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Identification of the Slow Wave of Bowel Myoelectrical Surface
Recording by Empirical Mode Decomposition
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Abstract—Surface electroenterogram (EEnG) is a non-
invasive method to study bowel myoelectrical activity.
Nevertheless, surface recorded EEnG is contaminated by
respiratory, motion artifacts, and other interferences. The goal
of this paper is to remove the respiration artifact and ultra-low
frequency components from surface EEnG by means of
empirical mode decomposition (EMD). Seven recording
sessions on abdominal surface of three Beagle dogs were
conducted. Power percentages of interferences and of
fundamental slow wave were calculated before and after the
application of the method. The results show that the
interference power is significantly reduced (23+16% vs. 5+4%),
and fundamental slow wave power is significantly increased
(59£17% vs. 76£13%). Therefore, the EMD method can be
helpful to remove respiration and ultra-low frequency
components from the external EEnG recordings.

I. INTRODUCTION

HE myoelectrical signal recorded from small bowel

serosa is known as electroenterogram (EEnG). The
relationship between myoelectric activity and mechanical
activity of small bowel is widely accepted [1].

The EEnG is composed of slow waves (SW) and spike
burst (SB). The former is a peacemaker activity that does not
represent intestinal motility but the maximum rhythm of
bowel contractions. The latter only appears when the smooth
muscle contracts and indicates moving activity.

However, the application of internal myoelectric
techniques for clinical purposes is restrained because
surgery is required for electrode implantation. It has been
proved that surface recording of EEnG could be used for no-
invasive monitoring of intestinal motility in animal model
[2].

The major disadvantage of surface recording is not the
low amplitude of the signal, but the strong interferences
such as respiratory, movement artifacts, cardiac signals and
other interferences. The SW frequency of the intestinal
signal is around 18 cycles/min (18 cpm, 0.3 Hz) in dogs,
whereas the frequency of respiratory artifact is about 0.2-0.4
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Hz. In addition, frequency spectra of external signal often
shows an exponential increase of power towards the very
low frequency range [3]. Its possible sources are low-
frequency drifts and movement artifacts consisting of
sudden upward or downward deflections of the recorded
potential [3]. These artifacts can affect the signal power
spectral density (PSD), which can cause misinterpretation of
the analysis. So it is necessary to have an appropriate artifact
reduction method for the EEnG analysis.

In this paper, a general data analysis method, empirical
mode decomposition (EMD) [4], is used for removing the
respiration artifact and ultra-low frequency components
from cutaneous EEnG recording.

II. MATERIAL AND METHODS

A. Signal acquisition

Seven recording sessions were carried out in three Beagle
dogs in fasting state for more than twelve hours. The dogs
were anesthetized, and the respiration was fixed to 27 cpm
(0.45 Hz). Bipolar external signal was recorded by two Ag-
AgCl monopolar electrodes placed on the abdominal skin.
The electrodes were positioned symmetrically respect to
longitudinal axis of the animal. Inter-electrode distance was
set to 2 cm.

The signal was amplified and band-pass filtered with a
bandwidth of [0.05 Hz, 35 Hz]. Finally, signal was acquired
with a sample rate of 100 Hz.

B. Preprocessing

In this work, we focus on the interferences that affect low
frequencies, i.e. slow wave band. Therefore, every minute of
surface recorded EEnG was digitally filtered (low pass cut-
off 2 Hz), because energy associated to the slow wave is
concentrated below 2 Hz [1]-[2].

Afterward, a pre-processing procedure based on
agglomerative hierarchical clustering [5] was used to
remove motion-artifacted segments before the application of
the EMD method. The simplest way to test whether there are
anomalous local extreme, is to obtain a partition of two
clusters. If the centroid of the two clusters has significant
differences, then it is considered there is a sudden upward or
downward deflection of the signal. Once the anomalous
local extremes are detected, they were replaced by the
maximum value of the EEnG without motion artifact.
Subsequently cubic spline interpolation was used to
reconstruct the EEnG segments with motion artifacts.
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C. Empirical mode decomposition (EMD)

The pretreated signal was subsequently processed by
means of EMD method. The EMD method consists in
decomposing a time series into a finite and often small
number of intrinsic mode functions (IMFs) [4]. The IMFs
are nonlinear functions which can be extracted directly from
the data. The decomposition procedure is adaptive and data-
driven, which is suitable for analyzing nonlinear and non-
stationary data. A signal must satisfy two criteria to be an
IMF: first, the number of extreme and the number of zero-
crossings must differ at most by one, and second, the mean
of its upper and lower envelopes must be almost zero.

The amplitude of this mean can be compared with the
amplitude of the corresponding mode. However, this can
lead to over-decomposition [6]. In this paper, a criterion
based on 2 thresholds 6, and 6, was used, which was
initially proposed in [6]. The aim of this criterion is to
guarantee global small fluctuations in the mean, while
allowing local large excursions. In this work, the parameters
were set to: a=0.05, 6,=0.05 and 6,=0.5.

The next step is to identify which IMFs correspond to
artifacts or interferences in order to remove them from the
signal. For this purpose, each IMF was analyzed in
frequency domain. Specifically Hamming window
periodogram was employed and dominant frequency and
mean frequency of each IMF was calculated.

Due to the fact that slow wave energy is between 0.15 and
2 Hz [2], and the respiration was fixed to 0.45 Hz, we
consider that an IMF is interference if its dominant
frequency and mean frequency are between 0.43-0.47 Hz or
below 0.15 Hz.

D. Quantification of the method

Finally, power percentages of interferences and of
fundamental slow wave were calculated before and after the
application of the method. Interference power (P;) and
fundamental slow wave power (P,) were obtained using (1):

£=0.15 £=0.47 £=0.35
PSD[f, |+ > PSD[f, ] > PSDI[f,]
Pl —_f=0 — =0.43 : P2 — f:f(i.ZIS (1)
PSD[f, | > PSD[f, ]
=0 =0
III. RESULTS

Fig. la) shows one minute of myoelectric signal with
strong respiratory interference. Its spectrum can be observed
in Fig. 1b). The EMD method yields five IMF components
and a residue as shown in Fig. 2. As we can see, the first
component corresponds to the fastest time variation of data.
As the decomposition process proceeds, the mean frequency
of the mode decreases.

The dominant frequency and mean frequency of the
second IMF (IMF2) are 0.45 Hz and 0.448 Hz respectively,
so we can deduce that this component corresponds to

respiratory artifact. On the other hand, IMF4 and IMF5
correspond to ultra-low frequency components since in both
cases the dominant frequency and mean frequency are below
0.15 Hz. Finally, component 3 (IMF3) and component 1
(IMF1) are ongoing intestinal slow wave around 12 cpm and
harmonic signal respectively. Fig. 1c) and Fig. 1d) show the
extracted signal (sum of IMF1 and IMF3) and its spectrum.
It can be observed that the frequency content corresponding
to respiratory artifact was greatly reduced and the
myoelectric signal component is effectively extracted.

Fig. 3a) shows another example of the applied method to
remove interferences on surface EEnG. In this case, strong
ultra-low frequency components can be appreciated (see Fig.
3b). Fig. 4 shows the corresponding decomposition in IMFs.
Spectral analysis indicates that the last two components
(IMF4 and IMFS5) contribute to the ultra-low frequency
contents of the signal. And therefore, they should not be
included in the output signal. The residue is apparently the
trend in the data. The resulting signal and its spectrum are
shown in Fig. 3c) and 3d). It can be observed that the ultra-
low frequency components were greatly reduced.
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Fig. 1. a) One minute of surface EEnG x(n). b) Periodogram of x(n).
c) Processed signal y(n) by means of EMD method. d) Periodogram of y(n).
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Fig. 2. Decomposition of surface EEnG x(n) shown in Fig. 1a) using EMD.

6166



.006

x(n) (mV) o
(=}

S

.006

20 40 60
Time (s)
x10°  b)

owmnﬁljﬂbﬁ_ﬂ_;.

0 025050075 1
Frequency (Hz)

PSD (mV*/Hz)
N
|

Frequency (Hz)

Fig. 3. a) One minute of surface EEnG x(n). b) Periodogram of x(n).
¢) Processed signal y(n) by means of EMD method. d) Periodogram of y(n).
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Fig. 4. Decomposition of surface EEnG x(n) shown in Fig. 3a using EMD.

In the third example, one minute of EEnG recording with
strong motion interference (seconds 30 and 42 in Fig. 5a)
was used. Cluster analysis could identify the sudden upward
deflection of the signal and the pretreated signal x’(n) is
shown in Fig. 6. Again, the last component (IMF4) of Fig. 6
was removed from the original signal after spectral analysis
since it corresponds to ultra-low frequency components. Fig.
5¢) shows the resulting signal. Fig. 5b) and 5d) show the
frequency content of the original signal and the processed
signal. It can be observed that the combined method of
cluster analysis and EMD can effectively remove the motion
artifact and the low-frequency drifts.

Table I show the statistics of the two indicators (P; and
P,) before and after the application of the method. N is the
number of processed minutes in each session. The last row
indicates the global mean and standard deviation of P, and
P,. It can be seen that interference power (P) is significantly
reduced from 23% to 5% (t-test, p<0.05), whereas
fundamental slow wave power (P,) is significantly increased
from 59% to 76% (t-test, p<<0.05).

x(n) (mV)

10* d
6 )

PSD (mV?/Hz)
PSD (mV?/Hz)

0 025 050075 1 B
Frequency (Hz)

Frequency (Hz)

Fig. 5. a) One minute of surface EEnG x(n). b) Periodogram of x(n).
¢) Processed signal y(n) by means of EMD method. d) Periodogram of y(n).
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Fig. 6. Decomposition of pretreated surface EEnG x’(n) using EMD.

IV. DiscussioN

Surface EEnG recording is very attractive due to its non-
invasiveness. One of the main problems of the EEnG is the
poor quality of the recording: the weakness of the
myoelectric signal and the strong interferences, such as
ECG, respiratory, and motion artifact. Several methods have
been applied to improve the quality of the surface
myoelectrical recording, including adaptive filtering [7], and
blind source separation (BSS) [8].

Table 1. Mean and standard deviation of the two indicators (P; and
P,), before and after the application of the EMD method.

. Original EEnG (u+o) Processed signal (p+o)

Session N PL(%)  P2(%) Pl (%) P2 (%)
1 74 47+14 37+17 3+4 73+12

2 67 24+12 54+18 343 76£13

3 185 22420 514£20 343 69+15

4 156 23+19 61420 6+5 75+16

5 129 18+12 58+16 445 81+12

6 281 19+14 71£13 76 82+8

7 233 22+16 58+19 54 73+17
1125 23+16 59+17 5+4 7613
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An inherent weakness of adaptive filtering techniques is
that it requires a reference signal that is strong correlated
with the various artifacts to be removed. Sometimes it is
difficult to obtain such a reference signal.

On the other hand, the use of the BSS method in order to
remove artifacts implies multichannel surface EEnG
recordings. But in our case, the number of channels is
constrained due to the electrodes recording area. When only
a few channels are available, this method concentrates the
artifact to be removed in one of the output signals [8]. In
addition, in order to use the BSS method, the artifact to be
removed should be recorded in more than two channels
simultaneously.

In this paper, a time-domain data analysis method — EMD
was used to remove artifacts from surface EEnG recording.
In contrast to BSS, the EMD method only requires one
signal channel to be recorded. Nevertheless, the EMD
method presents also some disadvantages. The major
disadvantage is that the presence of the confusion frequency
band [6]. That is, two signals with similar frequency can not
be separated by this method. This can lead to a situation, in
which the artifact to remove can not correctly extracted from
surface recorded EEnG. Another drawback is the boundary
conditions due to finite observation lengths. In this paper,
mirrorizing the extreme close to the edges proposed in [6]
was used to minimize this error.

When the myoelectrical signal is embedded in strong
motion artifacts, a pre-processing of the data may be
necessary. This is because the EMD method is based on the
identification of scale from successive of extremes [4]. A
hard-threshold is used for recovery of gastric slow wave
when strong motion artifacts are present [9]. In this paper, a
pre-processing  procedure based on agglomerative
hierarchical clustering is introduced to automatically identify
the motion artifacts in the data. In the hard-threshold
method, the motion-artifacted segment is flattened, whereas
in this paper this segment is smoothly replaced using cubic
spline.

In contrast to dominant and mean frequency calculated
from periodogram, other authors defend the use of
instantaneous frequency derived from the Hilbert transform
to identify the interference on the IMFs [9]. Theoretically,
an IMF is almost symmetric, and hence should present a
unique local frequency. In other words, the instantaneous
frequency of the different IMFs may fluctuate around a
narrow frequency range. However, we found that spectral
analysis is also adequate for this purpose.

In this work, the respiration of the animal was fixed to 27
cpm. However, in physiologic conditions the breathing
frequency varies throughout the recording session. This
could make more difficult the procedure of the identification
of the respiratory artifact on the different IMFs. In this
sense, simultaneous recording of breathing could be helpful
to identify respiration in IMFs.

As it can be observed in the presented results, the

respiratory artifacts and ultra-low frequency components
were successfully removed by means of EMD method. This
result is agreement with other authors, who used this
technique for artifact reduction in a similar signal as the
electrogastrogram (EGG) [9]. In addition, they defend that
the ECG activity can also be extracted from cutanecous EGG
using EMD [9]. In our case, this could be applied to remove
the ECG interference on EEnG which mainly affects higher
frequencies (i.e., spike burst band).

V. CONCLUSION

Experimental results show that the respiratory, ultra-low
frequency components could be removed from surface
EEnG recording by means of EMD method and a pre-
processing procedure based on agglomerative hierarchical
clustering.

This can be very useful in order to enhance the quality of
surface EEnG recordings and to monitor non-invasively the
intestinal slow wave.

ACKNOWLEDGMENT

Preoperative, surgical and postoperative interventions, as
well as the recording sessions, were carried out in the
Veterinarian Unit of the Research Centre of the “La Fe”
University Hospital in Valencia (Spain), assisted by C. Vila,
PhD.

REFERENCES

[1]1 J. L. Martinez-de-Juan, J. Saiz, M. Meseguer, and J. L. Ponce, "Small
bowel motility: relationship between smooth muscle contraction and
electroenterogram signal," Med. Eng Phys., vol. 22, no. 3, pp. 189-
199, Apr.2000.

[2] J. Garcia-Casado, J. L. Martinez-de-Juan, and J. L. Ponce,
"Noninvasive measurement and analysis of intestinal myoelectrical
activity using surface electrodes," /IEEE Trans. Biomed. Eng, vol. 52,
no. 6, pp. 983-991, June2005.

[3] M. A. M. T. Verhagen, L. J. Van Schelven, M. Samsom, and A. J. P.
M. Smout, "Pitfalls in the analysis of electrogastrographic recordings,"
Gastroenterology, vol. 117, no. 2, pp. 453-460, Aug.1999.

[4] N. E. Huang, Z. Shen, S. R. Long, M. L. C. Wu, H. H. Shih, Q. N.
Zheng, N. C. Yen, C. C. Tung, and H. H. Liu, "The empirical mode
decomposition and the Hilbert spectrum for nonlinear and non-
stationary time series analysis," Proceedings of the Royal Society of
London Series A-Mathematical Physical and Engineering Sciences,
vol. 454, no. 1971, pp. 903-995, Mar.1998.

[S1 A. D. Gordon, "A Review of Hierarchical-Classification," Journal of
the Royal Statistical Society Series A-Statistics in Society, vol. 150,
pp. 119-137, 1987.

[6] G. Rilling, P. Flandrin, and P. Goncalves, "On Empirical Mode
Decomposition and its Algorithms.,", /IEEE-Eurasip Workshop on
Nonlinear Signal and Image Processing NSIP-03 Grado (I) 2003.

[71 Z.Y.Lin and J. D. Z. Chen, "Recursive Running DCT Algorithm and
Its Application in Adaptive Filtering of Surface Electrical Recording
of Small-Intestine," Medical & Biological Engineering & Computing,
vol. 32, no. 3, pp. 317-322, May1994.

[8] H. Liang, "Extraction of gastric slow waves from electrogastrog rams:
combining independent component analysis and adaptive signal
enhancement," Medical & Biological Engineering & Computing, vol.
43, no. 2, pp. 245-251, Mar.2005.

[91 H. Liang, Z. Lin, and R. W. McCallum, "Artifact reduction in
electrogastrogram based on empirical mode decomposition method,"
Med. Biol. Eng Comput., vol. 38, no. 1, pp. 35-41, Jan.2000.

6168



	MAIN MENU
	Go to Previous Document
	CD-ROM Help
	Search CD-ROM
	Search Results
	Print


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for export to IEEE PDF eXpress. May 2005. PaperCept.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


