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1. Intestinal motility

Intestinal motility is a set of muscular contractions, associated with the mixing,
segmentation and propulsion actions of the chyme, which is produced along the small
intestine (Weisbrodt 1987). Therefore, intestinal motility is basic for the process of digesting
the chyme that is coming from the stomach.

Under physiological conditions, intestinal motility can be classified in two periods: fasting
motility and postprandial motility. In the fasting state, the small intestine is not quiescent,
but it is characterized by a set of organized contractions that form a pattern named
Interdigestive Migrating Motor Complex (IMMC) (Szurszewski 1969). This pattern of
contractile activity has a double mission: to empty the content that is being poured by the
stomach and to prevent the migration of germs and bacteria in the oral way (Szurszewski
1969; Weisbrodt 1987). The IMMC has a length between 90 and 130 minutes in humans and
between 80 and 120 minutes in dogs. Attending to the motor activity degree of the intestine,
the IMMC cycle can be divided in three phases (Szurszewski 1969; Weisbrodt 1987): phase I
of quiescence, which is characterized by the absence of contractile activity; phase II of
irregular contractile activity; and phase III of maximal frequency and intensity of bowel
contractions. Phase III is band of regular pressure waves lasting for about 5 min and
migrates aborally from the proximal small intestine to the terminal ileum. It is usually
generated at the duodenum, although it can be generated at any point between the stomach
and the ileum. Migration is a prerequisite for the phase III. The velocity of migration is
5-10 cm/min in the proximal small intestine and it decreases gradually along the small
intestine to 0.5-1 cm/min in the ileum (Szurszewski 1969; Weisbrodt 1987). The IMMC is
cyclic at fast and it is interrupted after the food ingestion, which involves the appearance of
the postpandrial motility. The postpandrial pattern is characterized by an irregular
contractile activity similar to the phase II of the IMMC. In figure 1, it can be appreciated a
complete IMMC cycle from minute 55 until minute 155, and the appearance of the
postpandrial motility pattern occurred immediately after the ingestion of food.
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Fig. 1. Time evolution of intestinal motility index recorded from canine jejunum in fasting
state and after ingestion (minute 190).

Many pathologies such as irritable bowel syndrome, mechanical obstruction, bacterial
overgrowth or paralytic ileum are associated with intestinal motor dysfunctions (Camilleri
et al. 1998; Quigley 1996). These dysfunctions show a high prevalence: between 10% and
20% of European and American population suffers from functional bowel disorders and
irritable bowel syndrome (Delvaux 2003). Because of that, the study of the intestinal motility
is of great clinical interest.

2. Recording of intestinal motility

The main problem in monitoring the intestinal activity is the anatomical difficult access to
the small bowel. Traditionally, intestinal motility measurement has been performed by
means of manometric techniques, because these are low cost techniques and they are a
direct measurement of the intestinal contractions. However, this method presents a series of
technical and physiological problems (Byrne & Quigley 1997; Camilleri et al. 1998), and its
non-invasiveness is still a controversial issue.

Nowadays, non-invasive techniques for the intestinal motility monitoring are being
developed such as: ultrasound based techniques (An et al. 2001), intestinal sounds
(Tomomasa et al. 1999), bioelectromagnetism based techniques (Bradshaw et al. 1997), and
myoelectrical techniques (Bradshaw et al. 1997; Chen et al. 1993; Garcia-Casado et al. 2005).
The utility of the intestinal sounds recording sounds so as to determinate the intestinal
motility has been questioned, because it is better corresponded to the intestinal transit
associated with the propulsion movements rather than to the intestinal contractions
(Tomomasa et al. 1999). The ultrasound techniques have been validated for the graphical
visualization and the quantitative analysis of both the peristaltic and non-peristaltic
movements of the small intestine (An et al. 2001), but they do not closely represent the
intestinal motility. On the other hand, both the myoelectrical and the magnetical studies
have demonstrated the possibility of picking up the intestinal activity on the abdominal
surface (Bradshaw et al. 1997), providing a very helpful tool for the study of the
gastrointestinal motor dysfunctions. However, the clinical application of the magnetic
techniques is limited by the high cost of the devices (Bradshaw et al. 1997), and the
development of the myoelectrical techniques is still in the experimental stage.
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At the present chapter, the study of the intestinal activity is focused on the myoelectrical
techniques. These techniques are based on the recording of the changes of muscular cell’s
membrane potential and the associated bioelectrical currents, since they are directly related
to the small intestine smooth muscle contractions.

3. Intestinal myoelectrical activity

The electroenterogram (EEnG) is the myoelectrical intestinal signal originated by the
muscular layers and it can be recorded on the intestinal serous wall. The EEnG is composed
by two components: slow waves (SW), which is a pacemaker activity and does not represent
the intestinal motility; and action potentials, also known as spike bursts (SB). These SB only
appear at the plateau of the slow wave when the small intestine contracts, showing the
presence and the intensity of the intestinal contraction (Martinez-de-Juan et al. 2000;
Weisbrodt 1987). The relationship between the intestinal pressure and the SB activity is
widely accepted (Martinez-de-Juan et al. 2000; Weisbrodt 1987). This relationship can be
appreciated in figure 2, the presence of SB (trace b) is directly associated with the increments
on the intestinal pressure (trace a). It can also be observed that the SW activity is always
present, even when no contractions occur.

Nowadays, the hypothesis that the SW activity is generated by the interstitial cells of Cajal is
widely accepted (Horowitz et al. 1999). These cells act as pacemaker cells since they possess
unique ionic conductances that trigger the SW activity, whilst smooth muscle cells may lack
the basic ionic mechanisms which are necessary to generate the SW activity (Horowitz et al.
1999). However, smooth muscle cells respond to the depolarization and repolarization cycle
imposed by the interstitial cells of Cajal. The responses of smooth muscle cells are focused
on the regulation of L-type Ca2* current, which is the main source of Ca2* that produce the
intestinal contraction (Horowitz et al. 1999). Therefore, the frequency of the SW determines
the maximal rhythm of the intestinal mechanical contraction (Weisbrodt 1987). The SWs are
usually generated in the natural pacemaker that is localized at the duodenum, and they
propagate from the duodenum to the ileum. The SW frequency is approximately constant at
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Fig. 2. Simultaneous recording of bowel pressure (a) and internal myoelectrical activity (b)
in the same bowel loop from a non-sedated dog.
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each point of the intestine although it decreases in distal way (Diamant & Bortoff 1969). In
dogs this frequency ranges from approximately 19 cycles per minute (cpm) at the
duodenum to 11 cpm at the ileum (Bass & Wiley 1965). In humans the SW frequency is
around 12 cpm at upper duodenum and of 7 cpm at the terminal ileum.

With regard to the SB, they are generated by the smooth muscle cells which are responsible
for the intestinal mechanical contraction (Horowitz et al. 1999). The smooth muscle of the
small intestine is controlled by the enteric nervous system, and it is influenced by both the
extrinsic autonomic nerves of the nervous system and the hormones (Weisbrodt 1987).
Unlike the SW activity, the SB activity does not present a typical repetition frequency, but it
is characterized for distributing its energy in the spectrum over 2 Hz in the internal
recording of the EEnG (Martinez-de-Juan et al. 2000).

The internal recording of EEnG provides a signal of ‘high” amplitude, i.e. in the order of mV,
which is almost free of physiological interferences. The employment of this technique has
obtained promising results for the characterization of different pathologies such as:
intestinal ischemia (Seidel et al. 1999), bacterial overgrowth in acute pancreatitis (Van Felius
et al. 2003), intestinal mechanical obstruction (Lausen et al. 1988), irritable bowel syndrome
(El-Murr et al. 1994). However, the clinical application of internal myoelectrical techniques is
limited, given that surgical intervention is needed for the implantation of the electrodes.

4. Surface EEnG recording

Surface EEnG recording can be an alternative method to non-invasively determine the
intestinal motility. Logically, the morphology and the frequency spectrum of the intestinal
myoelectrical signals recorded on the abdominal surface are affected by the different
abdominal layers, which exercise an insulating effect between the intestinal sources and the
external electrodes (Bradshaw et al. 1997).

4.1 Non-invasive recording and characterization of slow wave activity

In 1975, in an experiment designed to measure the gastric activity using surface electrodes,
Brown found a component of frequency of 10-12 cpm, superposed on 3 cpm gastric electrical
activity (Brown et al. 1975). They believed that the component of 10-12 cpm was of intestinal
origin. Later, by means of the analysis of the simultaneous external and internal EEnG
recordings, it was confirmed that it is possible to detect the intestinal SW on the human
abdominal surface (Chen et al. 1993). In this last work, bipolar recording of surface signal
was conducted using two monopolar contact electrodes which were placed near the
umbilicus with a spacing distance of 5 cm. Figure 3 shows 5 min of the external EEnG signal
(electrodes 3-4), simultaneously recorded with the gastric activity (electrodes 1-2) and the
respiration signal. The external EEnG signal presents an omnipresent frequency peak of 9-12
cpm, which coincides with the typical value of the repetition rate of the human intestinal
SW (12 cpm at the duodenum and 7 cpm at the ileum). The simultaneous recording of
respiration signal allowed rejecting breathing as a possible source of this frequency peak.
The possibility of picking up the intestinal SW activity on the abdominal surface has been
reasserted by other authors (Bradshaw et al. 1997; Chang et al. 2007; Garcia-Casado et al.
2005). The myoelectrical signal recorded on the abdominal surface of patients with total
gastrectomy presented a dominant frequency of 10.9+1.0 cpm in fasting state and
10.9+1.3 cpm in postprandial state (Chang et al. 2007). In animal models it has been proven
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Fig. 3. Five minutes of external gastric (electrode 1-2) and intestinal (electrode 3-4)
myoelectrical signal, simultaneously recorded with the respiration signal (bottom trace). The
right trace shows the power spectral density of these signals (Chen et al. 1993).

that the dominant frequency of the external myoelectrical intestinal signal coincides with the
repetition rate of the internal intestinal SW both in physiological conditions (Garcia-Casado
et al. 2005) and in pathological conditions (Bradshaw et al. 1997).

Unlike the internal myoelectrical signal, the amplitude of the external record shows a great
variation from 30 to 330 uV among subjects (Chen et al. 1993), since this amplitude depends
on a set of factors such as the body mass index of the subject and the recording conditions
(preparation of the skin, the contact of the electrode with the skin and the distance from the
source of activity). Some authors evaluated the reliability of the information contained in the
external recording of the electrogastrogram (EGG), which is a very similar signal to the
intestinal myoelectrical signal (Mintchev & Bowes 1996). In that study, the following
parameters of EGG signals were analyzed: the amplitude, the frequency, the time shift
between different channels recorded simultaneously and the waveform. They concluded
that the signal frequency is the unique consistent and trustworthy parameter of the external
myoelectrical recording (Mintchev & Bowes 1996). Because of that, the analysis of the SW
activity of the external EEnG is usually focused on obtaining the dominant frequency of the
signal, which allows determining the intestinal SW repetition rate.

To obtain the dominant frequency of the external EEnG signal, some researchers have used
non-parametric spectral estimation techniques (Chen et al. 1993; Garcia-Casado et al. 2005).
These studies have showed the utility of these techniques for the identification of the
intestinal SW activity on the abdominal surface. By means of these non-parametric
techniques it has also been determined that the energy associated with the intestinal SW is
concentrated between 0.15 and 2 Hz in the animal model (Garcia-Casado et al. 2005).
Nevertheless, these techniques present some disadvantages: the selection of the window
length to be used in the analysis has an important repercussion on the frequency resolution
and on the stationarity of the signal. Other authors proposed the use of parametric
techniques based on autoregressive models (Bradshaw et al. 1997; Moreno-Vazquez et al.
2003; Seidel et al. 1999) or on autoregressive moving average models (Chen et al. 1990; Levy
et al. 2001) to obtain the frequency of the external signal. The advantage of these techniques
with respect to the non-parametric techniques is that they enable to determine the dominant
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frequency of the signal with better frequency resolution even with a shorter window of
analysis. Nevertheless, the application of these techniques present some practical
limitations: the information related to the power associated with each frequency is not
trustworthy. In short, it is advisable to use parametric techniques in order to identify the
peak frequencies of the signal, whereas if the aim is to study the energy distribution of the
signal in the frequency domain, non-parametric spectral analysis is more appropriate.

4.2. Non-invasive recording and characterization of spike bursts activity

The first works that studied the possibility of recording the SB activity of gastrointestinal
origin non-invasively, were conducted analyzing the gastric SW in the external recordings
(Atanassova et al. 1995; Chen et al. 1994). They stated that the presence of the SB in the
internal recordings increases the amplitude of the external gastric SW (Atanassova et al.
1995), and it also leads to an increase in the instability of the power of the dominant
frequency associated with the external gastric SW (Chen et al. 1994). Nevertheless, these
hypotheses were refuted by other authors, causing a great controversy (Mintchev & Bowes
1996). They believed that the increase of the amplitude of the surface SW activity is due to
the minor distance between the myoelectrical signal of origin and the surface electrodes
associated with the stomach distension when the SB are present (Mintchev & Bowes 1996),
rather than being directly related to the contractile activity of the stomach.

Very few works about external recordings of gastrointestinal activity have focused their
studies out of the SW frequency band (Akin & Sun 1999; Garcia-Casado et al. 2005). In
Akin's work, it was shown that the energy associated with gastric SB activity ranges from
50-80 cpm by means of spectral analysis in an animal model (50-80 cpm) (Akin & Sun 1999).
The correlation study of the internal and external signal energy in that frequency range
showed a high correlation index (around 0.8) (Akin & Sun 1999). Regarding to the intestinal
myoelectrical signal, only a few works have been found that study the two components of
the surface electroenterogram (EEnG) and not only the SW intestinal activity (Garcia-Casado
et al. 2005; Ye et al. 2008). In both works, it was carried out a comparative study of the
internal and external recordings of intestinal myoelectrical signal from dogs. Bipolar
external recording was obtained using two monopolar contact electrodes placed on the
abdominal surface. Figure 4 shows the simultaneous recording of internal (top traces) and
surface signals (bottom traces) in a period of rest and in a period of maximum contractile
activity. In the period of rest, 9 slow waves in 30 s can be observed both in the internal and
in the external recording. On the other hand, in the period of maximum contractile activity
which corresponds to the phase III of the IMMC, in the internal recording it can be observed
that every SW is accompanied by a superposed SB, whereas in the external recording a high
frequency component of low amplitude is superposed to the SW activity (fig. 4 right, bottom
trace). Since it is not synchronized with the cardiac activity, and the SB activity is the high
frequency component of EEnG recording (Martinez-de-Juan et al. 2000), these high
frequency components on the external EEnG recording are believed to be associated with
the intestinal SB activity (Garcia-Casado et al. 2005).

In order to study the intestinal SB activity on the surface recording, time-frequency analysis
have been proposed to obtain simultaneous information both on spectral content and on
time intervals (Garcia-Casado et al. 2002). These studies showed that Choi-Williams
distribution is the best time-frequency distribution in order to identify the presence of SB,
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Fig. 4. Simultaneous recording of canine intestinal myoelectrical activity in fasting state
during a period of rest (left traces) and during a period of maximum contractile activity
(right traces). Signals are recorded in the intestinal serosa (top traces) and on abdominal
surface (bottom traces) (Garcia-Casado et al. 2005).

whereas spectrogram is more useful in order to quantify the SB activity (Garcia-Casado et al.
2002). Other studies defend that non-parametric spectral techniques also can be used to
study the external EEnG signal (Garcia-Casado et al. 2005), since it can be assumed the
hypothesis of the stationarity of the signal if the size of the window is sufficiently small.
Based on these non-parametric techniques, it has been shown that the energy of the
intestinal SB activity of the external recording is concentrated between 2 and 20 Hz (Garcia-
Casado et al. 2005). Therefore, the energy in this frequency band of the external EEnG, also
named as SB energy, could be of great utility to quantify in a non-invasive way the intestinal
motor activity (Garcia-Casado et al. 2005).

Nevertheless, the study of Garcia-Casado presents certain limitations from the medical point
of view: a segment of intestine was sutured to the internal abdominal wall so as to obtain a
reference pattern for the intestinal activity of the external recording (Garcia-Casado et al.
2005). In spite of the fact that the small intestine has natural adherences to the abdominal
internal wall, the above mentioned artificial attachment might improve the electrical contact
between the surface electrodes and the intestine (Bradshaw et al. 1997). Therefore, it can be
expected that the signal-to-interference ratio of the external recording would be decreased if
this artificial attachment was eliminated. On the other hand, the elimination of the artificial
attachment would also have another consequence: there is no longer knowledge of the
intestinal segment whose activity is being picked up on the external recording.

The latest studies have focused their efforts on the comparison between the external and
internal recording of the canine intestinal myoelectrical signal in fasting state, but without
the artificial attachment of an intestinal segment to the internal abdominal wall (Ye et al.
2008). Figure 5 shows the evolution of the SB energy of the external recording (trace a) with
the intestinal motility index (IMI) of the different internal channels (traces b-d) acquired
simultaneously in fasting state. In these figures, it is possible to identify two complete cycles
of the IMMC in the different internal channels. The SB energy in the external recording
shows two periods of maximum intensity (about the minute 85 and minute 167), that are
probably related to the periods of maximum contractile activity of the jejunum (in the
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Fig. 5. Intestinal motility indicators of canine external and internal EEnG recording acquired
simultaneously in fasting state: a) Surface. b) Duodenum. c) Jejunum. d) Ileum. It is also
indicated the maximum value of the cross-correlation function (CCpax) between the SB
energy of external recording and the internal IMI and its corresponding time lag t.

minutes 78 and 160). This time lag is probably due to the disagreement of the recording area
between the external and internal recordings. Since the phase III of the IMMC propagates in
the distal way in fasting state, the external electrodes might be recording the intestinal
activity from one segment of intestine located approximately 35 cm distally to the jejunum
internal recording. In this context, the use of the cross-correlation function allows to make
the adjustment of the possible delay, and thus reflect the relationship between the SB energy
of the external recording with the internal IMIL In this case, the maximum value of the
cross-correlation function (0.66) is obtained with the IMI of the jejunum channel when
adjusting a delay of 7.5 minutes. The results of these preliminary studies confirm the
possibility of picking up the intestinal SB activity on the abdominal surface recordings of the
EEnG under physiological conditions without the need of artificial attachments (Ye et al.
2008). This means a great advance in the study of the intestinal motility by means of the
non-invasive myoelectrical techniques.

4.3. Limitations of external EEnG recording

In the previous sections, it has been shown that both components of the intestinal
myoelectrical activity can be recorded on the abdominal surface, and that spectral
parameters are very useful to characterize these components: the dominant frequency of the
signal to determine the frequency of the intestinal pacemaker, i.e. the SW; the SB energy to
determine the intensity of the possible intestinal contractions. Nevertheless, the surface
EEnG still presents some difficulties for its clinical application. First, the myoelectrical
intestinal signal recorded on abdominal surface is a very small amplitude signal (Bradshaw
et al. 1997; Chen et al. 1993; Garcia-Casado et al. 2005; Prats-Boluda et al. 2007), especially in
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the SB frequency range (Garcia-Casado et al. 2005), due to the insulating effect of the
abdominal layers and to spatial filtering (Bradshaw et al. 1997). However, the major
problem of the surface recording of the myoelectrical signal resides in the presence of strong
interferences: electrocardiogram (ECG), respiration, movement artifacts, components of very
low frequency and other interferences of minor relevancy (Chen et al. 1993; Garcia-Casado
et al. 2005; Liang et al. 1997; Prats-Boluda et al. 2007; Verhagen et al. 1999). The presence of
these interferences may impede the obtaining of trustworthy parameters derived from the
external myoelectrical recordings which define the intestinal activity. This is a common
problem in the non-invasive recording of the gastric, colonic, uterine and intestinal
activities. In the case of the surface EEnG, the amplitude of these interferences can be of the
same order of magnitude or even higher than the amplitude of the target signal.
Consequently, the identification and the elimination of these interferences are of great
importance in order to extract useful information from the surface EEnG. Next it is briefly
described the different interferences that can appear in the surface EEnG recording:

- Electrocardiogram (ECG): ECG interference concerns principally the high frequency
components of the external EEnG i.e. the SB, since the SB activity recorded on abdominal
surface are of very low amplitude (Garcia-Casado et al. 2006). Conventional filters cannot be
used for the elimination of ECG interference since its spectrum is overlapped with that of
the SB.

- Respiration: The respiration affects mainly the SW activity due to its similarity in
frequency (Chen et al. 1993; Lin & Chen 1994). The origin of this interference can be due to
the variation of the distance between the surface electrodes and the intestinal sources, and
also due to the variation of the contact impedance between the electrodes and the skin
(Ramos et al. 1993). The presence of the respiratory interference depends strongly on the
recording conditions, precisely on the fixation of the contact electrodes, on the position of
the electrodes and on the position of the subject in study.

- Components of very low frequency: In the external EEnG recording, it can often be
observed components whose frequency is below the lowest frequency of the intestinal
pacemaker (Chen et al. 1993; Garcia-Casado et al. 2005; Prats-Boluda et al. 2007). Its origin
may be due to the use of an inappropriate signal conditioning and digitalization system
(Mintchev et al. 2000), to the variation of the contact impedance between the surface
electrodes and the skin, or to the bioelectric activity of other organs with a slower dynamics
(Chen et al. 1993). In this respect, the gastric activity whose frequency is around 3 cpm
might be the principal source of the very low frequency interferences in the study of the
human surface EEnG (Chen et al. 1993).

- Artifacts: The artifacts consist of abrupt changes on the amplitude of the external
myoelectrical signal. Its occurrence is intermittent and unpredictable and they can
completely distort the signal power spectrum (Verhagen et al. 1999). Liang et al. showed in
their studies that the morphology of the artifacts in external myoelectrical recordings is
diverse and depends on the kind of movement, being its amplitude in the time domain very
high compared to that of the target signal (Liang et al. 1997). In addition, the presence of
artifacts usually provokes a considerable increase in the spectral content, especially in the
high frequency range (Liang et al. 1997).

In short, all these interferences must be somehow eliminated before the analysis of the
external EEnG signal in order to be able to obtain more robust parameters that characterize
the intestinal activity from the non-invasive myoelectrical recordings.
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5. Enhancement of surface EEnG recordings

In the past years, there have been developed diverse signal processing techniques for the
interferences reduction on the biomedical signals which can be suitable for being applied to
the external EEnG signals, such as adaptive filtering, independent component analysis
(ICA), or empirical mode decomposition (EMD).

Given the peculiarity of the intestinal EEnG signal, i.e., that the energies of the SW activity
and the SB activity are distributed in different frequency ranges, this section is divided into
two subsections, one for each of these frequency bands: the low frequency band where the
intestinal SW activity is contained, and high frequency band where the SB activity spreads
its energy.

5.1. Study of the EEnG in the low frequency band

From the first studies that have validated the possibility of recording the intestinal
myoelectrical activity on abdominal surface, diverse techniques have been proposed for the
interferences’ reduction in the low frequency range. The aim of these techniques is to cancel
respiration and components of very low frequency, and to extract the intestinal SW activity
contained in the external EEnG signal. The final goal is to improve the quality of the external
EEnG signal and to bring the non-invasive myoelectrical techniques closer to the clinical
application. Among these interferences, the respiratory interference has received special
attention of diverse researchers, given its similarity in frequency with the intestinal SW
activity.

5.1.1 Adaptive filtering

The fundamental idea of adaptive filtering is the following one: it is given a primary signal
which is a mixture of the target signal and the interference, and a reference signal which can
be an estimation of the interference (interference canceller structure), an estimation of the
target signal (signal-enhancer structure), or an estimation of the occurrence in the time
(Ferrara & Widrow 1981). In agreement with a pre-established target function, for example
the minimizations of the expected value of the output signal in the interference canceller
structure, the parameters of the filter are changed by means of an adaptive algorithm. The
result of this process is the obtaining of an output signal that turns out to be the best
estimation of the target signal with minimal interferences content. Adaptive filtering has
been widely used for the interferences’ reduction contained in the biomedical signals.

With regard to the intestinal signals, diverse authors have used this technique to eliminate
the respiratory interference contained in the external EEnG. Precisely, different
configurations have been used: in time domain (Prats-Boluda et al. 2007); in frequency
domain (Chen & Lin 1993); and in discrete cosine transform (Lin & Chen 1994). In the first
work, the authors implemented adaptive filtering with the LMS (least minimum square)
algorithm (Prats-Boluda et al. 2007). In this case, the reference signal is a filtered version of
the external EEnG signal. Specifically, a band-pass filter in the respiration frequency range
was used. The cut-off frequencies are obtained from the simultaneously recorded respiration
signal. Figure 6 shows 120 s of the respiration signal (trace a) and of the external EEnG
before and after the application of adaptive filtering, and their corresponding power
spectral densities (PSDs). In this figure it is possible to observe that the respiratory
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interference is highly attenuated after the adaptive filtering, although a remaining
component of the interference can still be observed in the processed signals.
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Fig. 6. a) Respiration signal. b) Original EEnG signal recorded on the human abdominal
surface c) Processed signal by means of adaptive filtering. e-f) PSD of the signals that are
depicted on the left-hand side (Prats-Boluda et al. 2007).

Other authors have used transform-domain adaptive filtering for the elimination of the
respiratory interference from the external EEnG recording. This technique consists in
applying both to the primary signal (external EEnG) and to the reference signal (respiration
signal), the Fourier's transform (Chen & Lin 1993) or the discreet cosine transform (Lin &
Chen 1994), before obtaining the target function and adjusting the filter weights. These
studies concluded that the application of adaptive filtering allows improving considerably
the quality of the external recording of the human EEnG. Figure 7 shows the original
external EEnG signal and the filtered one by means of adaptive filtering based on the
discrete cosine transform, and its corresponding PSDs in the low frequency range. In that
work, the reference signal of the adaptive filter is an estimation of the target signal, which is
obtained by band-pass filtering the external EEnG signal. In this figure it is possible to
observe that the intestinal components (8-12 cpm) have not been affected by the signal
processing, whereas the non-desired components have been attenuated more than 20 dB
(Lin & Chen 1994).

The results of these studies show that the effectiveness of the adaptive filtering technique to
cancel the interference strongly depends on the reference signal (Chen & Lin 1993; Lin &
Chen 1994; Prats-Boluda et al. 2007). In this respect, the frequency of the respiratory
interference contained in the surface EEnG may be identical to that of the recorded
respiration signal, but the waveform and phase can be different. This can severely reduce
the adaptive filtering capacity to suppress the respiratory interference of the surface EEnG,
if the respiration signal is used as the reference signal in a time-domain adaptive filter. In
addition, the respiratory interference is not usually present in the external EEnG recording
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Fig. 7. a) Original external EEnG recording. b) Processed signal by means of adaptive
filetering based on discrete cosine transform. c) PSD of original signal (solid line) and that of
processed signal (line with stars) (Lin & Chen 1994).

during the whole recording session. In fact, it could have great variations in its intensity for
adjacent segments. This can impede the selection of the adaptive filter parameters: the order
of the filter and the step size. In these cases, the extracted interference might differ from the
interference which is really contained in the external myoelectrical record, and therefore the
resultant signal might contain remaining interference, or the components of the target signal
may be distorted (Prats-Boluda et al. 2007).

5.1.2 Independent component analysis (ICA)

This technique departs from the hypothesis that the observed or recorded signals are the
result of an unknown mixing process of the source signals which are supposed to be
mutually independent. Independent component analysis (ICA) consists in extracting a set of
statistically independent components from a set of observed signals based on statistical
learning of the data, without any previous knowledge of the source signals and the mixing
matrix (Hyvarinen et al. 2001). In the biomedical signals context, it is usually considered that
the mixing process is instantaneous and linear, assuming that the observed signals in the
different channels are a simple linear combination of the attenuated source signals (James &
Hesse 2005).

The ICA algorithm has found application in diverse fields of engineering, among them the
identification of the signal components and the reduction of interferences contained in the
biomedical signals. To the knowledge of the authors, it has not been found any work that
has used this technique to improve the quality of the external EEnG signal. Nevertheless, the
results found in the literature with regard to the gastric signal, suggest us that the ICA could
also be applied to the intestinal myoelectrical signals. This is the reason why the ICA has
been included in the present chapter.

With respect to the myoelectrical gastric signal, the ICA has been used by diverse authors
for the reduction of respiratory interference in order to recover the gastric SW activity of the
external records (Liang 2001; Wang et al. 1999). These authors state that, when a few number
of external EGG recordings is available, it is only possible to recover one signal of gastric
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origin in the output of the ICA algorithm, whereas the respiratory interference and other
noises are concentrated in other channels (Liang 2001; Wang et al. 1999). Figure 8a-b shows
an example of the application of ICA to a segment of EGG signal recorded on the human
abdominal surface. Figure 8a shows 3 external channels of the original EGG record. After
the application of the ICA algorithm, 3 independent components (ICs) have been obtained
which can be observed in the fig. 8b. It is possible to appreciate that the respiration and
other noises are concentrated in the channels 2 and 3 of the output, whereas the channel 1 of
output, which presents less respiratory interference, corresponds to the gastric SW activity
contained in the original signals. Nevertheless, the channels 2 and 3 of the output can also
contain gastric SW activity. Consequently, the ICA can be a useful tool to identify the
dominant frequency of the SW activity, but it is not suitable to improve the signal -
interference ratio of every external channel (Wang et al. 1999).

Some authors propose the identification of the gastric SW activity in each of the channels in
a multichannel record of the external EGG (3 external channels) by means of the combined
method based on ICA and adaptive filtering (Liang 2005). This combined method consists in
using the output signal of the ICA algorithm, as reference signal for the implementation of
adaptive filtering to each of the external channels. This technique proved to improve the
quality of every channel of the external EGG (Liang 2005). This combined method also
benefits from the maximum possible independence among the different output signals of
the ICA algorithm, which might potentially improve the signal quality obtained by means of
adaptive filtering (Liang 2005). Figure 8c shows the signals filtered by means of the
combined method based in ICA and adaptive filtering. The presence of the gastric SW
activity in three external channels can be observed more clearly than in the original signals.
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Fig. 8. Extraction of the gastric SW activity from multichannel surface EGG signal by means
of a combined method based on ICA and adaptive filtering. a) 3 channels of original external
EGG signals recorded simultaneously. b) Independent components estimated by the ICA
algorithm (output of ICA). c) Processed signal after the application of adaptive filtering,
using the channel 1 of the output of the ICA algorithm as reference signal (Liang 2005).
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The constrained ICA has also been proposed for the extraction of the gastric SW activity
from the external EGG recordings (Peng et al. 2007). In this work it has been used 4 channels
of external EGG, and a piezoelectric sensor placed near the navel to record the abdomen
movement and the cardiac activity. The last signal will be used as reference signal to the
elimination of the respiratory and cardiac interferences (Peng et al. 2007). The results of that
study show that the constrained ICA allows to extract the gastric SW activity with less
interference of high frequency, i.e. cardiac interference, than the conventional ICA method,
thanks to the restriction of "as far as possible" to the reference signals (Peng et al. 2007).
Other authors defend that the increase of the number of simultaneously recorded channels
enables improving the separability of the different components contained in the original
signals (Liang 2001). In a recent study, it has been determined by means of the dynamic
analysis, that a minimum of 6 simultaneously recorded channels are required for the correct
separation of the different components contained in the multichannel recording of the EGG
in healthy subjects (Matsuura et al. 2007). In this context, other authors who used 19
channels of surface magnetogastrogram (MGG) proved that the ICA algorithm allows the
extraction of the respiratory interference, the ECG interference, the artifacts and the gastric
SW activity, improving in this way the quality of the non-invasive recordings of gastric
activity (Irimia & Bradshaw 2005).

All the above mentioned works which were carried out on non-invasive recordings of
gastric activity show the potential of ICA-based techniques to reduce the interferences in the
low frequency range which are present in the external EEnG recordings, although to the
author’s knowledge, there are have not been published studies which confirm this fact. In
addition, the minimal number of simultaneously recorded channels which are needed to
separate the different components contained in the external EEnG signal is still to be
determined. In this respect, possible future works should consider that, given the low
spatial resolution of external bipolar EEnG recording, every channel might be recording the
myoelectrical activity of more than one intestinal handle. This would mean that the activity
of a higher number of source signals is being recorded, and therefore it might needed an
even higher number of recording channels for a correct separation of the sources.

5.1.3 Empirical mode decomposition (EMD)

The empirical mode decomposition (EMD) algorithm was proposed initially for the study of
fluid mechanics by Huang et al. (Huang et al. 1998), and soon found applications in
biomedical signals processing both for the characterization of the signals and for the
elimination of interferences contained in these signals (Liang et al. 2000; Maestri et al. 2007).
This technique does not need any previous knowledge of the signal and it consists of
expanding any complicated signal in a finite number of oscillatory functions, called intrinsic
mode functions (IMFs). An IMF is defined as any function that has the same number of
extrema (local maximums and minimums) as the number of zero crossings, and that has a
local mean of zero (Huang et al. 1998). The IMFs defined in this way are symmetrical with
regard to the zero axis, and they have a unique local frequency. This is, the different IMFs
extracted from a signal do not share the same frequency at the same time (Huang et al.
1998).

The IMFs can be interpreted as adaptive basis functions which are directly extracted from
the signal. Therefore, the EMD method is suitable for the analysis of the signals obtained
from non-linear and non-stationary processes (Huang et al. 1998). This is a principal
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advantage of EMD over the Fourier's transform, in which the basis functions are linear
combinations of sinusoidal waves. In comparison with Wavelet analysis, the IMFs obtained
by the EMD method, which represent the dynamic processes masked inside the original
signal, have usually better physical interpretation of the process (Huang et al. 1998).

With regard to the gastrointestinal signals, the EMD has been used for the reduction of the
interferences contained in the external EGG recordings (Liang et al. 2000), and in the
external EEnG recordings (Ye et al. 2007). In the latter work, the EMD method was used to
analyze the external EEnG recordings obtained from anesthetized dogs (assisted respiration
with mechanical ventilation fixed to 27 cpm), in order to reduce the interferences in the low
frequency range and to improve the quality of the external EEnG signals (Ye et al. 2007).

In figure 9 it is shown an example of the application of the EMD to 1 minute of external
EEnG signal. The preprocessed external EEnG signal appears in the trace a). Its
corresponding PSD between 0 and 1 Hz (trace h) shows two clear peaks: at 0.20 Hz and at
0.45 Hz. The 0.20 Hz component is probably associated with the intestinal SW activity, since
this frequency is within the frequency range of the intestinal SW rate. The 0.45Hz
component probably corresponds to the respiratory interference given the coincidence with
the respiration frequency (27 cpm), and in addition it cannot be a harmonic of the intestinal
SW activity. The decomposition of this signal by means of the EMD algorithm has given rise
to 4 IMFs and a residual signal (traces b-f), their corresponding PSDs are depicted on the
right-hand side. In these figures it is possible to observe that every IMF has different
frequency components. Especially, the first extracted IMF fits to the most rapid variation of
the original signal. As the process of decomposition advances, the mean frequency of the
IMFs diminishes gradually. In this case, the spectral analysis has identified the IMF;
component as the respiratory interference, and the residual signal r4 as an interference of
very low frequency. Therefore, the processed signal (trace g) is obtained adding the IMF;,
IMF; and IMF,. A comparison of the original signal with the processed one, allows us to
affirm that the application of the EMD method has considerably reduced the interferences in
the low frequency range, making easy to identify the myoelectrical signal of intestinal origin
that is contained in the original signal.

The application of the EMD method allows to improve significantly the signal-to-
interference (S/I) ratio. Furthermore, this improvement owes principally to the attenuation
of the energy associated with the interferences, whereas the energy associated with the
target signal remains almost constant (Ye et al. 2007). Thanks to the reduction of the
interferences by means of the EMD method, the variability of the dominant frequency of the
external EEnG signal is also considerably diminished. These results show that the EMD
method is a very helpful tool to improve the quality of the external EEnG recordings, and
therefore it is possible to extract more trustworthy parameters that permit to identify non-
invasively the intestinal SW activity. Nevertheless, this study still presents some limitations,
for example ,the respiration is assisted and fixed (0.45 Hz) (Ye et al. 2007). When recording
in physiological conditions, the respiration frequency might change during the session
which could complicate the identification of the respiratory interference in the different
IMFs obtained from the EMD algorithm. In this respect, the simultaneous recording of the
respiration signal would be of great help in order to obtain a reference of the breathing
frequency, and hence to correctly identify and eliminate this interference on the external
signal. Also, the applicability of the EMD method to the human external EEnG recordings in
physiological conditions has to be checked in future studies.
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Fig. 9. Application of the EMD method to 1 minute of surface EEnG recording with strong
respiration interference (0.45 Hz). a) Original EEnG recording after preprocessing x[k] (low
pass filter with cut-off frequency at 2 Hz). b-f). b-f) Outputs of the EMD method: four IMFs
and one residual signal. g) Processed signal y[k]: sum of IMF;, IMF; y IMF4. h-n) PSD of the
signals that are depicted on the left-hand side (Ye et al. 2007). The PSD of the processed
signal is represented at the same scale of the original signal

5.2 Study of the EEnG in the high frequency band

Given the small amplitude of the intestinal SB activity when recorded on abdominal surface,
and the strong interferences that are present in the high frequency range which mainly are
the ECG interference and movement artifacts, several techniques have been developed for
the reduction of these interferences. These interferences should be removed so as to improve
the quality of the external EEnG signal for the correct identification and quantification of the
SB activity in a non-invasive way. It should be emphasized here that very few works have
been found that are related to the reduction of these interferences (ECG and artifacts) in the
intestinal signal, since the majority of the authors have focused their studies on the intestinal
SW activity and in these cases the high frequency interferences can be eliminated by
conventional low-pass filtering (Bradshaw et al. 1997; Chen & Lin 1993; Lin & Chen 1994;
Seidel et al. 1999).

5.2.1 Adaptive filtering

Adaptive filtering has been used for the reduction of the ECG interference contained in the
canine external EEnG recording (Garcia-Casado et al. 2006). In that study, a technique based
on synchronized averaging has been used to estimate the ECG interference of the external
EEnG. Precisely, the interference estimator is obtained by averaging a number of windows
of the external EEnG recording using the onset of the R wave of the ECG as synchronizing
event. This procedure is similar to the obtaining of event-related potentials. Once the
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estimation of ECG's interference is obtained, it is used as the reference signal for the
implementation of an adaptive filter based on the LMS algorithm for the elimination of this
interference (Garcia-Casado et al. 2006).

Figure 10 shows 10s of the original external EEnG signal and after being processed by means
of the adaptive filter in a period of rest (traces a and b), and in a period of maximum
contractile activity (traces c and d). In these figures it can be observed that the application of
the adaptive filter allows reducing the ECG interference contained in the external EEnG
signal both in periods of rest and of maximum contractile activity; whereas both
components of the myoelectrical intestinal activity (SW and SB) are minimally affected by
the signal processing (Garcia-Casado et al. 2006). The reduction of the interference has
enabled improving the ECG's signal-to-interference ratio significantly (Garcia-Casado et al.
2006). These results confirm that adaptive filtering can be a tool of great help to reduce ECG
interference and to improve the quality of the external EEnG recordings.
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Fig. 10. a-b) Original external EEnG signal during a period of rest and the processed signal
by adaptive filtering respectively. c-d) Original external EEnG signal during a period of
maximum contractile activity and after being processed by adaptive filtering respectively.
(Garcia-Casado et al. 2006). Signals were recorded from conscious dogs in fasting state.
Fiducial points of the R-wave are marked with a vertical broken line.

5.2.2 Combined method based on EMD and ICA

In a recent study, a combined method based on EMD and ICA has been proposed to reduce
both the ECG interference and the movement artifacts in the high frequency range of the
multichannel recordings of the external EEnG (Ye et al. 2008). This combined method
consists in firstly analyzing separately each of 4 simultaneous recordings of external EEnG
by means of the EMD algorithm. Later, there are selected those IMFs (results of the EMD
algorithm) whose mean frequency is revealed to be higher than 1 Hz by means of spectral
analysis. This procedure usually results in a variable number of IMFs which contain the
information of high frequency components (>1 Hz). These IMFs obtained from 4 external
channels will be analyzed together by means of the ICA algorithm in order to obtain the
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independent components (Ye et al. 2008). Subsequently, the interferences associated to ECG
and movement artifacts are identified in the outputs of the ICA algorithm. Finally, the
processed signals are reconstructed without the identified interferences by means of an
inverse process.

In figure 11 it is shown an example of the application of the combined method to a window
of external EEnG signals in a period of rest. In the original signals of external EEnG
recordings (traces b-e), it can be observed a low frequency component (3-4 cycles in 15s)
which is associated with the intestinal SW activity. It can also be appreciated the presence of
strong ECG interference in the channels 1 and 2 (traces b and c), which is synchronized with
the simultaneously recorded ECG signal (trace a). On the other hand, the ECG interference
in the channels 3 and 4 (traces d and e) is weak. Finally, it can also be appreciated in the
original signals the appearance of movement artifacts in the 4 external channels around the
second 10. The signals processed by means of the combined method are shown in traces g-j.
A comparison of the original signals with the processed ones allows deducing that the
application of the combined method has cancelled both ECG interference and movement
artifacts from the original signals, without affecting the intestinal myoelectrical activity.

The application of the combined method to a window of external EEnG signals in a period
of maximal contractile activity appears in figure 12. Again, it can be observed the presence
of a low frequency activity in the 4 external channels (traces b-e), that probably corresponds
to the intestinal SW activity. In these traces it is also possible to observe the presence of
components of high frequency and low amplitude which are superposed to the intestinal
SW activity, which are possibly associated with the intestinal SB activity. The appearance of
these components of high frequency impedes the visual identification of ECG interference in
the external EEnG signal. In this case, the ECG interference can only be clearly appreciated
in the channel 2 (trace c). The signals processed by means of the combined method are
shown in traces g-j. Again, the application of the combined method has eliminated the ECG
interference contained in the original signals, whereas the intestinal myoelectrical activity
has been minimally affected.
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Fig. 11. Application of the combined method based on EMD and ICA to multichannel
surface EEnG recording; the window length of the analysis is 30s. a) and f) ECG signal. b-e)
original signals of 4 surface EEnG channels (xi[k]-x4[k]) during a period of rest. It can be
appreciated the appearance of movement artifacts around the second 10. g-j) Processed
signals y1[k]-y4[k]. Signals were recorded from conscious dogs in fasting state.
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Fig. 12. Application of the combined method based on EMD and ICA to multichannel
surface EEnG recording; the window length of the analysis is 30s. a) and f) ECG signal. b-e)
original signals of 4 surface EEnG channels (xi[k]-x4[k]) during a period of maximum
contactile activity. g-j) Processed signals yi[k]-y4[k]. Signals were recorded from conscious
dogs in fasting state.

The results of that study indicate that the application of the combined method allows to
significantly improve the signal-to- ECG interference of the external EEnG recordings, and
to reduce the variability of the non-invasive indicator of the intestinal motility (Ye et al.
2008). This is due to the fact that the combined method enables achieving an improvement
on the separation of the different components contained in the original signal when
compared to the conventional ICA method. The difference between both techniques lies in
the reduction of the number of sources which are present in the original signals by
restricting the frequency band of analysis (over 1 Hz), and also by using a higher number of
virtual channels due to the decomposition of the original signals into multiple oscillatory
functions using the EMD algorithm. When compared to conventional EMD method, if only
EMD was used, the SB activity could be mixed with interferences of similar instant
frequencies in the same IMFs, whereas the combined method takes advantage of the
capacity of the ICA algorithm to separate these independent components. This preliminary
study shows the potential of the use of the combined method based on EMD and ICA to
improve the quality of the external EEnG recording. The application of this method permits
to obtain more robust non-invasive parameters which measure the internal intestinal
motility.

6. Futures perspectives

The results from recent works suggest the possibility of detecting both components of the
intestinal myoelectrical activity in the external recording of EEnG in animal model (Garcia-
Casado et al. 2005; Ye et al. 2008). Future studies on animal models might test the possibility
of the non-invasive myoelectrical techniques to diagnose different pathologies related to
intestinal activity dysfunctions. On the other hand, other recent studies suggest the
possibility of recording the human gastric SB activity in the external recordings of the
magnetogastrogram (Irimia et al. 2006). Based on these works, we believe that the intestinal
SB activity might also be detected in the external myoelectrical records of humans. Future
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researches should extend the analysis of the external EEnG signals from humans out of the
range of the intestinal SW activity, and to focus their efforts on the frequency band of the
intestinal SB activity in order to check the possibility of detecting not only the pacemaker
activity but also the contractile activity on abdominal surface of humans.

In this chapter, it has been presented a review on the different techniques used for the
elimination of interferences contained in the EEnG external recordings. Among them, it has
to be outlined the EMD method to cancel the interferences in the low frequency range, and
the combined method based on EMD and ICA to reduce the interferences in the high
frequency range. The analysis of quantitative parameters which allow evaluating the
reduction of these interferences, has validated the applicability of these techniques to
improve the quality of the canine external EEnG. By means of the application of these
techniques, more robust parameters of the intestinal activity from the external recordings
can be obtained. Specifically, it diminishes considerably the variability of the dominant
frequency and of the intestinal motility index. The previously mentioned signal processing
techniques could be easily adapted to be applied to the non-invasive recordings of the
intestinal myoelectrical activity from humans. Fundamentally the frequency bands should
be adjusted to the human EEnG characteristics. All this, in order to bring the non-invasive
myoelectrical techniques closer to their future clinical application.

Besides the development of signal processing techniques, which turns out to be
indispensable to improve the quality of the external EEnG, different research groups are
developing techniques to record the Laplacian of the potential so as to improve the spatial
resolution of conventional bipolar and monopolar recordings (Li et al. 2005; Prats-Boluda et
al. 2007). Theoretically, the Laplacian of the potential is proportional to the second
derivative of the orthogonal current density to the surface of the body (He & Cohen 1992).
The Laplacian technique could be considered to be similar to a filter that assigns higher
weights to the orthogonal bioelectric dipoles adjacent to the measuring surface, and
attenuates the bioelectrical interferences which propagate tangentially to the abdominal
surface (He & Cohen 1992). Recent studies have demonstrated that the signal-to-ECG
interference ratio of the discrete approximation to the Laplacian recording of the EEnG is
significantly higher than that of bipolar EEnG recordings (Prats-Boluda et al. 2007). At
present, active electrodes which obtain a direct estimation of the Laplacian potential by
concentric rings are being developed. The use of these Laplacian electrodes would improve
the spatial resolution of the non-invasive recordings of the intestinal myoelectrical activity.
These recordings, together with the above mentioned signal processing techniques, would
permit to derive more robust non-invasive parameters that characterize the intestinal SW
and SB activity.

Finally, the development of pattern classifiers which enable discriminating with better
accuracy physiological and pathological conditions from myoelectrical recordings is another
key point for the future clinical application of this technique. In respect to this, the
application of neural networks and support vector machines to the external EGG signals has
demonstrated its utility to detect delayed gastric emptying (Chen et al. 2000; Liang & Lin
2001). Future studies should concentrate in adapting these pattern classifiers to distinguish
the external EEnG signals in different pathological conditions from healthy conditions.
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7. Conclusion

Both the SW activity and the intestinal SB activity can be recorded on the abdominal surface,
which suggests that the EEnG recordings on the abdominal surface would be an alternative
method for the non-invasive monitoring of the intestinal activity. Nevertheless, the external
EEnG signal is very weak, and in addition it is contaminated by a set of interferences (ECG,
artifacts, respiration and components of very low frequency). The presence of these
interferences impedes the extraction and interpretation of parameters that characterize the
intestinal myoelectrical activity based on its non-invasive record. In this respect, the
application of modern signal processing techniques turns out to be indispensable to reduce
these interferences, and to improve the quality of the external recordings of the EEnG. In
parallel, advances in signal recording and instrumentation techniques like the Laplacian
recording of the potential also might contribute to the enhancement of the raw EEnG
external signals, by permitting to obtain external signals with less physiological interference
and with better spatial resolution. Thanks to the development of the signal processing
techniques and to the improvement in the instrumentation techniques, it is possible to
obtain robust parameters of the intestinal SW and SB activity derived from the surface EEnG
recordings that bring these non-invasive myoelectrical techniques closer to their clinical
application.
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