paper we propose a framework for the simulation of body surface GI potential mapping data. The framework is an electrostatic model, based on fecgsyn toolbox, using dipoles as electrical sources for the heart, stomach, small bowel and colon, and an array of surface electrodes. It is shown to generate realistic ExG waveforms, which are then used to compare several ECG and respiration cancellation techniques, based on, fast independent component analysis (FastICA) and pseudo-periodic component analysis (PiCA). The best performance was obtained with PiCA with a median root mean squared error of 0.005.

I. INTRODUCTION

Motility of the gastrointestinal (GI) tract is the result of slow waves (SW) and spike bursts (SB), two electrical events spread from Cajal cells (the pacemaker) to smooth muscle cells. Electrical impairment in the GI tract can lead to motility disorders. Such disorders occur in many inflammatory bowel diseases such as Crohn's disease [START_REF] Bassotti | Gastrointestinal motility disorders in inflammatory bowel diseases[END_REF], ulcerative colitis [START_REF] Bassotti | Gastrointestinal motility disorders in inflammatory bowel diseases[END_REF], or in functional GI disorders [START_REF] Drossman | Functional Gastrointestinal Disorders: History, Pathophysiology, Clinical Features, and Rome IV[END_REF].

Recordings of the electrical activity from the stomach, small bowel, and colon are respectively called electrogastrogram (EGG), electroenterogram (EEnG), and electrocolonogram (EColG). The summation of those signals can be called ExG. Due to their non-invasiveness, low cost, and user-friendliness, ExG devices are very promising for analyzing and monitoring the underlying motor activity of GI organs. Some devices are currently in development for recording surface EGG [START_REF] Calder | Validation of non-invasive body-surface gastric mapping for detecting electrophysiological biomarkers by simultaneous high-resolution serosal mapping in a porcine model[END_REF], surface EColG [START_REF] Erickson | Electrocolonography: Non-invasive detection of colonic cyclic motor activity from multielectrode body surface recordings[END_REF] or ExG [START_REF] Axelrod | Pilot Validation of a New Wireless Patch System as an Ambulatory, Noninvasive Tool That Measures Gut Myoelectrical Signals: Physiologic and Disease Correlations[END_REF], but the analysis of these signals remains a challenge due to their low amplitude and their mixing with other signals of higher amplitude, such as the electrocardiogram (ECG) or respiration. with ExG is the summation of EGG, EEnG and EColG, nECG is the ECG and nresp a noise induced by respiration.

Signal processing methods have been proposed, including denoising [START_REF] Ye | Empirical mode decomposition: a method to reduce low frequency interferences from surface electroenterogram[END_REF][8], source separation and analysis of these signals [START_REF] Garcia-Casado | Noninvasive measurement and analysis of intestinal myoelectrical activity using surface electrodes[END_REF]. However, to our best knowledge, no database of real or simulated signals is currently available in the literature, making their comparison and validation difficult. Simulation frameworks have been proposed for other electrophysiological measurements, such as the fetal ECG, but need to be adapted to model GI ExG signals.

In this paper, we propose a framework for simulating body surface ExG mapping data, based on the fecgsyn toolbox [START_REF] Behar | An ECG simulator for generating maternal-foetal activity mixtures on abdominal ECG recordings[END_REF]. The simulation data were qualitatively compared to an acquisition of body surface GI mapping performed with a custom device. We then use the simulated data to evaluate several ECG and respiration cancellation methods, based on fast independent component analysis (FastICA), and pseudoperiodic component analysis (PiCA).

II. METHODS

A. Gastrointestinal body surface mapping simulation with fecgsyn

Fecgsyn is a MATLAB toolbox initially created to simulate maternal and fetal ECGs signals and their mixtures. ECGs and mixtures are created by placing one or more electric dipoles in a volume conductor and then propagate the electrical potential of those dipoles to the surface. Those simulated recordings then can serve for validation of denoising and/or source separation algorithms.

We used this toolbox to create ExG signals by adding a dipole for the stomach, the intestine and colon. Those 3 dipoles were then propagated to the surface and mixed. The GI dipoles were designed according to amplitude and frequency values reported in the literature (Tab. 1) to create a 3-axis signals for each dipole (1 axis for each spatial direction). For each axis, SW and SB were synthesized by random signal generators (normal distribution) followed by band-pass filtering in the bandwidths of interest. The position of those dipoles was chosen, to match anatomic location of those organs. 

B. Creation of the simulated Database for ECG and respiration denoising

To evaluate ECG and respiration cancellation algorithms, we created 30 ExG signal mixtures of 20 min (250 Hz) with the proposed framework, with 28 electrodes located on the abdomen and one reference electrode on the leg (see Fig. 1).

In a second step, we added ECG and respiratory noises as presented in equation 1. For the ECG noise simulation, we used fecgsyn to create a surface ECG with a variable heart rate ranging from 60 beats per minute (bpm) to 90 bpm and an amplitude ranging from 1 to 2.5 mV. We simulated the data so that RR interval is not constant to be closer to real data.

Respiration noise was created by two concomitantly methods: i) Amplitude modulation due to rotation of the dipole during respiration on ExG and ECG with fecgsyn. ii) Addition of a signal ranging from 12 to 20 cpm and with a variable amplitude of 0.1 to 0.25 mV. This signal is generated because of skin impedance variation between the electrodes.

C. ECG and respiration cancellation methods

ECG and respiration cancellation were performed using 2 classical methods from the literature: FastICA and PiCA [START_REF] Sameni | Multichannel Electrocardiogram Decomposition Using Periodic Component Analysis[END_REF].

i) FastICA: it is a common technique used in blind source separation problems. The main goal of ICA is to separate a mixture of N signals into M independent sources called components and a mixing matrix (MxN). The original mixture can be reconstructed by multiplying the components by the mixing matrix. In this work, ECG components were identified to be those with a high relative power in the QRS complex band, as defined by the power signal quality index (pSQI) metric [START_REF] Behar | ECG Signal Quality During Arrhythmia and Its Application to False Alarm Reduction[END_REF]. In this work, we used an adapted pSQI (apSQI) defined as follows:

apSQI = ( ) ( ) (2) 
Components with an apSQI > 0.1 were deleted. The threshold value of 0.1 was found empirically to ensure that all components related to ECG have been removed. Prior knowledge on the respiration was assumed to be known by the mean of an accelerometer. Therefore, the respiration waveform was supposed to be known. The component with the highest correlation with this waveform was deleted. The denoised mixture was then reconstructed by backprojection of the remaining components. . The method was evaluated using 2 configurations: the first one with M=28 components (corresponding to the number of ExG leads) and the second one with M=13 (corresponding to the 4 dipoles propagating in 3 directions and nresp). Those 2 configurations will respectively be noted ICA28 and ICA13. 
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Stomach

SW : [2.83±0.35] cpm ; 0.57mV [START_REF] O'grady | Origin and propagation of human gastric slow-wave activity defined by high-resolution mapping[END_REF] Surface amplitude : 0.275mV [START_REF] Riezzo | Electrogastrography in adults and children: The strength, pitfalls, and clinical significance of the cutaneous recording of the gastric electrical activity[END_REF] Intestine SW: [START_REF] Ye-Lin | Combined method for reduction of high frequency interferences in surface electroenterogram (EEnG)[END_REF][START_REF] Garcia-Casado | Noninvasive measurement and analysis of intestinal myoelectrical activity using surface electrodes[END_REF][START_REF] Behar | An ECG simulator for generating maternal-foetal activity mixtures on abdominal ECG recordings[END_REF][START_REF] Sameni | Multichannel Electrocardiogram Decomposition Using Periodic Component Analysis[END_REF][START_REF] Behar | ECG Signal Quality During Arrhythmia and Its Application to False Alarm Reduction[END_REF] cpm; 0.3mV [START_REF] Angeli | Intra-operative high-resolution mapping of slow wave propagation in the human jejunum: Feasibility and initial results[END_REF] SB: 10Hz; 75µV [START_REF] Lin | Intraoperative serosal extracellular mapping of the human distal colon: a feasibility study[END_REF] Surface amplitude : 92.99µV [START_REF] De | Measurement of Electrical Activity of the Human Small Intestine Using Surface Electrodes[END_REF] Colon SW1: [START_REF] Drossman | Functional Gastrointestinal Disorders: History, Pathophysiology, Clinical Features, and Rome IV[END_REF][START_REF] Huizinga | Interstitial cells of Cajal and human colon motility in health and disease[END_REF][START_REF] Calder | Validation of non-invasive body-surface gastric mapping for detecting electrophysiological biomarkers by simultaneous high-resolution serosal mapping in a porcine model[END_REF][START_REF] Erickson | Electrocolonography: Non-invasive detection of colonic cyclic motor activity from multielectrode body surface recordings[END_REF][START_REF] Axelrod | Pilot Validation of a New Wireless Patch System as an Ambulatory, Noninvasive Tool That Measures Gut Myoelectrical Signals: Physiologic and Disease Correlations[END_REF] cpm; 2.75mV [START_REF] Erickson | Electrocolonography: Non-invasive detection of colonic cyclic motor activity from multielectrode body surface recordings[END_REF] SW2: [START_REF] Garcia-Casado | Noninvasive measurement and analysis of intestinal myoelectrical activity using surface electrodes[END_REF][START_REF] Behar | An ECG simulator for generating maternal-foetal activity mixtures on abdominal ECG recordings[END_REF][START_REF] Sameni | Multichannel Electrocardiogram Decomposition Using Periodic Component Analysis[END_REF][START_REF] Behar | ECG Signal Quality During Arrhythmia and Its Application to False Alarm Reduction[END_REF][START_REF] O'grady | Origin and propagation of human gastric slow-wave activity defined by high-resolution mapping[END_REF][START_REF] Riezzo | Electrogastrography in adults and children: The strength, pitfalls, and clinical significance of the cutaneous recording of the gastric electrical activity[END_REF] cpm; 2.75mV [START_REF] Erickson | Electrocolonography: Non-invasive detection of colonic cyclic motor activity from multielectrode body surface recordings[END_REF] SB : [0.4-0.8] Hz ; 0.54mV [START_REF] Lin | Intraoperative serosal extracellular mapping of the human distal colon: a feasibility study[END_REF] Surface amplitude : 200µV [START_REF] Erickson | Electrocolonography: Non-invasive detection of colonic cyclic motor activity from multielectrode body surface recordings[END_REF] Figure 1. Torso volume conductor with 28 electrodes represented as blue squares. The hearth, stomach, intestine, and colon are depicted as yellow, green, light blue, and dark blue sphere respectively.

ii) PiCA: it is a semi-blind source separation method that uses the pseudo-periodicity (compared to independence for the FastICA) and generalized eigenvalue decomposition technique for unmixing. It was originally applied to denoising maternal ECG from fetal ECG. In this work, R-peak positions detected using Pan-Tompkins algorithm [START_REF] Pan | A real-time QRS detection algorithm[END_REF] are used as inputs to determine the targeted pseudo-periodicity. As in i), components with an apSQI>0.1 are removed from the reconstruction and the mixture was reconstructed by multiplying by the mixing matrix. A second PiCA is done for the cancellation of respiration. The peaks are detected on nresp by finding the local maxima. The components with a correlation superior to 0.9 with the accelerometer waveform are deleted, reconstruction is then performed.

D. Performance criterion

Performances of the different denoising methods were evaluated using the Root Mean Squared Error (RMSE) defined as:

RMSE = ∑ ( -) ² (3) 
with yi the output of the denoising algorithms and xi the ExG signals. We also calculated the RMSE before denoising was applied, this calculation was done for assessing the improvement due to ECG and respiration cancellation methods.

E. Statistical Analysis

We used the paired Wilcoxon test with the Benjamini & Hochberg adjustment to compare the RMSE of our 4 groups: NO denoising (NO), ICA13, ICA28 and PiCA. We used p < 0.05 for significance.

III. RESULTS

A. Simulated data vs real recording

To validate the signals obtained from the simulation framework, we qualitatively compared the simulated data with a real recording obtained with an ExG prototype developed in our laboratory, in one healthy volunteer. We compared the signals in both temporal and frequency domain. The parameters of the simulated data were tuned to match the amplitude and frequency of ECG and respiration. We changed the amplitude of surface EEnG to 46µV to have a better match with the real recordings. This difference in amplitude can be due to a low motor activity of the intestine during the recording or by the natural variance of those signals. The simulated and real signals are shown in Fig. 2.

In the temporal domain, there is slight difference between the real and simulated signals. In the frequency domain we can see that the spectrums are very close to each other. There is a difference for the ECG (around 0.9Hz) caused by the simulation method (Summation of Gaussian). A small shift in the EGG bandwidth can also be observed. This could easily be corrected by changing this parameter in the framework.

B. ECG and respiration cancellation evaluation

The performances of ECG and respiration cancellation methods are summarized in Fig. 3 and Tab. 2. and an example is shown on Fig 4 .   All methods showed statistical significant RMSE improvements compared to raw signals (p-value < 0.0001).

The ICA28 is statistically better than ICA13 (p-value < 0.0001.

The technique showing the best results is the PiCA, with median RMSE of 0.005, followed closely by ICA28 with a median RMSE of 0.008. Nonetheless there is no statistical improvements between these two latest techniques. Regarding the simulation framework the proposed tool can be easily enriched by adding more variability, especially in the parameters controlling SB (which are actually not continuously present). The respiration simulation can also be improved by adding phase shift according to the electrodes position on the abdomen. The simulation of different phase of the digestive cycle should also be explored. These simulated data should ultimately be compared to real data recorded from different patient populations in order to investigate whether pathological motility patterns can be synthesized accurately. Though the modelling of the problem is too simplistic, the results seem to be indicating the need for the acquisition of large number of channels for the use of (semi-) blind source separation techniques. Finally, alternative source separation methods of ExG signals could be investigated. The poor performance of ICA13 in comparison with ICA28 indicates that the ECG, respiration and ExG signals each need several components to be effectively unmixed. We can see on Fig. 4 that the main challenge is respiration cancellation for the ICA13 compared to the ICA28.

In future works, the analysis of different performance metrics should be crucial to improve our results, allowing to define more precisely the ECG and respiratory residual characteristics. Metrics that will be clinically relevant (eg. based on ExG power spectrum) may result in a different ranking of the methods, as some may, for instance, be more sensitive to the fidelity of the baseline.

The denoising techniques we applied in this paper were evaluated in noiseless environment. Validation of those techniques will require the evaluation of their performance under different kind and level of noises (Baseline wandering, movement, electronic noise...). Moreover, a limitation of this study is that the simulation is made by adding independent sources of different periodicity. FastICA and PiCA rely on those assumption of independence and periodicity. Therefore, the denoising techniques used might have lower performance in real environment.

In this work, we proposed a framework for the simulation of body surface GI electrophysiological data. We demonstrated how this framework can be used for the validation of ECG cancellation algorithms on ExG signals. Among the classical methods from the literature tested, we found that PiCA was the best method while performances of ICA13 were the lowest.
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 2 Figure 2. Top: Real recording for electrode 2 (upper right abdomen) in time domain. Mid: simulated recording for electrode 2 in time domain. Bottom: Comparison of frequency spectrums for the real (blue) and (orange) recordings
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 300014 Figure 3. Paired Wilcoxon test with Benjamini & Hochberg adjustment performance. ns stand for non-significative, **** for p-value < 0.0001
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 1 PARAMETERS USED FOR THE CREATION OF EXG DIPOLES.