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Abstract

We recorded the vector biomagnetic field associated with gas-
trointestinal electrical activity in nine positions around the
abdomen of 10 normal human volunteers using a vector
SQUID magnetometer. Gastric activity with a frequency of 3.03
10.18 cpm (mean £ SEM) was recorded with the magnetometer
in the epigastrium. Small intestinal activity was also recorded
in all abdominal positions with a frequency ranging between
9.0 £0.43 cpm in the lower abdomen to 10.5 +0.28 cpm in the
upper abdomen. Different components of GI activity were evi-
dent within single magnetic field recordings. These different
components could be elucidated by examining different projec-
tions of the magnetic field vector. These studies further demon-
strate the ability of the SQUID magnetometer to detect
gastrointestinal activity and also illustrate how different signal
components associated with gastric and small intestinal activ-
ity may be separated.

Introduction

Gastric and small intestinal electrical activities were first
recorded in 1922 by Alvarez using electrodes placed on the tis-
sue surface (1). The basic electrical thythm (BER), or slow
wave, of both stomach and small bowel is characterized by an
omnipresent slowly oscillating activity. Gastric BER typically
has an oscillation frequency of about 3 cpm while small intesti-
nal BER is slightly faster, ranging from 8-12 cpm. Additionally,
multiple pacemaker sites and limited coupling between adja-
cent regions of intestine create a natural frequency gradient in
the small intestine: the proximal duodenum displays a fre-
quency of about 12 cpm. There is a stepwise decrease in BER
frequency to the distal ileum where the frequency is typically
about 8 cpm (3).

Bioelectric currents associated with gastrointestinal electrical
activity produce magnetic fields that may be measured with a
Superconducting QUantum Interference Device (SQUID) mag-
netometer. Our previous studies showed that a SQUID magne-
tometer measuring one component of the magnetic field was
able to detect both gastric and small bowel activity and that
noninvasive SQUID measurements correlate strongly with
invasive serosal electrode measurements (2, 4). In those studies,
we also observed the natural BER frequency gradient of the
small intestine as more caudal recording locations displayed
intestinal BER with progressively lower frequencies.

Although our previous studies recorded a single component of
the magnetic field, the magnetic field is a vector quantity and
has two other orthogonal components. The purpose of the
present study is to investigate whether additional information
about gastrointestinal electrical activity may be elucidated with
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the use of a vector magnetometer.

Methods

Gastrointestinal activity of ten normal human volunteers was
studied with a vector SQUID magnetometer (Conductus, San
Diego). The SQUID sensors and pickup coils must be super-
conducting, so the components are housed in an evacuated
dewar. The magnetometer is designed with three sets of gradio-
metric pickup coils that measure the x-, y-, and z- components
of the magnetic field difference between the lower pickup coils
near the base of the dewar and the upper coils fifteen centime-
ters above the lower set.

No dietary restrictions were imposed on the volunteers as we
wished to compare these results with earlier fasting and fed
studies as well as examining the vector nature of the signal. For
each volunteer, the SQUID system was placed above the abdo-
men in nine regular locations covering a rectangular grid from
8 cm below the umbilicus and 5 cm to the left to 8 cm above the
umbilicus and 5 cm to the right. Recordings were taken for two
to three minutes while the subjects were asked to suspend respi-
ration to reduce motion artifact. Signals were obtained with a
sampling rate of 30 Hz and filtered from 0.01 Hz to 10 Hz.
Autoregressive (AR) spectral analysis was used for the short-
duration recordings, and frequency peaks corresponding to gas-
tric and small bowel activity identified.

Frequently, recordings taken at a single position displayed at
least two frequency peaks indicating the presence of both gas-
tric and small bowel signal components. Additionally, multiple
frequency peaks in the small bowel range suggested the pres-
ence of multiple intestinal sources. We utilized a vector projec-
tion technique to decompose the three recorded vector
components into 32 vector projections directed evenly around a
unit sphere according to

B; = iB sin@,cosd; + ]bysineisimbi +kB cos8;, (1)

for i = 1,...,32; ¢; and 6; chosen to give 32 regular projec-
tions around a unit sphere (5). We could then identify which
vector projections displayed maximal contributions from differ-
ent gastrointestinal components and evaluate the degree of
orthogonality between multiple signal components.

Results

Figure 1 shows sixty seconds of the sequential recordings for
one subject at the nine abdominal positions. The slower 3 cpm
variation of the gastric component of the signal is evident in the
upper tracings near the stomach while the faster 8-12 cpm small
bowel oscillations are apparent in lower sections. In 8§ of the 10
subjects, the maximal gastric signal was recorded in the epigas-
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trivm. One subject showed maximal activity in the gastric fre-
quency range in the left upper section, and the other had
maximal gastric activity in the recording above the umbilicus.
The gastric frequency recorded in all volunteers was 3.03 +
0.18 cpm. Different frequencies of the small bowel BER were
recorded at the different locations (mean 9.99 + 0.14 cpm).
Examination of the dominant frequencies recorded in the small
bowel range generally showed higher BER frequencies in the
uper abdomen (10.5 £ 0.28 cpm) and lower frequencies in the
lower abdomen (9.0 £ 0.43), consistent with the natural BER
frequency gradient of the small intestine. These differences are
statistically significant (p=0.01).

The AR frequency spectra show that many recording locations
displayed both gastric and small bowel components and several
also displayed multiple small bowel contributions. Individual
projections of the vector magnetic field could be identified in
which gastric signal was maximized, and the same was true for
the multiple small bowel signal components. Figure 2 shows
the vector projections from the recording above the epigastrium
that maximize the gastric component at 2.8 cpm and a small
bowel component at 11.7 cpm.

The magnetic fields of these different components of the signal
are not all oriented in the same direction. The degree of orthog-
onality of the signals in two projections can be determined by
examining the dot product of the two vector directions (effec-
tively, the cosine of the angle between two vectors). These dot
products will assume values from 0 to 1, with 0 indicating that
the vectors are completely orthogonal and 1 indicating that they
are parallel. The mean dot product between gastric and small
bowel magnetic field vectors was 0.497 + 0.033, suggesting
that the relative orientations of gastric and small bowel mag-
netic field vectors is approximately random; they are neither
exactly parallel nor exactly orthogonal.

Discussion

Biomagnetic measurement of gastrointestinal magnetic fields is
an effective way to noninvasively measure the electrical activity
of the GI system. These studies show that the vector magnetic
field provides additional information to that obtained with sin-
gle component measurements. Gastric and small bowel compo-
nents can be separated with the vector projection technique as
can multiple small bowel sources. We recorded the gastric sig-
nal with an average frequency of 3.03 £ 0.18 cpm and the small
bowel activity at 9.99 + 0.14 cpm.

In one sense, the effectiveness of the vector recording can be
evaluated by looking at the dot product of the magnetic field
vectors between small bowel and gastric signal components,
We determined this value to be 0.497 + 0.033 which suggests
that the components not completely parallel or completely
orthogonal. For this reason, any single component of the mag-
netic field would be unable to record both gastric and small
bowel activity maximally, The vector magnetic field is needed
to fully separate the different components of gastrointestinal
electrical activity.
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Fig. 1. The z-component of the vector SQUID recordings in each of
nine abdominal sections show gastric activity at 2.8 cpm in the
upper abdomen and small intestinal activity in the lower abdomen.
The x- and y- coniponents were also recorded.
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Fig. 2. Gastric (A) and small intestinal (B) magnetic field vector
projections were derived from recordings above the epigastrium
(upper middle tracing of Fig. 1) by finding the vector orientation
that maximized the signal in the relevant frequency ranges.





