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The ability to study the pathology of the stomach noninvasively from magnetic field measurements is
important due to the significant practical advantages offered by noninvasive methods over other techniques of
investigation. The inverse biomagnetic problem can play a central role in this process due to the information
that inverse solutions can yield concerning the characteristics of the gastric electrical g@Gikidy. To
analyze gastrointestinéGl) magnetic fields noninvasively, we have developed a computer implementation of
a least-squares minimization algorithm that obtains numerical solutions to the biomagnetic inverse problem for
the stomach. In this paper, we show how electric current propagation and the mechanical coupling of gastric
smooth muscle cells during electrical control activity can be studied using such solutions. To validate our
model, two types of numerical simulations of the GEA were developed and successfully used to demonstrate
the ability of our computer algorithm to detect and accurately analyze these two phenomena. We also describe
our analysis of experimental, noninvasively acquired gastric biomagnetic data as well as the information of
interest that our numerical method can yield in clinical studies. Most importantly, we present experimental
evidence that the coupling of gastric electrical sources can be observed using noninvasive techniques of
measurement, in our case with the use of a superconducting quantum interference device magnetometer. We
discuss the relevance and implications of our achievement to the future of Gl research.
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I. INTRODUCTION AND PURPOSE using SQUIDs for experimental biological data acquisition is
The subject of noninvasive biomagnetic measurementghoemaebrlljatyntgn?;sggi32?”3\'/2?5;“nraelzlt)l el:acgecgnt?]gente;'sipoﬁeéon_
has received a considerable amount of attention in light of o™ o e, g Y€ . .
ducting clinical studies. Moreover, noninvasive GEA studies

the latest developments in the field of biophysical researchare encouraging in light of current efforts to identify effec-

In particular, the development of reliable methods for SOIVingtive wavs of analvzing the phenomenon of abnormal current
the inverse biomagnetic problem has increased the attention y yzing P

devoted to the analysis of magnetic fields originating in th ig?lzagl?é'ﬁ r;swggr]c)|sarz;ss?§<;25e?scvk\:grrlnigathologlcal condi-
human stomach in an attempt to better understand th% 9 b :

mechanisms at work in this organ. Noninvasive biomagneti El,ztizlshjrrsglnes’ \fl\rlsn?erignlrjét(i)cu][igl?jgl?;ics)lr\(ljeegr\]/altfg(gijtlge
measurement studies have recently been conducte 9

[1-3,6—8§ in order to assess the characteristics of the gastri?wagnetometers. Most importantly, we here report our ability
' (o]

electrical activity(GEA), especially as it relates to the diag- invgig\?gt rileetcggg:'g?arlngggglrg%é?]tthbe s;w?ghinusn;glgggt-_
nosis of pathological states in humans and animals. y ploying

Numerous theoretical and computational models of thequares approximation algorithm for solving the biomagnetic

electrical activity in the stomach have been developednverse problem.

[9-18. The GEA is generated due to the periodic depolar-

ization and repolarization of stomach cells and it manifests Il. FORWARD AND INVERSE MODELS
itself as a wave propagating aborally from the gastric corpus

toward the pylorus. In the quasistatic approximation, the. . ents in various types of tissue that can be assumed to be
phenomenon can be modeled as one or several current

. . ; omogeneous; in studies of gastric biomagnetism, the me-
poles propagating through the electric syncytium of theyjm “of current propagation consists of gastric smooth

stomach. Anomfalies in the _characteristics of th_is propagat.io uscle cells. In order to investigate the GEA from noninva-
have been studied and their relevance to the field of medicg), o magnetic field measurements, a number of theoretical
diagnosis has also been the focus of active research. In Poncepts must be applied to the mathematical modeling of

ticular, the use of superconducting quantum interference degis yhenomenon. One of these involves solving the so-called
vice (SQUID) magnetometers has proven to be very suitablg,jqmagnetic inverse problem, which consists of employing

for detectm.g and studymg the GEA n both healthy and dIS'he mathematical tools of the quasistatic approximation to
eased subjects. An important practical aspect in favor o etermine a current densifiybased on known values of the
magnetic fieldB. This is typically performed using the law

of Biot and Savart written in a well-chosen form, according

*Electronic address: andrei.irimia@vanderbilt.edu to the specifications of the practical problem to which it is

"Electronic address: alan.bradshaw@vanderbilt.edu applied. A large section of biophysical modeling and signal

In the human body, biomagnetic fields arise due to electric
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processing literature has been devoted to this subject due tmrated for nonradial fields; otherwise, the model is valid
its importance in various areas of biophysics, including Glonly inside the homogeneous conductor. Thus, for noninva-
research. sive measurements made outside the body and normal to the
Solving the inverse problem requires a thorough undersurface that separates the two megvhich is the case in our
standing of the forward problem, which consists of comput-experimenty the equation above is valid only for the radial
ing the magnetic field using experimental measurements component of the magnetic field, i.e., the component irkthe
and/ora priori knowledge of the electric potentid and  djrection[21,22;
gastric current density. Quasistatically, a current dipol@
approximates a localized electric currgrd9] and can be
thought of as a concentration of a primags opposed to
Ohmig) currentJ,(r’) to a single point, i.e.,

1
=0 = oy -y) - Qx-x)], (4

B 4rlr =1’

where thek direction is normal to the surface of the abdo-
Jp(r')=Qar —r’'), (1) men and directed upward, assuming that the subject is in
supine position. In the case of our numerical method imple-
mentation, we found that computer memory and processor
speed limitations increase drastically with the number of in-
verse dipoles included in the least-squares procedure. Con-

:;:Ienufl;sltpel dpom; wherr]e tdh.e T)ag_net'cff'iﬂd's. recorded.  qoqently, the assumption was made in the present study that
or radial fields, given the distribution of electric currents in "\, rrent dipolesQ; and Q,—one gastric and the other

the abdomen, the expression for the magnetic field due tpoqtina| respectively—were sufficient to describe the un-

these currents can be written, according to the theoretic nown sources of current producing tBefield detected by
model and derivations of limonienett al. [20], in the form  yhe magnetometer. The numerical method used here to iden-
P 1 tify current dipoles fromB data consists of performing a
B(r):—off f—,y]p(r’) X (r=rd%’, (2 least-squares approximation of the current dipole vector
4} Jo J r-r| components. In this approach, a systematic search is per-

whereQ is the volume of the abdomen modeled as a hori_formed within the volume of the abdomen in order to deter-

zontally layered conductor. To identify current distributions T'"¢ the locations of these best-fitting dipoles explaining the

from information contained in magnetic field recordings, oneB data; these assumed positions correspond to n(eles

; . . : . ; ]ments) of a dense three-dimensional mathk covering the
can determine the location, orientation, and time evolution o ) . .
volume of the abdomen in which the dipoles can be located.

electric current dipoles accounting for experimentally ac- . ) : X
quiredB field values. This task requires realistic, though noti VA;C’ expr)Iat;Inerg ilr?tdrer;a" ?{283:1\&1[&\?\/]6 Wer drﬁs;:rlrbenm:; |
unique, solutions to the inverse problem. The existence of 'Verse probie erms o u 0_ pa_a Ae_Ae S, hamely,
more than one such solution accounting for the recorded fielfh€ vector components of the two dipoles in th¢, andk
is due to the presence of magnetically silent sources, whicAirections as well as their positions. Moreover, based on ana-
can greatly complicate the task of solving this problem, a|_t0m|pal cqn&dgraﬂons, we assume that gach of the gastric
though appropriate anatomical constraints can allow th@nd intestinal dipoles can be located only in one of the upper
identification of realistic solutions. and lower halves of the: X BX y three-dimensional matrix
In our experimental investigations involving humans, theM- In our case, this implies that half of the magnetometer
input coils of the SQUID magnetometer are positioned abovdPut coils recordB data above the stomach while the other
the abdomen of the patient and possess the ability to detebg!f record magnetic fields above the intestine. Since the two
magnetic fields whose sources are located in both the stonfliPoles are each to be identified within a separate, distinct
ach and the intestine. For this reason, in the data acquisitio@rtion of the three-dimensiong8D) grid, all combinations
experiments that make the object of our present study, on@f dipole locations must be examined. The vector compo-
can assume that the source of the gastric electric currefents of each dipole are then determined through the use of
producing the magnetic field is located in a homogeneous the least-squares procedure. .
medium, while the measurement coils of the SQUID magne- N our case, given a magnetic field experimental data set
tometer are positioned immediately above the body of théicquired in a horizontal measurement plane determined by
patient. thg input cglls of the SQUID magnetometer, the_least—squares
If the simplifying assumption is made that the abdomencriterion gives the best-.flttlng d|p_ole orientation that ac-
and the space above it are separated by an infinite half plangounts for theB data. To find the orientations @¥; andQ,,
the equation for the magnetic field outside the body due to aWe rely on minimizing the sum of squares:

where we employed the Dirac delta functiéfr —r’). In this
notation, the vector’ extends from the origin of the coordi-
nate system to the position of the localized current, while

electric dipole in this homogeneous medium can be written a B
as > 2 [Bj(r) - Bj(r) - Bj(nF, (5)
i=1 j=1
Mo 1 ' .
= Z-r|r —r’|3Q X (r=r’). () whereB;; andBj; are the computed fields due @, andQ,

for theijth node of amx X B search gridN (a horizontal slice

Since Egs.(2) and (3) are valid only for radialB fields,  within M for which z is constant, i.e.z=0), WhiIeEij is the
volume currents at conductor boundaries must also be incoexperimental value of the field at the position denoted by the
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corresponding node. The horizontal gridl to which the behind it have already been discussed to a great extent else-
minimization process is applied corresponds here to th&here[3], we will only briefly summarize them here.
plane where the magnetometer input coils are located, i.e., to In the second simulation used for testing our inverse pro-
the plane separating the homogeneous medium in which theedure, 190 current dipoles were distributed within the three-
dipoles are positioned from the air that surrounds it. dimensional matrixM corresponding to the space occupied
Although a possible posteriorierror analysig4] of our by the stomach and small bowel in the abdominal cavity, as
algorithm has not yet been performed, a statistical validatiofgXPlained in the previous section. Within the simulated vol-
study of our method has already been undertd&gnin this ~ UMe of the stomach, a nu_mber of current dlpoles_ were posi-
study, it was concluded that, if the GI electrical activity is 10n€d- These depolarization and repolarization dipoles were
modeled using a current dipole model, only two such dipole$iMulated in pairs, with repolarization dipoles being far

are necessary to account for the magnetic data recorded u eaker than depolarization dipoles, in agreement with the

: ysiological characteristics of the propagation phenom-
ing a SQUID magnetometer abov_e the human abdomen. V\@non. Throughout all simulations, dipole orientations were
refer the reader to the original article [i§] for further clari-

fication and for an extensive derivation and discussion of ouadeSted o poin; in the direction of electrical control activity
. EECA) propagation, namely, toward the pylorus. Moreover,
theoretical model. the time-dependent magnitudes of all these dipoles due to the
distribution of transmembrane potential were controlled so
Il SPATIOTEMPORAL SIMULATIONS that the resulting magn_etic field wave forms due to their
presence would exhibit the well-known frequency of
To verify our ability to analyze the GEA using the theo- three cycles miit. Gastric dipoles were assigned phase
retical and computational model described above, a comshifts from antrum to pylorus of 2 such that the simulated
puter program was developed with the purpose of identifyingpropagation velocity of the GEA across the stomach was
intestinal and gastric dipoles using magnetic field data re©.33 cm st
corded with SQUID magnetometers. To test the efficiency In all simulations, magnetic field patterns due to the
and reliability of our dipole identification algorithm, we coupled dipoles in the stomach were simulated to migrate
implemented a forward model simulation MrTLAB (Math- ~ from the subject’s corpus to the pylorus, in agreement with
works Inc., Natick, MA, USA, in which sinusoidally vary- the characteristics of gastric propagation. Once every 20 s,
ing abdominal dipoles located under the measurement plartbe patterns reset to the left side of the subject and thus a new
were modeled. Following the theoretical principles previ-gastric wave was generated in the gastric corpus. In addition
ously described, these dipoles were assumed to be positiongéal the coupling of gastric electrical sources, we also simu-
at realistic depths. lated the same phenomenon at the locations of the proximal
In the first set of such simulations, single dipoles withduodenum and terminal ileum. In each of these two cases,
various orientations, magnitudes, and locations were moddipoles were oriented along the direction of the Gl tract at
eled. In one such simulation, for example, the only vectoreach of these two locations. Moreover, their magnitudes
componeniin units of A m) of the simulated current dipole were adjusted so that the resultiBgwave forms would ex-

Q at timet=0 (s) was given by hibit a frequency of 12 cycles niih for the duodenum and
- 8 cycles min? for the terminal ileum. These frequency val-
Qs=-] Am, (6) ues are all known from previous physiological studisee

[3] and references thergirin addition to the three groups of

simulated dipoles described above, namely, those in the
stomach, duodenum, and ileum, the remainder of the intesti-
nal dipoles were given random locations and orientations in

with a dipole momen[Q¢= Q. of 1 Am. As in Eq.(1), Q is
given byJ,=Q&(r —r’). The position of the dipole under the
measurement plare=0 m was chosen to be

rl=- 0.02{ ~0.0% m, @ ?r?c?r to simulate the ECA frequency gradient along the Gl
for that simulation, where’, as previously explained, ex- In Fig. 1, we present the spatial distribution of the electric

tends from the origin of the coordinate system to the positiorcurrent dipoles simulated by our forward model. The three
of the localized currend,. Given this arrangemenB field  regions for which periodicity of dipole activity was simu-
values as would have been sampled by a SQUID magnetdated are each designated by rectangles. As the figure sug-
meter were computed in a simulation that spanned 1 min ofiests, the positions of dipoles accounting for gastric electri-
electrical activity. The goal of this first set of simulations wascal activity were simulated in a manner that could reproduce
to verify the spatial resolution of our algorithm in the pres-the anatomical shape and position of the stomach. These di-
ence of a single source of current. poles are located in the uppermost rectangle in Fig. 1, while
To ensure the reliability of our computational method for electrical activity in the duodenum is represented by a series
cases where a large number of electric current dipoles weref dipoles located along a curved line in the second rect-
present, we also implemented a second type of spatiotempangle, immediately to the left of the stomach. The third rect-
ral simulation involving abdominal electric sources. Theangle at the bottom of Fig. 1 designates the positions of
most important purpose of this second simulation was talipoles in the ileum for which the periodicity of electrical
verify the ability of our algorithm to detect the coupling of activity was simulated. The dipoles outside the three areas
gastric electric sources despite the presence of numeroase those that were assigned random orientations and phase
other uncoupled sources. Since this simulation and the theotyehaviors in our simulation. Simulated magnetic field values
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identified by the least-squares inverse problem algorithm for the
- * ry anatomical region of the stomach.
&
A0 .' d e - tion and repolarization waves were also reproduced by time
P variations in the magnitudes of inverse dipol@s. Each
GEA temporal wave was found to exhibit an upstroke phase
with a sustained repolarization phase, consistent with the
known physiology of the Gl tract.
45 = ; E. ; o Our assumption that each of the gastric and intestinal di-
x (cm) poles is constrained to be located within a specific section of

the 3D grid M does not imply that the coils of the instrument
FIG. 1. Spatial distribution of 190 simulated GI electric current cannot record fields produced in the other organ. Such an
dipoles used for inverse procedure testingits of m). Gastric di- ~assumption would be unrealistic not only on anatomical
poles are visible at the top of the image, in an arrangement tha@rounds—portions of the intestine can often be located be-
matches the anatomy of the stomach. Duodenum dipoles are locatédnd the stomach itself—but also because frequencies asso-
immediately below, connecting the stomach to the small bowel tha€iated with the electrical activity in the colon spectrally over-
covers most of the volume used in the simulation. lap those associated with the stomach. Rather, our
assumption concerns only the anatomicaiation of the di-
goles being considered, and the spectral overlap between the
electrical activities in the stomach and colon is accounted for
in a natural manner by the least-squares procedure. This is
because, in our approach, both groups of estimated param-
IV. RESULTS AND DISCUSSION eters(dipole locations, strengths, and orientations for gastric
and intestinal sourcesare fitted to theB field data recorded
For our single-dipole simulations, we determined the bestby all input coils, regardless of where the latter are posi-
fitting location and orientation of one inverse current dipoletioned (above the stomach vs intestinend independent of
using the inverse problem algorithm developed. For the exwhere the electric sources producing the experimental data
ample presented in the previous section, the locatjo(in are located.

due to the electric current dipoles in Fig. 1 were used a
input to our inverse problem procedure.

m) identified for the inverse-solution dipof@; was found to The results of applying our inverse algorithm to the data

be generated by the forward model with 190 dipoles are shown
. . . in Figs. 2—4. The only regions where periodicity of electrical

r{ =-0.006i - 0.039) - 0.067k m. (8)  activity was detected were found to be identical to the re-

gions where it had also been simulated in the forward model.
Due to the large number of forward model dipoles in the

Q=- 0.034i - 0.896f —0.202k Am (9) simglation(lgo tota) anq to thg fact that we identify only

two inverse dipoles per time slice Bfdata generated by the

with a dipole momen}Q;| of 0.9166 A m. Similarly, the ori-  forward model simulation, we believe that studying the time
entations of all other simulated dipoles identified using theevolution of dipole locations in each region of propagation is
inverse solution were found to agree with those in the forthe most effective manner of characterizing the spatial reso-
ward model simulation. In the inverse procedure, depolarizalution and accuracy of our algorithm.

The orientation of the inverse dipole was found to be
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three figures demonstrates the spatial resolution of our algo-
rithm for identifying propagation in the stomach, duodenum,

Tl e and ileum, respectively. In all figures, dark rhombi represent
B " RN positions of dipoles in the forward model simulation. These
L) & ‘e N | locations are identical to those in each rectangle from Fig. 1,
but they are presented again in Figs. 2—4 for visual conve-

o - nience. Squares in Figs. 2—4 represent locations of dipoles
0 x(cm) 10 identified by the inverse solution as exhibiting electric activ-

&
&

¥ (cm)
.
&
=

ity periodicity. Inverse dipoles in imagéa) and(b) for each
figure correspond to two different, randomly selected, time
segments in our simulation. Each inverse dipole, designated
by a square, belongs to a different time frame in the magnetic
field data. Nevertheless, we found it convenient to show sev-
eral such dipoles on each figure simply in order to character-

ize the spatial accuracy of our algorithm both visually and
0 qualitatively. By tracing the locations of such inverse dipoles
1] x (cmm) 10 as functions of time, we were able to identify as regions of
current propagation only the areas where this phenomenon
was simulated. Consequently, in view of the results obtained
with our simulation, we believe that our method is demon-
Since the number of forward model dipoles is far largerstrative of our ability to accurately identify realistic current
than that of inverse dipoles, we believe that computing thedipoles and to characterize ECA propagation.
shortest distance between a dipole in the forward model and In addition to analyzing simulated biomagnetic fields, we
one found using the inverse model may not always constitutalso used our algorithm to analyze experimental biomagnetic
an appropriate way of quantitatively assessing the spatialata. Such data were sampled from three healthy human sub-
resolution of our inverse method. This is true because gects, who were each separately positioned under a Tristan
single inverse dipole accounts for the activity of several di-637i SQUID magnetometdiTristan Technologies, Inc., San
poles in the forward model simulation. This did not apply to Diego, CA, USA with their abdomen directly below the
the first simulation we presented here because, in that casi@put coils of the instrument. The 637i magnetometer in the
only one inverse dipole was used for identifying the locationLiving State Physics Laboratories at Vanderbilt University
of one corresponding simulated dipole. Nevertheless, in thpossesses 29 input coils, out of which 19 are distributed
case of the simulation with 190 dipoles, it is crucial to reit- around a base with a diameter of 10 in. These 19 input coils
erate that our algorithm was able to detect propagation onlyecord the gradient of the magnetic field along thaxis,
in those regions where the phenomenon had been simulatedthich is perpendicular to the abdomen of the subject and
To motivate this statement conclusively and persuasively, theriented upward. The ten other channels record gradients in
locations of several inverse dipoles identified using our algoeither one of thex andy directions. Although gradients—
rithm are shown in Figs. 2—4 for each of the three rectanglesather than magnetic field components—are measured, it is
in Fig. 1, where periodicity was simulated. Each of thesesafe to assume that the former are very nearly equal to the

FIG. 3. Same as Fig. 2, but for the duodenum.

5
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~
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1] X (cm)

FIG. 4. Same as Fig. 2, but for the ileum.

10.5

latter, because the gradient baseline in our case is 5cm,
which is roughly equal to the source-sensor separation.
Simulated gradients would thus be almost identical to simu-

lated fields since only far field sources would contribute sub-

stantially.

As a result of applying the inverse problem algorithm
with two inverse dipole$Eg. (5)] to the experimental gastric
biomagnetic data, spatial resolution was found to be consis-
tent with a priori information offered by the experimental
setup, in that regions of anatomical and physiological interest
were satisfactorily identified by the inverse solution, as was
done in our forward model simulation with 190 dipoles and
in previous studies where the spatial resolution of our algo-
rithm was tested6—8|. The wave forms reconstructed from
inverse solutions were all found to exhibit one of the essen-
tial characteristics of simulated GEA wave forms, namely,
the wave frequency of 3 cycles min

The location where gastric propagation was found to
originate according to our inverse solutions was identified in
the corpus of the stomach, in agreement with the known
characteristics of GEA propagation. As in the forward model
simulation presented in the previous section, this result was
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obtained by observing the locations of inverse dipoles as &he presence of dipoles in distal locations whose frequencies
function of time. The position where the ECA was consis-are lower than normdl1-3].
tently found to originate was thus identified as a pacemaker In a previous study by Bradshaet al. [3], a simulation
within the electrical syncytium of the stomach. Using thestudy similar to ours predicted that the electrical activity of
same method described above, the location where propagancoupled cells may be associated with inconsistent or ret-
tion ended was also correctly identified as the pylorus.  rograde propagation as well as with propagation patterns far
The time evolution of the dipole moments associated withess distinct than in the normal stomach; it may also be true
the regions of the gastric pacemaker and of the pylorus wergat such abnormal behavior is identifiable with our method.

found to be of considerable interest. Specifically, applyingq\yever, although experiments are now being conducted in
the inverse algorithm to the humé&ndata showed that a high group to ascertain how noninvasive magnetic field re-

vn\;i?r?r;tllj(;jvs r%;;m?tupdaeci?q%keerpjgﬂs (;’\i’sglealf\g?g/eaésg%ite rdings respond to mechanical and pharmacological uncou-
cycle. Moreover, a high magnitude of the pylorus dipole wasol”?g of the s'gomach, these data are not yet available and a
alid conclusion cannot be drawn in this respect at the

always associated with a low magnitude of the pacemakeY gt M9 Iso f lated a th tical ell
dipole. The change in location of the dipole with the higherP'€Sent time. Ir{9], we also formulated a theoretical ellip-

magnitude was found to occur at the end of each propagatio%c’id_aI mode_l capable_ of reproduc_:ing_ the 9"?‘5‘”0 electric po-
cycle, such that the electric activity was strongest at thdential and its associated electric field. Since our present
pacemaker location during one cycle, whereafter it Wascomputatlonal work predates the theoretical developments

strongest in the pylorus region during the following cycle.tqeret')r.‘l_’ mofre |nV(a||§t|gqt(|jch effczjrt||s nicessary befor(te)lthe ap-
This periodic phenomenon, in which the position of the di-P''¢@ ||_ty% our ellipsoidal model to the present problem is
pole with the higher magnitude alternates betweeen the pf_\scertame '
lorus and the corpus with each ECA cycle, corresponds to the
electric source coupling of these two regions during the GEA V. CONCLUSIONS
and it was observed in all the human subjects analyzed. The piomagnetic inverse problem can be of great impor-
Thus, our study demonstrates the possibility of observingance in the process of analyzing the characteristics of Gl
and describing gastric electrical source coupling using NoNpjgelectric currents. Our method was found to be capable of
invasive techniques of measurement. identifying the locations and orientations of gastric current
We believe that this result is of great interest because 'Hipoles due to which magnetic fields are produced in and
has already been shown that gastric disease states can bh@side the human abdomen. Most importantly, the coupling
simulated by uncoupling source dipolg7,23. Our detec- ot glectric sources in the stomach was detected from inverse
tion of electric source coupling in healthy subjects using soxg|ytions using data acquired noninvasively. We believe that
lutions to the inverse biomagnetic problem may imply thatyis achievement is particularly encouraging from the per-
disease statgs of thg stomac_h are also detectable using t@Eective of detecting abnormal current propagation in the
method. While electric potentials are attenuated by the confyre, which may in turn be useful for studying the patho-
ductivity of tissues, magnetic fields depend on permeabilityjogical conditions of the stomach more extensively. We are
which is constant between tissues and almost equaloto  |opeful that a future study of human patients with abnormal
Since it has already been demonstrated that magnetic fieldgstric conditions will fully clarify whether inverse solutions
describe internal current sources more accurately than elegs e biomagnetic problem can indeed be used successfully

tric fields [1,24}, our result shows that it may be possible 10 1, getect abnormal current propagation in the stomach.
indirectly identify states of human gastric disease noninva-

sively by detecting the uncoupling of electric current sources ACKNOWLEDGMENTS

in the stomach. Moreover, it may also be possible to detect

uncoupling using our method by analyzing the time evolu- Funding was provided by the Veterans’ Affairs Research
tion of gastric dipole moments. We believe this to be the cas&ervice through the National Institute of Health, NIH Grant
because disease states in the stomach are also associated Wth RO1 DK 58697-01.
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