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The Human Vector Magnetogastrogram
and Magnetoenterogram
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Abstract—Electrical activity in the gastrointestinal system pro- in the abdominal wall smooth and attenuate the potentials
duces magnetic fields that may be measured with superconducting gg they propagate outward complicating cutaneous detection

quantum interference device magnetometers. Although typical 17 powever, the magnetic fields created by smooth muscle
magnetometers have detection coils that measure a single com- !

ponent of the magnetic field, gastric and intestinal magnetic €l€ctrical activity may be measured externally [2]. _

fields are vector quantities. We recorded gastric and intestinal  In humans, the gastric basic electrical rhythm (BER) oscil-
magnetic fields from nine abdominal sections in nine normal lates with a frequency of about 3 cycles/min (cpm), and the
human volunteers using a vector magnetometer that measures small intestinal BER frequency ranges from about 12 cpm in

all three Cartesian components of the magnetic field vector. A o 4,qdenum to about 8 cpm in the terminal ileum, decreasing
vector projection technique was utilized to separate the magnetic

field vectors corresponding to gastric and intestinal activity. N @ stepwise fashion [3]-{5]. The BER produces magnetic
The gastric magnetic field vector was oriented in a cephalad fields that may be recorded by placing a superconducting
direction, consistent with previously observed data, and dis- quantum interference device (SQUID) magnetometer outside
played oscillatory characteristics of gastric electrical activity he subject’s abdomen [6]. A SQUID is an extremely sensitive

(f = 3.03+0.18 cycles/min). Although the small bowel magnetic . . .
field vector showed no consistent orientation, the characteristic device that converts magnetic flux to voltage [7]. Magnetic

frequency gradient of the small bowel electrical activity was ob- fields incident upon superconducting pickup coils situated
served. Gastric and intestinal magnetic field vectors were oriented at the bottom of an insulating dewar induce current in the
in different directions and were thus distinguished by the vector syperconducting wire that is coupled to the SQUID. Hence,
projection technique. The observed difference in direction of the SQUID is able to detect the very weak magnetic fields

gastric and intestinal magnetic field vectors indicates that vector iated with bioel . . Th ic field
recordings dramatically increase the ability to separate physiolog- associated wit loelectric activity. ese magnetic fields

ical signal components from nonphysiological components and to are typically several orders of magnitude smaller than the
distinguish between different physiological components. magnetic field of the earth, so special measures are taken to
Index Terms—Biomagnetism, electrogastrogram, gastric elec- €liminate unwanted background interference, including use of
trical activity, magnetogastrogram, superconducting quantum @ magnetically shielded room and/or winding of the detection
interference device (SQUID) magnetometer. coils in such a way as to subtract magnetic fields measured
from distant sources from those measured from sources close
to the magnetometer.
|. INTRODUCTION Previous results using both human and animal models indi-

HE noninvasive measurement of both gastric and ir(1:_ate the ability of the SQUID to accurately and noninvasively

. : - ) o .. measure gastrointestinal (GI) magnetic fields [2], [8], [9]. The
testinal electrical activity could provide clinicians with . : .

. ! . ER frequency gradient of the human small intestine was

a powerful diagnostic tool. To date, efforts to obtain such dafa . .

. easured magnetically as was the decrease in BER frequency

have focused on the measurement of cutaneous potentials. The ™ . . o .

associated with mesenteric ischemia in rabbits [2], [10], [11].

flow of ionic current in gastric and intestinal smooth muscle i . . :
. : : QUID recordings correlate strongly with measurements using
associated with extracellular potentials that may be measure fosal electrodes [1]
by serosal electrodes. The low-conductivity layers prese %t . .
These SQUID recordings of the spontaneous electrical ac-
4 Ao ; . tivity of the stomach and small bowel differ from recording
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i Fig. 2. Abdominal sections. Recordings were made over nine abdominal
| Mgmpspenpu | Tail spacing positions. The coordinate system used for analysis is also shown.
\__’v\_/
Tail area Nine normal human volunteers were positioned underneath

the magnetometer inside a magnetically shielded room (Vac-
Fig~t1,- \{ﬁctor St%UID n?zgqett:meter-,lTTe Vect%r ﬁQtt”D magnetomtetewmschmelze). Informed consent was obtained from each
contans e, sihogonsl detecton ol 1 secort ) ree components fiunteer and the study was approved by the Vanderbil
helium to keep them superconducting. University Institutional Review Board. The subjects were
asked to suspend respiration and lie quietly for a period of
at least one minute during each recording. Each subject fasted
for at least 8 h prior to the study [2]. Data were acquired from

A. Data Acquisition each of nine abdominal sections as indicated in Fig. 2 along

Our studies used a custom-fabricated SQUID magnetomeféfh the coordinate system used for data analysis. For each
(Conductus, Inc., San Diego, CA) that provides simultaneoﬁ%cord'r_‘g’ the magnetometer was 0r|ente(_1I such that the coils
recordings of three orthogonal magnetic field componerff€@suring the: andy components of the signal tangential to
(Fig. 1). Its detection coils are in a first order vector gré—he body surface were orlepted in the sagittal and horizontal
diometric arrangement; magnetic flux threading a coil neglanes, and the coil measuring theomponent normal to the
the bottom of the sensor is subtracted from flux threadilhj)dy surface was oriented in the frontal plane.
an identical coil, wound in the opposite direction, located 15 i
cm above the first. This gradiometric arrangement providSs Data Analysis
for elimination of uniform ambient magnetic fields that are The data segments obtained were typically of short duration
incident on both detection coils, but does not reject magnefiel min) since many subjects could only hold their breath for
fields from biological current sources near the bottom co# limited period. Using this technique, respiratory interference
Raw voltage signals from the three output channels of tieeuld be completely eliminated from the recordings. Autore-
SQUID flux-locked loop were first amplified by the SQUIDgressive (AR) spectral analysis methods were preferred over
controller (iIMAG, Conductus, Inc., San Diego) and then filtraditional fast Fourier transform (FFT) methods because they
tered from direct current to 10 Hz. The signals were processgvide excellent frequency resolution with as little as 30 s
through an analog-to-digital converter using a data acquisitioh data [16], [17]. The AR methods decompose the signal
board (NB-MIO-16XL, National Instruments, Austin, TX) andinto its various frequency components and provide a power
a Macintosh computer (Apple Computer, Cupertino, CAgpectral density (PSD) estimate similar to that provided by the
Signals were acquired with a sampling rate of 30 Hz usirigFT. Chenet al. [18] also used AR spectral analysis on their
LabView (National Instruments, Austin, TX). electrogastrogram (EGG) data.

Il. METHODS
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Recordings from all subjects showed interference frothe signal space projection techniques described by Tesiche
the magnetocardiogram, particularly in the upper abdomirall [21].
sections. A median filter of order 30, corresponding to the A vector magnetic field recording at one location may
approximate number of sample points per cardiac cycle, waovide more detailed information about underlying current
used to eliminate cardiac interference. Clearly, this median fieurces than the recording of any single component. In order
ter also eliminates some higher-frequency information (hightr evaluate the additional information content available in
than about 1 Hz), but the signals of interest in this study atlee vector magnetometer as opposed to a single-component
well below 1 Hz. instrument, we compute the normalized dot product of gastric
Recordings of any component of the magnetic signal asad small bowel vector projections
expected to contain contributions from both small bowel and
gastric electrical activity. Furthermore, different segments of £ = Py Dsb cos(v) (2)

L
W

the small bowel may exhibit different frequencies in the ‘
magnetic recordings. To make more complete use of the vector
nature of Gl magnetic fields, a vector projection technique wamere we define as the information content variablég
developed that is capable of optimizing the gastric signal g&presents the gastric magnetic field vecBr, is the small
the small bowel signal recorded in a section and separatiggyel magnetic field vector, ang is the angle between the
signals from distinct small bowel sources [19], [20]. The thregastric and small bowel magnetic field vectors. With this
recorded components,, B,, andB., describe a vector whosedefinition, ¢ varies from zero to one, with zero indicating that
projection in a particular direction is given by the gastric and small bowel vectors are exactly perpendicular;
one of the vectors would be missed completely by a single-
Bproj = Besinfcosd + Bysinflsing + B.coséf (1) component recording parallel to the other signal vector, while
for another magnetometer orientation, the two signals would
where the azimuthal and tangential anglesndd, are chosen be inextricably combined. A value of one férindicates that
to optimize the signal from a specific source. the vector projection that maximizes the gastric signal and
The idea of using vector projections is based on the fagtat which maximizes small bowel signals are identical, and
that the magnetic field from each source of current—the single-component recording with the magnetometer placed
gastrointestinal electrical activity as well as the noise—hasrrectly would optimally record both gastric and small bowel
one specific direction (although the direction may vary witkignals, but again, contributions to the magnetic field from
time). More likely than not, that direction does not happen tgastric and small bowel sources could not be separated. Hence,
correspond to the orientation of a specific pickup coil or to theny deviation of from one indicates the amount of additional
direction of the magnetic field vector from another signal conmformation provided by a measurement of the full magnetic
ponent. Thus, we may separate physiological componentsfiefd vector.
the signal from nonphysiological components, and distinguish
between multiple physiological components. For example, we . RESULTS

identify the gastric vector projection as the projection with Th ‘ action techni is illustrated usi woical
maximal activity in the 2.5-4 cpm range. We identify the € veclor projection technique 1S 1ustrated using a typica

gastric BER frequency as the frequency corresponding r%cordmg of each of the three magnetic field components that

{ . . . . .
the maximum in theB.. B.. and B. PSD's from 2.5 to Were recorded in one section and median filtered, as shown in
x Y = .
4 cpm. If we assume that the activity in this bandwidth

iEig. 3. PSD’s of ther-, -, and z-components [Fig. 3(a)—(c)]
coherent across all three channels, then the values of

mgicate the separate gastric and small bowel BER frequencies,
square roots of the PSD's at the gastric BER frequency d the values of the square roots of the peaks in these three
representative of the-, y- and z-components of the gastric

D’s specify the projection that corresponds to maximal
magnetic field vector. The azimuthal and tangential angl

stric and small bowel frequency content, as shown in
¢ and 6, are then obtained by coordinate transformatio _Ig_]r.h3(d) art1q ©). acti : h of the ni bdominal
Likewise, the small bowel projection is identified by the 1€ gastric projections in_each ot the niné abdomina
maximal signal in the 8-12 cpm range. Often, a signal wifeetons Of. one volunteer are _shov_vn in Fig. 4(_a), with the
contain multiple contributions from small bowel activities Withcorrte_spo_ndm?_ powert sp?_ctrablln F'g' 4t(b). Nottu_:e t;[]hat the
different frequencies and these may also be distinguished. ggpiric sighal IS most noticeable and strongest in h€ upper
the purposes of this manuscript, we chose to concentrateS(%‘?.tlon.S anq Is weaker n the Iowgr .sec'uorys. The Sm‘f"" bOW.e'
only the strongest small bowel component in each secti&?{ojecuons in each section are similarly displayed with their

These projections are formed from the PSD’s which gRPWer spectra in Fig. 5. . :
derived from data segments of one minute duration. It is From these power spectra, the dominant signal frequency

possible that the projections vary over the analysis durati ay be identified. The dominant frequencies in the 2.5-4 cpm

and it should be noted that this analysis provides the projectifﬁ’{1ge and in the 8-12 cpm range were computed.

averaged over the one minute duration. Once the vector o

direction of a particular signal component is determined: Gastric Signals

certain information may be obtained about the orientation of For the gastric signal, one of the upper nine sections
underlying current sources. This technique is very similar tgpically had a significantly stronger signal component in the

sol]
sol]

g sb
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Fig. 3. Vector projection technique. The raw magnetic fields and their power spectra as measured over one abdominal location of a typical stbject consi
of the (a)z-, (b) y-, and (c)z-components of the magnetic field. These three components are projected into particular directions that optimize measurement

of the (d) gastric and (e) small bowel signals by the vector projection technique, as can be seen in the differing heights of the main peaks in ttatwo resu
power spectra. In this way, we may focus on a particular signal of interest while reducing interference from other signal and noise sources.

2.5-4 cpm range than did any of the other sections. In sevever all subjects. Identification of the expected small bowel
of the nine subjects, the central upper section had the strondestjuency gradient is complicated by the large signal variance
gastric signal, one subject showed greatest gastric activityliatween subjects and the necessity of moving the magne-
the left upper section, and one showed maximal gastric activiymeter between sections. However, small bowel frequency
in the central middle section. The average gastric frequenggaks for individual subjects show the BER frequency gradient
recorded was 3.03: 0.18 cpm [meant standard error of more clearly. Fig. 8 displays the amplitude of the AR power
the mean (SEM)]. The average signal strength is displayedspectrum in nine frequency bands with a width of 0.5 cpm.
the contour plot of Fig. 6. As expected, the strongest signattivity in the 8 cpm map is primarily located in the lower
is in the central upper section. Averaging the signal strengdbdomen, activity in the 9.5-10.5 cpm range is recorded more
can lead to misleading results since the distance between ith¢he middle abdominal sections, and activity in the 11 and
magnetometer and the stomach varied according to intersubjetts cpm range is recorded in the upper sections of the
differences in abdominal wall thickness, so this figure must ladbdomen, consistent with the known BER frequency pattern
interpreted accordingly. Nevertheless, the data do indicate trthumans.
the gastric signal was strongest in the central upper section.

C. Gastric Vector

B. Small Bowel Signals The vector corresponding to the gastric or small bowel

The small bowel activity did not show significantly strongesignal components was identified as the projection with the
activity in any one section. Dominant frequencies were deiaximum spectral peak in the appropriate frequency range.
termined for each section in each subject. Overall, thefdée gastric vector projection can be expected to yield relevant
was a wide variation of dominant frequencies in the nineformation about gastric function since 1) the stomach is
sections. Fig. 7 shows the small bowel frequencies averagethtively fixed in position while the subjects suspend res-
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Fig. 4. Gastric signals. (a) The gastric projections of the magnetic field recorded at all nine abdominal locations are shown for a typical stagesisttha
3-cpm slow waves are especially apparent in upper abdominal sections near the epigastrium. (b) The autoregressive (AR) power spectra céoresponding
the signals in (a). Peaks near 3 cpm are indicative of gastric activity.

piration and 2) the magnetometer was positioned above timagnetic field vector was 96.& 33.7 (mean+ S.D.)
same location in each subject. The vector projections in theeasured counter-clockwise from the positiveaxis. The

zy plane for the signal in the 2.5-4 cpm range determined miagnetic field vector could also be projected in the other
each recording location and averaged over all nine subjeptanes £~ andyz). Thexy plane is used here since we assume
are plotted in Fig. 9. The average direction of the gastrtbat gastric current sources may be approximated by chains
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Fig. 5. Small bowel signals. (a) The small bowel projections of the magnetic field recorded at all nine abdominal locations are shown for a tygiical subje
Slow waves characteristic of intestinal activity are evident. (b) The AR power spectra corresponding to the signals in (a). Peaks in the 8-12 cpm range
indicate small intestinal activity. Some sections exhibit multiple peaks indicating different Gl sources.

of current dipoles (see Section V). Peaks in the tangenti@hs observed in intrasubject recordings taken on five different
components of the magnetic field of a current dipole occoccasions (mean S.B= 22.1°).

directly above the dipole, in contrast to the situation with

the normal component of the magnetic field, which is zefd. Small Bowel Vectors

directly above a current dipole. The average gastric vector isThe vector magnetic field was also projected into the
by far strongest in the central upper section, and is orienteitection of optimal signal in the small bowel frequency range
in a cephalad direction. In addition, relatively little variancéor each recording section. The small bowel vector projections
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E. Information Content in Vector Magnetogastrograms
(MGG's) and Magnetoenterogram (MENG's)

Although small bowel magnetic field vectors are difficult to
interpret from single-channel vector recordings since the bowel
is not stationary, the dot product of the gastric magnetic field
vector and the small bowel magnetic field vector at a particular
recording location gives an indication of the information
content in the vector signal. If the dot product of two vectors is
one, the vectors are oriented in the same direction, while a dot
product of zero indicates that the two vectors are orthogonal.
We computed the dot products of the gastric and small bowel
magnetic field vectors in each of the nine sections. The mean
dot product between the gastric magnetic field vector and

s e : | the small bowel magnetic field vector recorded in all nine

‘ ey locations over all nine subjects wgs= 0.344 + 0.079 (mean
8 : : : : : . i SEM) indicat_ing that the gastric magnetic field di_regtion
x, cm is significantly different from the small bowel magnetic field

) e irection 0.001). Since these two vectors are oriented
Fig. 6. Gastric signal strength. The average spectral strength contours of.qhe b < )

gastric magnetic field vector signal in all nine subjects are plotted over tHé different directions, the vector recording of gastric and
entire abdomen with darker lines corresponding to greater strength. Sogmall bowel activity provides information not available in
contours are labeled by the spectral value they represent. The aCtiVitysi?lgle-Component magnetic measurements. Eurthermore. the
strongest in the central upper section, the approximate location of the stomach. . . . ' . '
vector projection technique, which allows us to project the
recorded magnetic field along an arbitrary direction, provides

for a dramatic improvement over single component recordings

in that projections can often be chosen to maximize the
contribution of one signal source and minimize another.
IV. DIsScCussION
The cutaneous EGG was first recorded in 1922 by Alvarez
[22], who noted characteristic 3-cpm slow waves. Since then,
several studies have concentrated on the EGG and, in particu-
lar, changes in the EGG during abnormal gastric activity [23].
However, the utility of the EGG has been called into question
on the basis that only frequency dynamics can be ascertained
10.2+05 101404 105%03 [24]. Changes in EGG amplitude may reflect displacement of
the stomach with respect to recording electrodes. Determina-
tion of gastric propagation is also problematic in cutaneous

102+04 100+04 9.6+04
EGG [25]-[27]. The study by Cheat al. [25], for example,

found that the propagation direction could be reliably obtained,
but propagation velocity could not be determined consistently.
The recording of small bowel BER with cutaneous electrodes
is even more troublesome. Layers of tissue (omentum, fat,
Fig. 7. Small bowel BER frequencies. The average BER frequency record@HJSCle' fasica, and Skm_) situated between the Sma”_ bowel
in each abdominal section is tabulated. Generally, there is a trend toward logeurces and the abdominal surface attenuate potentials and
BER frequency with lower abdominal sections, consistent with the knowsmgoth their high frequency content resulting in low signal-
BER frequency gradient. However, the error bars are quite large since th@ge . . d ial discriminati 2
was a considerable variation in the frequencies recorded between subject .-n0|s¢ ratio (SNR_) a.n poor Spatlf.:l iscrimination [ 8]’.

[29]. Since magnetic fields are mediated by the magnetic

permeability of tissue, which is nearly the same as that of
were of limited use since the precise position of the intestifiee space, magnetic fields reflect underlying current sources
during the study is variable both within and between individualith higher SNR’s and in greater spatial detail [30].
subjects, and since the recordings from different abdominalOur previous studies have shown the feasibility of measur-
sections were not simultaneous. Small bowel vectors wergy the magnetic field associated with human gastrointestinal
consistently smaller in magnitude than the gastric vectors agléctrical activity using a SQUID magnetometer and discussed
showed no preferred direction. Intrasubject differences in smatime of the potential clinical problems that could be addressed
bowel vector direction were also large. The mean small bowl]. Other studies have demonstrated that measurement of the
vector direction recorded in all nine sections for all subjectsardiac vector magnetic field provides more information than
was 84.44+ 106.# (mean+ S.D.). measurement of individual magnetic field components [31].

9.0+04 92104 10503
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Fig. 8. Small intestinal activity. Strength contours determined by spectral analysis of intestinal activity in nine different frequency bdatdscaeeqund

the abdomen from recordings in a typical subject. Each plot represents the activity in a 0.5-cpm frequency band centered at the frequency thdicated in
plot. Darker lines indicate stronger activity. The maps in the lower frequency bands show activity in the lower part of the abdomen, and mapsen the high
frequency ranges show activity in the upper part of the abdomen. The results are consistent with the known BER frequency gradient of the senall intestin

We have used a vector SQUID magnetometer to measunagnetic fields showed the expected variation at different
the vector magnetic field of normal human gastrointestine¢cording locations. Although we observed the expected trend
electrical activity. The results agreed with previous singléeeward lower BER frequencies in lower abdominal sections,
channel data [2], and additional information was apparent fhere was a large amount of variance between subjects. One
the vector recordings. The gastric magnetic field showedreason that the averaging procedure does not work for the
BER frequency of 3.0 0.18 cpm (Vv = 9), and the intestinal small intestinal BER is that the location of the small bowel
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10 ; oy Fig. 10. Gastric magnetic field (GMF) vector model. A simple current
10 0 10 dipole model approximates gastric electrical activity with three current dipoles
(dashed arrows) aligned along the longitudinal axis of the stomach. The
X, cm dipoles have oscillating amplitudes at 3 cpm, and phase differences to

) ) - . simulate uniform aboral propagation. Arrows representing magnetic field
Fig. 9. The gastric vector. The magnetic field vectors at the gastric freqUeny-tors are computed at 182 locations in ad#3 grid. The size of the arrows
are represented by arrows in each of the nine sections with the standa§ftesponds to the strength of the vector. The GMF vectors calculated from the

deviation indicated. The size of the arrow indicates the strength of the vecigfiee_gipole model show that activity is strongest directly above the current
The average magnetic field vector associated with the gastric projection le pattern, and that the vector is oriented in a perpendicular direction to

strongest in the central upper section and generally oriented in a cephgjad cyrrent flow according to the right-hand rule. Only two arrow sizes are
direction (96.0+ 33.7). Vectors of magnetic fields at the gastric frequency iRyjigent in the figure because the vector is so much stronger directly above

other sections are much smaller and are randomly oriented. the propagation pattern. The model suggests that our experimental results
are consistent with aboral current propagation along the axis of the stomach,
) ) ) . assuming that gastric electrical activity may be modeled by current dipoles.
varies from subject to subject. Thus, one segment of the intes-

tine oscillating at, say 11 cpm may be located in the right upper ) o o
section in one subject and the central middle section in anothidicate that while description of small bowel magnetic fields
Identification of the BER frequency gradient in each subjebd Single vectors may be of limited diagnostic value, a single
was much less problematic; we clearly saw a decrease in sn@@tric magnetic field vector represented the gastric activity
bowel BER frequency using spatial maps of the frequen&@nsistently.
content as in Fig. 8. Although these maps may be somewhatVe created a computer simulation to model the vector mag-
distorted due to the potential movement of the bowel duririftic field associated with electrical activity propagating along
repositioning of the magnetometer between sections, th@ycertain direction. Although an appropriate source model
do record the gross frequency changes characteristic of tRE gastric electrical activity has not been fully elucidated,
BER frequency gradient. Our single-channel vector measuf8e propagating dipole model has received a considerable
ments at different abdominal locations do not provide enouginount of attention in the literature [32], [33]. We wiill
information to reliably isolate specific intestinal segmen@mploy that model in this work as well though we must
according to their BER frequency. However, a multichann@dmit that further research is necessary to identify an accurate
vector magnetometer would provide for an inverse mappirigodel for gastric activity. Fig. 10 shows three current dipoles
that could potentially determine gastrointestinal sources fro@ashed arrows) representing gastric sources oriented along a
external measurements of the magnetic field and provide faypothetical stomach. The dipole magnitudes are programmed
more accurate intersubject comparisons [30]. to oscillate at 3 cpm with their phases differing by an amount
One significant finding of the present study is the deterngonsistent with propagation of a single slow wave from
nation of the direction of the stomach’s magnetic field andéhe greater curve to the pylorus over 20 s. The resulting
by inference, the direction of gastric electrical propagatiogastric magnetic field vectors measured by a hypothetical 182-
By measuring the gastric magnetic field vector, one can infehannel magnetometer array are also shown. The magnetic
the direction of propagation. As expected, the magnetic filield strength is clearly strongest at one location and the
vector of gastric activity was strongest in the epigastriumvector at that location projected into the plane is oriented
On average, the gastric vector was oriented cranially (98@wvard the head. Thus, the magnetic field vector above three
+ 33.7, mean+ S.D.). The variance from the mean gastripropagating dipoles is oriented perpendicular to the direction
vector direction is small in comparison with the variance aff propagation according to the right-hand rule. The results of
small bowel vector directions (844 106.4, mean+ S.D.) this simple simulation show that our experimental findings are
and may represent normal biological variance. Our resuttensistent with the propagation of current along the stomach
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axis. It is important to note the low standard deviation of th® distinguish physiological components as long as they were
mean orientation of the gastric magnetic field vector. In faatpt silent to the magnetic field component recorded. As
the gastric magnetic field vector was clearly oriented in tr@n example, a current dipole in the—y plane could be
cephalad direction for all subjects, despite the fact that thpecificized by severalcomponent measurements at different
subjects had a wide variety of body frames. locations above the source plane. However, if the current
To provide a quantitative assessment of the additiondibole were oriented in the-direction, it would have no
information content of vector MGG and MENG as opposesignature in az-component recording, and either an or
to single component recordings, we computed the dot prodgetomponent recording would be required to detect it.
of the gastric and small bowel magnetic field vectérOur Instrument noise is always a concern in measurements of
data showed that these vectors are indeed oriented in differbi@magnetic activity. This is particularly true in the case of
directions. If the vector projections maximizing gastric andastrointestinal signals since the frequencies of interest are
small bowel magnetic fields were identical, then a vectdrelow 1 Hz. Many SQUID sensors exhilif f noise with a
magnetometer would provide no additional information, sinc&dB point around 1 Hz. Also, environmental noise, primarily
the different Gl signals might be recorded with equal fidelitinterference from large moving metal objects can also degrade
using a single-component instrument. We found that thereti®e signal. The AR PSD is quite effective in identifying these
a significant difference between the gastric and small bowsbise components of the signal which are typically much
magnetic field directions, so the vector magnetometer allosmsaller in magnitude than the Gl signals. Fortunately, the
separation of the two contributions and hence optimizatigastric signal, which is the lowest frequency of physiological
of each recording. In a sense, the further the average duaerest in this study (about 0.05 Hz), also has a relatively large
product is from one, which would indicate that the vectonmagnitude and is always detectable. The small bowel signal
were oriented in the same direction, the more useful is thas a smaller magnitude, but a higher characteristic frequency
vector recording. The average dot product in this study wasd is also always observed. We have previously demonstrated
£ =0.34440.079(p < 0.001). Therefore, a single-componentthat MENG signals correlate highly with electrical activity
recording of the magnetic field necessarily cannot distinguisletected by serosal electrodes [1] and that these signals are
useful information since only one direction is recorded. Theot the result of motion artifact by magnetic contaminants
single-component magnetometer records the projection of timo the bowel [2]. It is important to recognize that while
different vectors onto a single axis, such that the projectidhese signals are at much lower frequencies than are typical
operation corresponds to the rejection of information descrifbr biomagnetic measurements, the shielding factor of the
ing the differences in the two contributions. Furthermore, rmagnetically shielded rooms often used in biomagnetism are
single-component recording is insensitive to dipolar sourcatso surprisingly low at these frequencies. Hence, it may be
that are oriented normal to the plane of the pickup coibasier to eliminate the magnetic shield for these measurements
and a vector instrument would be needed to detect suchhan for signals at higher frequencies where the effectiveness
source. Cutaneous electrodes above the stomach are sengitivibe shields is much greater.
to activity from a wide region with numerous bioelectrically Disease states are known to change the direction of gastric
active tissues. Although magnetic detection devices are akdectrical activity propagation [34]. Whereas determination of
sensitive to sources distributed over a wide area, the vecpsopagation direction from raw cutaneous EGG signals has
magnetic field recording may be projected by means of simgdeen difficult, vector MENG would be expected to determine
coordinate transformations into particular directions associateldnormal propagation patterns easily. In our study, the single
with magnetic fields from specific electrical activities. In thi¢hannel vector measurement (three vector components) clearly
way, much of the measurement noise as well as extraneoegeals propagation information. No pathologic propagation
bioelectric activity may be rejected from gastric or small bowglatterns were noted in the normal volunteers. Multichannel
magnetic field recordings. While the cutaneous EGG magctor magnetic measurements would improve the determina-
measure biologically active tissues other than the stomach, thwn further.
vector magnetic field may be projected into the direction of This study suggests that examination of magnetic fields
the gastric magnetic field, thus greatly reducing contributiontetected by SQUID magnetometers may offer the first reliable
from other biologically active tissues and noise sources. noninvasive assessment of the condition of the gastrointestinal
Most biomagnetometers in use today employ a multichamusculature by allowing for examination of the basic electrical
nel array of SQUID-based single-component detectors. Cartivity. In addition to the ability to detect and quantify
results indicate that measurement of a single vector magndteguency dynamics of the signals, spatial variations that result
field contains more information than measurement of arfifom propagating activity are also apparent. We showed that a
single component, information that is crucial for distinguishingector SQUID magnetometer can measure the vector magnetic
sources at different locations or with different orientationdield from both stomach and small intestinal activity, and
However, it remains to be demonstrated whether multichatirat there is significant information present in the full vector
nel single-component measurements might have informatitirat may not be obtained by a single channel measurement.
content similar to vector measurements. It is theoreticalur studies utilized a vector magnetometer that records the
possible that appropriate manipulation of multichannel singleector at only one location. A multichannel vector instrument
component recordings through, for example, the signal-spaneasuring Gl activity at multiple abdominal locations might
projection technigue [21] could provide enough informatioallow noninvasive determination of the gastric propagation
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velocity as well as the direction of propagation as determingzs]
in this work. Propagation velocity has never been measured
noninvasively. Presumably, intestinal BER propagation veloc-
ity could also be observed with a multichannel vector SQUID9]
magnetometer. Also, the multichannel instrument would al-
low more specific characterization of the current sources
associated with gastric activity since simultaneous magnetic
field measurements can be used for an inverse analysis.
precise nature of gastrointestinal current sources has yet to be
elucidated, and SQUID magnetometers represent an additional
tool for researchers to consider in this endeavor. 21]

REFERENCES [22]

969

J. Chen, J. Vandewalle, W. Sansen, G. Vantrappen, and J. Janssens,
“Adaptive spectral analysis of cutaneous electrogastric signals using
autoregressive moving average modelinlyléd. Biol. Eng. Comput.,
vol. 28, pp. 531-536, 1990.

D. J. Staton, S. H. Allos, V. K. Henry, L. A. Bradshaw, J. K. Ladipo,
W. O. Richards, and J. P. Wikswo, Jr., “Noninvasive measurement
of the vector magnetic field from human gastrointestinal sources,” in
Advances in Biomagnetism Research: Biomag®6Aine et al. New
York: Springer-Verlag, to be published.

K. R. Swinney, “Techniques for multipole expansion of the electrical
potential of a heart in a conducting sphere and calculation of the
magnetic field of a nerve axon,” M.S. thesis, Vanderbilt Univ., Nashville,
TN, 1979.

C. D. Tesche, M. A. Uusitalo, R. J. llmoniemi, M. Huotilainen, M. Ka-
jola, and O. Salonen, “Signal-space projections of MEG data character-
ize both distributed and well-localized neuronal sourcEggttroenceph.
Clin. Neurophysial vol. 95, pp. 189-200, 1995.

W. C. Alvarez, “Electrogastrogram and what it show3,”Amer. Med.
Assoc.,vol. 78, pp. 1116-1118, 1922.

[ L. A Bra_dshaw, S. H. A".OS' J. P. Wlksw_o, Jr., and W 0. R|ch_ardsl;?3] J. Z. Chen and R. W. McCallunlectrogastrography: Principles and
“Correlation and comparison of magnetic and electric detection Applications. New York: Raven, 1994.
small intestinal electrical activity,”Amer. J. Physiql vol. 35, pp. [24] M. P. Mintchev, Y. J. Kingme{, and K. L. Bowes, “Accuracy of
G1159-G1167, 1997. i ; ; i

[2] W. O. Richards, L. A. B_radshaw, D. J. Staton, C. L. Garrard, F. Liu, S. igfngguiéggggggs i);g;strlc electrical activigastroenterol. vol.
Buchanan, and J. P. Wikswo, Jr., "Magnetoenterography (MENG): NOfbg) 3 chen, J. Vandewalle, W. Sansen, E. VanCutsem, G. Vantrappen, and J.
invasive measurement of bioelectric activity in human small intestine,” ~ janssens, “Observation of propagation direction of human electrogastric
Dig. Dis. Sci, vol. 41, no. 12, pp. 2293-2301, 1996. . activity from cutaneous recordingsMed. Biol. Eng. Computvol. 27,

[3] P. Flegkens_teln, Mlgratlr)g elt_ectrlcal spike activity in the fasting human pp. 538-542, 1989.
small intestine,”Am. J. Dig. Dis, vol. 23, pp. 769-775, 1978. 26] B. O. Familoni, Y. J. Kingma, and K. L. Bowes, “Noninvasive assess-

[4] J. Christensen, J. P. Schedl, and J. A. Clifton, “The small intestinal basic ment of human gastric motor functionEEE Trans. Biomed. Engvol.
electrical rhythm (slow wave) frequency gradient in normal men and in BME-34, pp. 30-36, 1987.
gggegtlssw';ggéva”ety of diseasegsastroenterol.vol. 50, no. 3, pp.  [27] M. P. Mintchev and K. L. Bowes, “Capabilities and limitations of elec-

[5] N. E. Diamant and A. Bortoff, “Nature of the intestinal slow-wave té%%arl]s;rrc:gr':\;\AT(s:,alI{:queg(;?as’:lrgv%rigrr\% ll:;\:]é:rllpliggindpé pfg;ftllggs
frequency gradient,Amer. J. Physiglvol. 216, pp. 301-307, 1969. [28] J.D. Z. Chen, B. W. Schirmer, and R. W. McCallum, “Measurement of

[6] W. O. Richards, D. J. Staton, J. Golzarian, R. Friedman, and J. P.™ gjactrical activity of the human small intestine using surface electrodes,”
Wikswo, Jr., “Non-invasive magnetometer measurements of human IEEE Trans. Biomed. Engvol. 40, pp. 598-602, June 1993.
gastric and small bowel electrical activity,” iBiomagnetism: Funda- [29] L. A. Bradshaw, R. S. Wijesing'he, and J. P.’Wikswo, Jr., “The use
mental Research and Clinical Applicatior®, Baumgartner, L. Deecke, of a spatial filtering model for comparison of the forward and inverse
G. Stroink, and S. J. Williamson, Eds. Amsterdam, the Netherlands: problems of EEG and MEG,” iRroc. 16th Annu. Int. Conf. IEEE EMBS
Elsevier/_IOS-Press, 1995, pp. 743-747. ) ) vol. 16, 1997, pp. 167—-168.

(7] J. P. Wikswo, Jr., “SQUID magnetometers for ‘b_lomagnetlsrp anfso] | A. Bradshaw, “Measurement and modeling of gastrointestinal bio-
nondestructive testing: Important questions and initial answéEEE electric and biomagnetic fields,” Ph.D. dissertation, Vanderbilt Univ.,
Trans. Appl. Supercondugtvol. 5, no. 2, pp. 74-120, 1995. Nashville. TN, 1995,

[8] D. J. Staton, M. C. Soteriou, R. N. Friedman, W. O. Rlchards, Qnd J. ffil] W. H. Ba;'ry, W. M. Fairbank, D. C. Harrison, K. L. Lehrman, J. A. V.
Wikswo, Jr., “First magnetic measurements of smooth muisclétro Malmivuo, and J. P. Wikswo, Jr., “Measurement of the human magnetic
using a high-resolution dc-SQUID magnetometer, Piroc. 13th Annu. heart vector,”Sci, vol. 198, pp. 1159-1162, 1977.

Int. Conf. |EEE-EMBS1991, vol. 13, pp. 550-551. _ [32] A.J. P. M. Smout, E. J. van der Schee, and J. L. Grashuis, “What is

[9] J. Golzarian, D. Staton, J. P. Wikswo, Jr., R. N. Friedman, and " measured in electrogastrographyBjy. Dis. Sci, vol. 25, pp. 179-187,
W. O. Richards, “First biomagnetic measurements of intestinal basic  1g9gq.
electrical rhythm (BER)n vivo using a high-resolution magnetometer,”[33] S. K. Sarna, “Models of smooth muscle electrical activity, Methods
Gastroenterol. vol. 103, p. 1385, 1992. , in Pharmacology: Smooth MusglBaniel and Paton, Eds.  New York:

[10] J. Golzarian, D. J. Staton, J. P. Wikswo, Jr., R. N. Friedman, and Plenum, 1975, pp. 519-540.
W. O. Richards, "Diagnosing intestinal ischemia using a noncontagis] C. F. Code and J. A. Marlett, “Canine tachygastria,”Ntayo Clin.
superconducting quantum interference devigerier. J. Surg.vol. 167, Proc. 1974, vol. 49, pp. 325-332.
pp. 586-592, 1994.
[11] W. O. Richards, C. L. Garrard, S. H. Allos, L. A. Bradshaw, D. J.
Staton, and J. P. Wikswo, Jr., “Noninvasive diagnosis of mesenteric
ischemia using a SQUID magnetometeAfin. Surg. vol. 221, no. 6,
pp. 696-705, 1995.
[12] S. Di Luzio, S. Comani, G. L. Romani, M. Basile, C. Del Gratta, and V.
Pizzela, “A biomagnetic method for studying gastro-intestinal activity,”
I Nuovo Cimentp 1989, vol. 11D, no. 12, pp. 1853-1859.
[13] M. Basile, M. Neri, A. Carriero, S. Casciardi, S. Comani, C. Del Gratta,
L. G. Donato, S. Di Luzio, M. A. Macri, A. Pasquarelli, V. Pizzela, and . .
G. L. Romani, “Measurement of segmental transit time in madig. L. Alan Bradshaw received the B.S. degree in
Dis. Sci, vol. 37, no. 10, pp. 1537-1543, 1992. phy;lcs from Abilene Christian University, Ab_llene,
[14] W. Weitschies, J. Wedemeyer, R. Stehr, and L. Trahms, “Magne TX, in 1990 and the M.S. and Ph.D. degrees in 1992
markers as a noninvasive tool to monitor gastrointestinal tranSEE and 1995 from Vanderbilt University, Nashville,
Trans. Biomed. Engvol. 41, pp. 192-195, 1994. TN. He continued his dissertation work in gastroin-
[15] O. Baffa, R. B. Oliveira, J. R. Arruda Miranda, and L. Troncon testinal biomagnetism under a National Institutes
“Analysis and development of AC biosusceptometer for orocaecal tran| of Health (NIH) National Research Service Award
time measurementsMed. Biol. Eng. Computyol. 33, pp. 353-357, from 1996-1998.
1995. He now serves as Director of the Biomagnetism
[16] L. A. Bradshaw and J. P. Wikswo, Jr., “Autoregressive and eigenfr v \ Laboratory and was appointed as a Research As-
qguency spectral analysis of magnetoenterographic signalsPrac. A a sistant Professor in the Department of Physics and
IEEE EMBS CD-ROM, 1995. in the Department of Surgery at Vanderbilt University. His research inter-
[17] S. L. Marple,Digital Spectral Analysis with Applications.Englewood ests include magnetic and electric detection of gastrointestinal activity and

Cliffs, NJ: Prentice-Hall, 1987. mathematical modeling of bioelectric activity.



IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 46, NO. 8, AUGUST 1999

J. K. Ladipo was born in 1951 in Lagos, Nigeria.
He obtained the M.B. and B.S. degrees (bacheld
of medicine, bachelor of surgery) in 1977 from the
Medical School of the University of Ibadan, Nigeria.
His residency training was at the University College
Hospital, Ibadan, Nigeria.

From 1995-1997, he was a Surgical Researd
Fellow at Vanderbilt University Medical Center, and
currently works as a Senior Lecturer, College o
Medicine of the University of Ibadan and Consultant
Surgeon at the University College Hospital, Ibadan

John P. Wikswo, Jr. (S'75-M'75) was born in
Lynchburg, VA, in 1949. He received the B.A.
degree in physics from the University of Virginia,
Charlottesville, in 1970, and the M.S. and Ph.D. de-
grees in physics from Stanford University, Stanford,
CA, in 1973 and 1975, respectively.

He was a Research Fellow in cardiology at the
Stanford University School of Medicine from 1975
to 1977, where he continued his work on determin-
ing the relationship of the electric and magnetic
fields of the heart and developing instrumentation

Nigeria. His areas of interest are surgical gastroenterology and gastrointestaral analysis techniques for magnetocardiography. He joined the faculty in

electrophysiology.

the Department of Physics and Astronomy at Vanderbilt University, Nashville,

Dr. Ladipo is a Fellow of the West African College of Surgeons (FWACSTN, as an Assistant Professor of Physics in 1977. He is now the A.B. Learned

and Fellow of the International College of Surgeons (FICS).

Professor of Living State Physics. He is a fellow of the American Physical

Society. His current research is directed toward using electric and magnetic
measurements and electromagnetic theory for studying the propagation of
electrical activity in nerve and muscle cells and for nondestructive testing. He
has published more than 84 research articles and 17 book chapters, and more
than 150 conference papers, abstracts and reports. He holds ten patents.

Daniel J. Staton received the Ph.D. degree in
physics from Vanderbilt University, Nashville, TN, s
in 1994. §

He served as an American Heart Researcl:
Fellow at Vanderbilt from 1994-1996 and as a
Medical Physics Resident at the University of]
Alabama Birmingham, Department of Radiology,[&
from 1996-1998. He is presently a Radiological
Medical Physicist, affiliated with Radiological ===
Physics Consulting, Inc., Winston-Salem, NC. P

William O. Richards was born in Ann Arbor, M,

in 1953. He received the M.D. degree from the Uni-
versity of Maryland, Baltimore. After finishing his
residency in general surgery in 1984, he completed
a research fellowship in Gl physiology at Vanderbilt
University in 1987.

He is currently a Professor of Surgery at Van-
derbilt University School of Medicine. His current
research interests include the electrophysiology of
gastrointestinal smooth muscle.



