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Despite the fact that digital techniques for data acquisition and processing were widely used
in electrogastrographic (EGG) research during the last decade, inappropriate signal condi-
tioning and digitization are still potential pitfalls threatening the reliability of the experi-
ments. The aim of this paper was to review: (1) the importance of the antialiasing low-pass
filtering for reducing recording artifacts and interferences, (2) the advantages brought by the
proper choice of filter cutoff frequency and the slope for the decrement of the minimal
required sampling frequency, (3) the impact of incorrectly selected sampling frequency on
data interpretations, with particular attention to the percent distribution ranges, and (4) the
“leakage effect” related to the finite number of samples processed simultaneously in fre-
quency domain representation of the recordings. A model of electrogastrographic (EGG)
recording was mixed with a model of electrocardiographic (ECG) artifact. The resulting
finite-duration signal was low-pass filtered and then digitized with a sampling frequency of 1
Hz. The cutoff frequency of the first-order low-pass filter was altered from 0.5 to 0.1 Hz.
Amplitude frequency spectra of the digitized recordings were investigated. An example with
a real human electrogastrogram in which an ECG artifact was present confirmed the
simulation results. When a first-order anti-aliasing filter is utilized at least a fivefold difference
between the filter cutoff frequency and the sampling frequency is recommended for compli-
ance with the Nyquist theorem of digitization. Leakage effects associated with the finite-time
duration of the recordings and the use of the discrete Fourier transform should be considered
when frequency domain analysis is performed. Misinterpretation of the “bradygastric” and
“tachygastric” ranges in the percent distribution of EGG frequency components is possible if
inappropriate signal conditioning and digitization are employed.

KEY WORDS: gastric recordings; data acquisition; digital signal processing; aliasing; filtering; Fourier transform;
Nyquist theorem.

In the last two decades development of digital
computers significantly influenced electrogastro-
graphic (EGG) research (1). Recordings of gastric

electrical activity (GEA) and electrogastrography
are presently routinely performed using digital data
acquisition and analysis systems. However, in many
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instances these systems are utilized without any
preliminary evaluation of their suitability for gas-
tric applications (2–5). One of the typical examples
of technological misuse of digital data acquisition
systems is the lack of compliance with the Nyquist
theorem of discretization (6). The purpose of the
present work is to explain and discuss some of the
most common problems related to digitization of
gastric electrical signals using as an illustration
modeled and real electrogastrographic signals.

MATERIALS AND METHODS

Modeling of Possible Pitfalls in Digitization Process. The
infralow frequency nature of GEA and its spectral charac-

teristics as functions of the electrode recording technique
have been well documented (1, 7, 8). For the purpose of this
discussion we have synthesized a continuous sine wave
signal with a frequency of repetition of 3 cpm (0.05 Hz),
which can be considered a model of the human EGG
exhibiting, after an appropriate amplification and condi-
tioning (8), an amplitude in the range of 2 V (peak-to-
peak). The recording environment for GEA is not ideal,
and a variety of artifacts and external influences contami-
nate the recordings (1, 7, 8). In our example we have
modeled an electrocardiographic (ECG) artifact as a bipo-
lar sawtooth signal with frequency of repetition of 60 cpm (1
Hz) and peak-to-peak amplitude of 2 V, ie, the artifact was
of comparable power to the modeled EGG signal. The
normalized resulting signal mixture in the time domain and
its relative spectral power distribution in the frequency
domain are shown on Figure 1. Typically, EGG signals are

Fig 1. A model of electrogastrographic signal (frequency of 3 cpm) mixed with 60-cpm
sawtooth noise in time (A) and frequency domain (B). This model is subjected to two
different antialiasing filters, one with a cutoff frequency of 30 cpm and another with a
cutoff frequency of 12 cpm (C).
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analyzed in the frequency domain using Fourier methodol-
ogy (9).

The first noticeable nonideality in the frequency domain
is the frequency distribution around the peaks, a phenom-
enon related to the fact that the integral of Fourier with
which the actual conversion from time to frequency domain
is performed has limited boundaries because of the limited
time interval of conversion (in our case 200 sec), while the
theory stipulates that the integration should be in an infinite
interval (6). This phenomenon is known as the “leakage
effect.” Because of its very nature, it can result in the
presence of spectral components outside a predetermined
“normogastric” range of frequencies, thus leading to mis-
interpreting the phenomenon as “bradygastrias” or “tachy-
gastrias.”

Suppose now that the signal from Figure 1 is to be
digitized. The digitization should be performed according
to the Nyquist theorem, which governs the relationship
between the frequency components represented in the

spectrum of the signal that is to be digitized and the
sampling frequency. This relationship is described as fol-
lows (6):

Fs . 2 fm (1)

where fm is the frequency of the rightmost last significant
spectral component (see Figure 1B). The determination of
the significance of this component can be made objective if
one considers the resolution of the analog-to-digital con-
verter utilized by the data acquisition system and its range.
The error of digitization can be expressed as (6):

E 5 6
1
2

LSB 5 6
1
2

~AR/20! (2)

where AR represents the analog resolution (eg, 10 V for
monopolar range of 0–10 V, or bipolar range of 65 V), n
denotes the number of bits of the digital conversion (eg,
12), and LSB is the volt weight of the least significant bit in

Fig 2. Time (A) and frequency (B) domain representations of the digitized signal
(sampling frequency of 60 cpm) after a first-order antialiasing low-pass filter with a cutoff
frequency of 30 cpm. The parasitic signal at 0.6 cpm is clearly evident as floating of the
zero line in the time domain and spectral elevation at 0.6 cpm in the frequency domain.

MISINTERPRETATION OF ELECTROGASTROGRAMS

2139Digestive Diseases and Sciences, Vol. 45, No. 11 (November 2000)



the conversion process. Returning to the amplitude of the
frequency component at fm, it can be estimated that its
significance would be lost after it becomes lower than the
error E. In other words, the level of E can be used to
determine fm. To define precisely the position of fm on the
spectral scale, fm can be considered the frequency of the
first rightmost frequency component, the amplitude of
which is comparable to the digitization error E.

Let us now consider a conditioning low-pass filter, which
is traditionally utilized in the data acquisition systems to
prepare the continuous signal for digitization (6). Suppose
the cutoff frequency fc (also denoted in some sources as fH
or 23 dB frequency) of this filter is 30 cpm (0.5 Hz) and the
slope is 6 dB/oct (Figure 1C). The physical meaning of this
slope should be interpreted as an amplitude decay of two
times with a two times increment of the frequency. The
relationship between the logarithmic scale and traditional
input–output ratio can be described as:

Vo/Vin@dB# 5 20 log~Vo/Vin! (3)

Clearly, after a substitution and taking into consideration
the definition of a base 2 10 logarithm:

2 6@dB# 5 20 log~1/2!, (4)

it should be noted also, that a slope of 6 dB/oct is associated
with a first-order filter usually containing a single filtering
capacitor in its analog electronics realization. Suppose that
after passing the mixed EGG–ECG signal through this filter
a digitization is to be performed with a sampling frequency
of 60 cpm (1 Hz). This sampling frequency is a direct
violation of the Nyquist theorem since the filter cutoff
frequency is significantly lower than the frequency of the
rightmost last significant spectral component. Therefore,
the time domain representation of the digitized signal dif-
fers from the continuous sinusoidal EGG signal in terms of
amplitude, which becomes time variant and “floats” at low
frequency (Figure 2A). Moreover, the spectral representa-
tion of this new digital signal now contains a component
with a frequency of 0.6 cpm (0.01 Hz), which was not
present in the original continuous signal prior to the digi-
tization (Figure 2B, see also Figure 1B). This parasitic
signal created because of the lack of compliance with the
Nyquist theorem can easily be labeled “bradygastria” if the
misleading EGG terminology utilized by some research

Fig 3. Time (A) and frequency (B) domain representations of the digitized signal
(sampling frequency of 60 cpm) after a first-order antialiasing low-pass filter with a cutoff
frequency of 12 cpm. The parasitic signal at 0.6 cpm is significantly diminished.
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groups is to be used (10, 11). In fact, this artificially created
entity is entirely due to the effect of aliasing and represents
one frequently seen error in the interpretation of the
Nyquist theorem, the replacement of fm (the frequency of
the rightmost last significant spectral component) with fc
(the cutoff frequency of the antialiasing filter) in Equation
1.

Realizing that the choice of cutoff frequency for the
antialiasing low-pass filter was not appropriate, we can now
suggest a new cutoff frequency of 12 cpm (0.2 Hz), keeping
the order of the filter (ie, the slope) at 6 dB/oct (Figure 1C)
and the sampling frequency at 60 cpm. This approach
delivers a sine wave with diminished floating of the ampli-
tude in time domain (Figure 3A) and a frequency domain
representation of a single peak with an insignificant aliasing
elevation at 0.6 cpm (Figure 3B).

Along with the effect of aliasing, the digitization process
underlined even more the leakage effect, which manifested
itself in widening of the frequency distribution around the
dominant peak at 3 cpm (see Figures 2B and 3B). This
phenomenon is related to the finite frequency resolution in
the digitized spectral domain and can be partially compen-
sated by introducing various nonrectangular windows in
frequency domain (eg, Hamming, Hanning, etc.) (6). Al-
though these techniques can reduce the leakage effect in the
frequency domain, they should be used with a great caution

if subsequent inverse Fourier transform is to be performed,
because the obtained time-domain signal would contain
unquantifiable nonlinear distortions.

Electrogastrographic Illustration of Percent Distribu-
tion Changes Due to Erroneous Signal Conditioning. A
typical continuous electrogastrographic recording in time
and frequency domains from a healthy human volunteer
with an average body mass index as well as the percent
distribution of frequency components (10) are shown on
Figure 4. The conditions of the recording and the exper-
imental setup were published before (12). Since the
volunteer had never had any gastrointestinal complaints,
it was assumed that his/her gastric electrical activity was
normal and coupled, thus expecting insignificant pres-
ence of frequency components outside the normogastric
range (2.4 –3.6 cpm, 10) due to external factors. The
acquired signal was low-pass filtered with a cutoff fre-
quency of 30 cpm and slope of 6 dB/oct and was subse-
quently digitized with a sampling frequency of 60 cpm (1
Hz), repeating the first part of the modeling example
from the previous section (Figure 5A). Spectral repre-
sentation of the actual signal (Figure 4B) reveals certain
percent distribution of frequency components in the so-
called bradygastric (0.6 –2.4 cpm), normogastric (2.4 –3.6
cpm), and tachygastric (3.6 –9.9 cpm) frequency ranges
(Figure 4C) (10), with the substantial presence of elec-

Fig 4. Electrogastrographic signal recorded from a healthy human
volunteer. A strong presence of electrocardiographic artifact in
time (A) and frequency (B) domains is clearly evident. Percent
distributions of frequency components (C) reveal low-frequency
content of 9.81%, normogastric content of 64.89%, and high-
frequency content of 25.3%.
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trocardiographic artifact in the range of 65–70 cpm.
Because of the erroneous antialiasing filter employed in
the digitization process using the inappropriate cutoff
frequency of 30 cpm (0.5 Hz) (see Figure 5), digitized
signal representation in the frequency domain (Figure
5B) as well as the respective percent distribution of
frequency components (Figure 5C) differ substantially
from the real ones (shown on Figure 4C), with about 50%
increase in the “bradygastric” range, and 10% decrease
in the “normogastric” range.

The replacement of the cutoff frequency of the anti-
aliasing filter with 12 cpm does not introduce a clearly
noticeable change in the time-domain representation of
the signal (Figure 6A), but delivers important changes in
the spectral power distribution of the signal (Figure 6B)
and, thus, in percent distributions in the frequency do-
main (Figure 6C), bringing the bradygastric and the
normogastric ranges closer to the actual percent distri-
bution (see Figure 4C), and reducing the tachygastric
range in which the presence of non-GEA signals was
clearly evident.

All this shows that the percent distributions obtained
with the 30-cpm cutoff frequency (see Figure 5C) were in
fact erroneous and would be misleading when interpreting
the ranges outside the normogastric range as “bradygas-
trias” or “tachygastrias” in a clinical setup, since the fre-

quency components in these ranges were not necessarily
electrophysiologically related to the electrogastrographic
signal itself.

RESULTS AND DISCUSSION

The introduction of digital computers and digital
signal processing techniques in the assessment of
gastric electrical activity (GEA) and the electrogas-
trograms (EGG) significantly enhanced the opportu-
nities for quantitative evaluation of gastric electro-
physiology, but also created the possibility for
misinterpretations of the signals related to inappro-
priate sampling, inadequate use of antialiasing filters,
and lack of understanding of the limitations of the
digitization process. In the present study we used a
model of an EGG signal, as well as a real human
EGG, to illustrate one such misinterpretation using
the percent distribution of EGG frequency compo-
nents (10), which has been suggested as a major
avenue for interpreting the cutaneous recordings of
GEA.

Fig 5. Time (A) and frequency (B) domain representation of the
signal from Figure 4 after digitization with 60-cpm sampling fre-
quency and low-pass filtering by a single-order antialiasing filter
with a cutoff frequency of 30 cpm. Percent distributions of fre-
quency components (C) reveal a substantial (more than 50%)
increment in the low-frequency (“bradygastric”) range and a sig-
nificant (about 10%) decrement in the normogastric range.
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In this work we demonstrate: (1) the effects of
aliasing and leakage on a modeled EGG signal; (2)
the effect of aliasing on the percent distribution of the
frequency components recorded from a healthy hu-
man volunteer; and (3) the impact of a strong elec-
trocardiographic artifact on the EGG signal in a setup
with minimized impact of respiratory and motion
artifacts.

The fact that the so-called tachygastric range (10)
was reduced after applying a simple, single-pole an-
tialiasing filter with a cutoff frequency at 12 cpm (0.2
Hz) demonstrates that the ranges outside the “nor-
mogastric” range are influenced by a variety of exter-
nal factors that are generally not related to the elec-
trophysiological phenomena in the stomach and
overemphasizing the importance of these ranges in
electrogastrography can be misleading. In fact, the
presence of significant percent distribution of fre-
quency components in the “bradygastric” and the
“tachygastric” ranges in signals recorded by com-
pletely healthy volunteers underlines the above state-
ment even more and calls for abandoning the use of

these terms altogether, replacing them with the more
appropriate “lower frequency range,” and “higher
frequency range.”

CONCLUSION

Digitization of gastric electrical signals should be
performed with caution in order to avoid introducing
artificially created nonexistent parasitic artifacts asso-
ciated with the effect of aliasing. The interpretation of
the digital signals should take into the account also
the increased leakage effect associated not only with
the limited rectangular boundaries when solving the
integral of Fourier but also with the replacement of
the latter by the discrete Fourier transform, introduc-
ing finite resolution between the spectral samples in
the frequency domain when processing digitized re-
cordings.

When a first-order antialiasing low-pass filter is
utilized, at least a fivefold difference between the
cutoff frequency of the filter and the sampling fre-
quency is needed to avoid significant aliasing in envi-

Fig 6. Time (A) and frequency (B) domain representation of the
signal from Figure 4 after digitization with 60-cpm sampling fre-
quency and low-pass filtering by a single-order antialiasing filter
with a cutoff frequency of 12 cpm. Percent distributions of fre-
quency components (C) are improved underlining better the nor-
mogastric range.
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ronments in which the signal and the noise are of
comparable power. With an increment of the slope of
the filter, this number can be proportionally reduced,
but the stability of the filter system can be jeopar-
dized.

In order to comply fully with the Nyquist theorem,
the frequency of the maximal frequency component
fm can be determined taking into account the error of
digitization associated with the analog-to-digital con-
version.

The interpretation of erroneously digitized gastric
electrical signals can lead to misleading conclusions
regarding the percent distribution of the frequency
components.
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