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Abstract

The magnetogastrogram records clinically relevant parameters of the electrical slow wave of the
stomach noninvasively. Besides slow wave frequency, gastric slow wave propagation velocity is a
potentially useful clinical indicator of the state of health of gastric tissue, but it is a difficult parameter
to determine from noninvasive bioelectric or biomagnetic measurements. We present a method for
computing the surface current density (SCD) from multichannel magnetogastrogram recordings that
allows computation of the propagation velocity of the gastric slow wave. A moving dipole source
model with hypothetical as well as realistic biomagnetometer parameters demonstrates that while a
relatively sparse array of magnetometer sensors is sufficient to compute a single average propagation
velocity, more detailed information about spatial variations in propagation velocity requires higher
density magnetometer arrays. Finally, the method is validated with simultaneous MGG and serosal
EMG measurements in a porcine subject.

Index Terms
biomagnetism; current dipole; electrogastrogram; magnetogastrogram; SQUID magnetometer

[. Introduction

Gastric electrical activity controls the mixing and propulsion of foods in preparation for
digestion and processing in the small and large bowel. A region of the proximal antrum along
the greature curvature of the stomach generates a slow wave oscillating near 3 cycles per minute
(cpm) that propagates quickly around the circumference of the stomach and more slowly down
the stomach’s longitudinal axis [1].

The gastric slow wave produces an extracellular potential that may be recorded with cutaneous
abdominal electrodes [2—-4]. Associated intracellular and extracellular current flow also
produces a magnetic field which may be measured [5]. Previous studies in our laboratory have
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shown that a Superconducting QUantum Interference Device (SQUID) magnetometer can
identify the gastric and intestinal slow wave, the known frequency gradient of the Gl tract and
changes in slow wave frequency associated with abnormal conditions such as ischemia and
uncoupling [6;7].

The identification of slow wave parameters from recordings of gastric electrical activity thus
has clinical implications. The gastric slow wave frequency may be measured with cutaneous
electrodes, but alternating low- and high-conductivity abdominal tissue layers smooth and
attenuate electric potentials, frustrating the determination of other potentially useful diagnostic
slow wave parameters such as propagation velocity [8-10]. Biomagnetic fields associated with
the gastric slow wave are not as affected by tissue conductivities as the electric potential, and
may thus facilitate a more complete characterization of clinically relevant spatiotemporal slow
wave parameters. We present a computationally-efficient method for utilizing multichannel
biomagnetic measurements of the gastric slow wave to characterize slow wave propagation
and to determine the gastric slow wave propagation velocity noninvasively.

[l. Methods

A. Gastric Biomagnetic Fields

The biomagnetic field is detected noninvasively with a SQUID biomagnetometer. Typically,
these devices are configured in a gradiometric arrangement to subtract uniform ambient noise
fields. Intracellular and extracellular currents produced by ion flows across membranes in
electrically active tissue generate the extracorporeal magnetic fields. The biomagnetic
induction field of a current source in a homogeneous medium is given by the law of Biot-Savart
as

By(r)=—

\vj (1
#of XJ(r)dr,,
471'9 |I'—I"| (1)

where g is the magnetic permeability of free space, the impressed current density J' is located
at r’ with the integration over the source volume Q and the magnetic induction field By
evaluated at r. The magnetic field is also affected by inhomogeneities in the conductivity and
geometry of the volume containing the current. To assess methods of analysis for biomagnetic
data, we used both a horizontally layered volume conductor model and a piecewise-
homogeneous boundary element model of a realistic abdomen. In these models, the
biomagnetic induction is includes contributions from volume currents [11]

B(r)=B(r) — 'Z—; ((r; - O'J) fS_V(r’)n(r’) x 2T
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where the volume conductor is divided into regions bounded by surface Sj and the summation

is performed over all such surfaces. ’; and (fj represent the conductivities on the inner and
outer surfaces of Sj, respectively, V is potential and n is a unit vector normal to the surface. In
a horizontally-layered volume conductor with a bounding surface in the xy plane, equation (2)
simplifies to [12]
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__Ho ) _
B(r)= K (Qxa-zVK - Kzx Q) 3

where a = r — r’ is the distance between the source and field point, K = a(a+a-2), Z is a unit
vector normal to the surface (along the z direction) and Q is a current dipole defined as

Q=[J (" )dr'. (4)

The electric potential on the gastric serosal surface assuming a homogeneous volume conductor
is

_ b vy
V(r)_47m'f e A0 (5)

which is given by the dipole approximation as [12],

I Qr
V(r)=— .
(r) 4o |r — 1’|

1) Horizontally Layered Volume Conductor—Using these equations, we computed the
magnetogastrogram (MGG) recorded in SQUID detectors 2 cm above the abdominal surface,
which was modeled as a homogeneous conducting half-space. We computed the fields from
this model both in a hypothetical 176 channel SQUID system and in an array corresponding
to the Tristan 637i biomagnetometer currently in use at Vanderbilt’s Gastrointestinal SQUID
Technology Laboratory. The high-density 176 channel biomagnetometer consisted of
gradiometer detectors arranged in a rectangular 16x11 pattern with the sensors separated by 2
cm, as in Figure 1.

2) Realistic Volume Conductor—We further extended the simple horizontally layered
model to the case of a piecewise-homogeneous realistic geometry. This realistic volume
conductor model, shown in Figure 2 was a boundary element surface model with bi-cubic
Hermite basis function interpolation constructed from the visible human project anatomical
images [13-15]. We calculated the magnetic field of primary sources in free space as well as
the electric potential on the torso surface by solving a generalized Laplace’s equation. We then
integrated around the boundary of the torso to calculate the magnetic field due to the volume
conductor (secondary) sources. Finally, we evaluated the full magnetic field in the z direction
at the 176 sensor locations and subjected this field to the SCD procedure.

B. Propagating Dipole Source Model

The gastric slow wave originates along the greater curvature of the stomach and propagates
quickly circumferentially around the body of the stomach [16;17]. It propagates more slowly
longitudinally down the stomach [1;18;19]. To simulate gastric propagation, we used a ring of
20 current dipoles 4 cm in diameter centered 3 cm below the surface of the abdomen. The
dipoles in the ring were oriented tangential to the volume conductor surface along the —x
direction and propagated horizontally across a 10 cm distance, as shown in Figure 1, to
represent longitudinal aborad propagation of the slow wave. The longitudinal propagation
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velocity increases distally, which we simulated by setting the propagation velocity to 2.5 mm/
s at the pacemaker location with a stepwise increase of 2.5 mm/s every 2.5 cm.

1) Surface Current Density Calculation—The surface current density (SCD) method
was first proposed by Hosaka and Cohen (the H-C Transformation) [20-23] and is computed
essentially by taking the curl of the measured magnetic field,

j :LV X B,
Ho (7)

where the vector J represents the surface current density. This quantity is a vector and so
different components of the surface current density can be obtained. In most biomagnetic
situations, an array of sensors records the z component of the magnetic field (defined as in
Figure 1). The array of magnetic field measurements at different spatial points is essential to
the computation of the surface current density as the curl operation requires the existence of
spatial derivatives of the magnetic field. In the case of an array of measurements of B, made
in the x-y plane, the two components of the surface current density are

~ _ 0B,
¢ 1(0B~_ ’\),and

“uo\ay oz ®)

9)

In a standard biomagnetic measurement situation, the terms containing contributions from the
spatial derivatives of the tangential field components By and By are not usually available, and
have been neglected in the estimation of the SCD in this case.

Maxwell’s equations are valid pointwise, so the SCD, which estimates the field differences at
measurement locations rather than at source locations, does not represent a real current density
[24]. Clearly, there exists no current density at the location of the measurement and thus, the
curl of the magnetic field at this location is also zero. Nevertheless, the nonzero values obtained
by the H-C transformation were related by Hosaka and Cohen to current running just under
the surface parallel to the measurement plane.

In a realistic measurement situation, the curl is estimated by spatial differences in the magnetic
field measured at distinct spatial locations. With two separate components of the surface current
density computed from these curl calculations, visualization can consist of a map of arrows
representing the x- and y components of the surface current density. Alternatively, the
magnitude of the SCD can be computed and presented as a two-dimensional map. For
sequential temporal samples, these maps can be animated to allow spatiotemporal assessment
of data. For purposes of presentation in this manuscript, we present SCD sequences as frames
of contour plots with time running from the top to the bottom of the figure. The magnetic field
values sampled at specific locations are interpolated using triangle-based linear interpolation
for a potentially more accurate SCD estimate.
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C. Experimental Protocol

To test the method in an experimental situation, we performed laparotomy on nine adult male
anesthetized pigs and attached an electrode platform to a region in the terminal antrum of the
gastric serosa. Procedures were approved by Vanderbilt’s Institutional Animal Care and Use
Committee. The serosal electrode platform contained 12 bipolar platinum electrodes arranged
in a 4x3 grid. Electrode pairs were separated by a distance of 0.5 cm with a bipolar baseline
of 0.2 cm. We connected the electrodes to an optically isolated amplifier (James Long Co.,
New York) operating on DC power that could be used inside a magnetically shielded room.

The animal was placed underneath a SQUID biomagnetometer (Model 637i, Tristan
Technologies, San Diego, CA) for simultaneous recording of serosal potential and the
transabdominal magnetogastrogram. The Tristan 637i contains 19 detector coils located at the
bottom of liquid helium filled dewar arranged in a close-packed honeycomb array. These 19
coils detect the z component of the magnetic field. The 637i also contains five vector sensors,
four located on the periphery and one in the center of the array, but these were not used in the
computation of the SCD. We used LabVIEW (National Instruments, Austin, TX) to acquire
data at 3 kHz and later downsampled to 300 Hz for postprocessing. The high sample rate is
necessitated by the SQUID amplifier instrumentation employed (Model 5000, Quantum
Dynamics, San Diego, CA). These data were loaded into MATLAB (Mathworks, Natick MA)
and scaled to units of pT using previously-determined calibration factors for the 637i. To
compute the SCD we filtered SQUID data digitally using a narrow bandwidth (2-10 cpm) to
reduce contributions from all non-gastric signal sources and employed the algorithm as
explained above. We employed a standard cubic spline interpolation of the 19 sensor locations
onto a 21 x 21 grid of points spanning 20 cm in the x and y directions with a spacing of 1.0
mm between points. We also investigated the improvement in the SCD estimate with a factor
of two increase in interpolation to a spacing of 0.5 mm.

[1l. Results

A. Horizontally Layered Volume Conductor

Serosal electric potentials computed just outside the simulated gastric surface reflect the
propagating current dipole ring. We found that the near-field signature is nearly identical to
that of a single propagating current dipole located 3 cm below the cutaneous surface (at the
center of the dipole ring), as shown in Figure 1, which suggests that a single dipole source
model is sufficient. Potentials computed from equation (5) just outside the propagation path
are shown at progressively distal electrodes from top to bottom in Figure 3. They demonstrate
a bipolar waveform that propagates at the programmed rate and with the spatial velocity
gradient from the corpus (x = +5.0 cm) to the terminal antrum/pylorus (x = =5.0 cm) over 20
seconds. The pattern resets to the proximal antrum every 20 seconds, reflecting the 3 cycle per
minute rhythm of the gastric slow wave moving dipoles.

Magnetic fields computed in the simulated 176 channel SQUID array (Figure 4a) also exhibit
propagation of the source dipoles. In this ideal, noiseless situation, the pattern maxima (or
minima) could be tracked for an accurate assessment of slow wave propagation and a reliable
estimate of propagation velocity. However, the field patterns are the double lobes that
characterize current dipoles, and thus, the maxima and minima are displaced laterally from the
actual dipole position.

The surface current density (SCD) maps computed from the magnetic field data have a single
peak that is located at the position of the current dipole (Figure 5). Tracking this SCD maximum
over time allows calculation of the propagation velocity, as shown in Figure 6a. The
propagation velocity computed by taking the slope of the plot of SCD maximum vs. time
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correctly reflected the increasing slow wave velocity. As Figure 5a demonstrates, successive
patterns exhibit maxima that move across the detector array faster in the terminal antrum than
in the corpus. As the velocity is estimated by the slope of the SCD maximum line, multiple
velocities can be estimated by linear fits over smaller time intervals. Using this method, we
computed the propagation velocity over one-quarter, one-half and one full slow wave cycle.
Table | summarizes the results. The SCD method is capable of accurately reproducing the
dipole propagation velocity. If an entire slow wave cycle is used, the estimated propagation
velocity is equal to the average of the actual propagation velocity. Dividing the slow wave
cycle in half shows that the slow wave propagates faster in the second half of the cycle. The
stepwise acceleration of the propagation is accurately reproduced when the slow wave cycle
is divided in fourths.

B. Realistic Volume Conductor Model

When we repeated this simulation using a realistic torso volume conductor model, we obtained
similar results. Figure 5b shows the SCD sequence from magnetic fields in the realistic torso
model. Differences in the field introduced by the more complex abdominal volume conductor
geometry were minimal and did not prevent us from identifying clear propagation in the SCD
pattern. The SCD pattern maxima tracked almost identical to the conducting half-space model.
The resulting propagation velocity profile reflected the spatial velocity gradient, as with the
homogeneous half-space model.

C. Tristan 637i Biomagnetometer, Sources Centered

To test the ability of the SCD method in a more realistic situation, we repeated the simulation
with the actual SQUID parameters used in the 637i biomagnetometer in the VU-GIST lab. We
expected diminished spatial frequency content in the signals because of the sparser sensor array
in the 637i. The resulting magnetic fields are shown in Figure 4b. Figure 5c (solid line) shows
that while propagation is still evident, the decrease in spatial frequency content causes the
dipolar signal to appear stationary for several seconds and then to “jump” between sensors
within a very short time interval.

This effect could lead one to believe that the propagating slow wave had momentarily stalled
and then restarted at an accelerated rate. For this reason, any gradient in the propagation velocity
is obscured. However, we still find that taking the average of the SCD’s maximal position
change divided into the average time difference yields a velocity that reflects the average
underlying slow wave propagation (see Table I). Nonetheless, with the known acceleration of
slow wave propagation, the limited spatial resolution of the 637i magnetometer allows only
an average estimate of propagation velocity and prevents the determination of the acceleration
or the velocity gradient. Nevertheless, the estimated average propagation velocity agrees well
with the average known velocity.

D. Tristan 637i Biomagnetometer, Eccentric Sources

We noted that with the line of dipole propagation chosen to coincide with the x-axis and thus
the middle row of magnetometer sensors, and with the dipole oriented along the negative x
direction, there was no magnetic field in the sensors directly above the propagating current
dipoles, a situation unlikely to occur in normal experimental or clinical circumstances (Figure
4b). To investigate the amount of information that was lost by this coincidence of current
propagation and sensors, we recomputed the magnetic field with all parameters the same as
before, except with the current propagating along y = —1 cm instead of along the x-axis. Figure
4c shows the magnetic fields in the Tristan 637i from the off-center propagating current pattern.
The SCD maps computed from the off-center propagation are shown in Figure 5d and the
resulting position of the SCD maxima as a function of time is shown as the dashed line in
Figure 6b. The additional information afforded by nonzero magnetic fields in the five middle
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magnetometer sensors allows a much more sensitive estimation of SCD maxima position and
thus a more accurate computation of the propagation velocity. Doubling the interpolation of
magnetic field values results in a modest improvement of estimated source location (and hence
propagation velocity).

E. Experimental Results

We also computed the propagation velocity of the SCD distribution obtained from experimental
biomagnetic recordings in the porcine subjects. Figure 5e shows the SCD distribution as it
evolves over 20 seconds. The pattern maxima moves from the subject’s upper left side to the
right, and the average SCD propagation velocity can be determined by tracking the maxima as
before. We compared these SCD propagation velocities with the propagation velocity
determined by direct measurement of time lag for signal features in adjacent serosal electrode
recordings and show the results in Figure 7.

The propagation velocities determined from four antral electrodes were very similar since they
were close in proximity to each other. The propagation velocity determined from the SCD
maps also agreed well with serosal electrode recordings, although there is a statistically
significant difference between the most proximally located serosal electrode and SCD
propagation velocities (p < 0.05).

V. Discussion

We used a simple current dipole model of the propagating gastric slow wave to demonstrate
how the computation of the surface current density can be used with multichannel biomagnetic
measurements to estimate the propagation velocity of the underlying electrical activity. By
testing the source model in different measurement situations, we observed that while
propagation is evident in the SCD, the spatial sampling provided by the magnetometer
instrumentation is a critical parameter in the determination of propagation. A magnetometer
array with a higher density was able to distinguish subtle spatial variations in the slow wave
propagation velocity, but lower spatial sampling limits the ability of the SCD method to
distinguish variations. It is possible that a different interpolation scheme than the linear method
we used would also produce better results [25].

We showed that whereas the 19 channel Tristan 637i biomagnetometer currently used in our
laboratory is sufficient to determine an average gastric slow wave propagation velocity, a
higher rate of spatial sampling is required to detect the known spatial gradient in the propagation
velocity. In both a piecewise homogeneous conductor and a realistic abdominal volume
conductor, a higher density magnetometer array was able to better characterize the propagation
velocity profile.

We further computed the SCD sequence from MGG data obtained from porcine subjects while
simultaneous serosal electromyograms were measured. SCD maps from those data demonstrate
clear propagation and tracking of the maxima allowed us to estimate the average propagation
velocity. The propagation velocity determined from SCD pattern maxima agreed extremely
well with that determined by direct measurements using serosal electrodes.

The computation of the surface current density in a measurement situation was accomplished
by computing the difference in the z magnetic field component between adjacent magnetometer
channels. Even if the magnetic field spatial differences could be computed exactly, the fact
that they are measured at points distant from the actual physiological source of current implies
that the SCD still does not exactly represent the underlying current distribution. Nevertheless,
computation of the SCD can still reveal approximate information about biological current
sources from noninvasive multichannel measurements of the magnetic field. Presumably, an
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inverse procedure with anatomic constraints provided by imaging would yield a more accurate
estimation of physiological biomagnetic sources, but computation of the SCD map does not
require additional structural information or computationally expensive co-registration and/or
inverse algorithms. In the past, our group and others have attempted to use a dipole fitting
approach to track gastric biomagnetic sources [26;27]. This approach can present difficulties
with solutions stuck in local minima and can be affected the initial estimate of the dipole
location. It is possible that the SCD method could be used to provide an initial estimate for the
dipole fitting approach or for other inverse procedures.

We have only used the z-components of the magnetic field since they are the components
available to us in our measurements, and typically available in most existing biomagnetometer
systems. But recent studies demonstrating the utility of full vector measurements have impelled
the development of multichannel vector magnetometers, and our future work will investigate
the further use of tangential components in estimating the SCD.

We have illustrated the application of the SCD method to evaluate gastric slow wave
propagation, but the method could be applied in other biomagnetic recording situations as well.
Knosche and colleagues used a method called Brain Surface Current Density (BSCD) mapping
to compute activity on the cortical surface from extracranial magnetoencephalography
measurements [28]. That technique is essentially an inward continuation of the external
biomagnetic signals and requires an anatomical correlate from MRI, whereas the method
presented here is a much more simplistic analysis of only the biomagnetic data. The BSCD
method could be applied in our situation if anatomical imaging information were available as
well.

The SCD method we used to analyze gastric propagation has been applied extensively in both
adult and fetal magnetocardiography [29-35] as well as magnetoencephalography [36;37] and
magnetoneurography [38], as noted by Haberkorn et al in their review [24]. They presented a
model study of “pseudo current density maps” derived from H-C transformations and even
propose the possibility of a hardware realization of the technique using novel sensor
configurations [24]. Our results suggest that a planar implementation of a dense array of such
sensors would allow direct assessment of the spatial gradient in gastric propagation velocity

[1].
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Figure 1.

(a) The dipole ring propagates longitudinally down the stomach beneath the magnetometer.
(b) Sensor positions are shown as squares for the hypothetical high-density 176 channel
magnetometer arranged in a 16x11 rectangular array and as circles for the Tristan 637i
biomagnetometer in use at Vanderbilt.
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Figure 2.

In the realistic-abdomen volume conductor, recorded magnetic fields are represented by arrows
located at the sensor positions. The current dipole is represented by the arrow underneath the
skin surface. For this simplistic simulation, the dipole propagated in a straight line from the
subject’s left to right across the abdomen and was not constrained to the surface of the stomach.
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Figure 3.
Serosal potential waveforms computed from homogeneous half-space model exhibit
propagating activity.
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Figure 4.

(a) Magnetic induction field in a 176 channel magnetometer from a ring of dipoles (represented
by arrows) propagating with increasing velocity alongy =0 fromx=+5tox=-5ina
homogeneous layered half-space. (b) Magnetic fields in the Tristan 637i magnetometer array
computed from the same propagating source as in (a). (¢) The same source and detectors as in
(b), but with the source propagation alongy = 1 cm instead of y = 0 cm.
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Figure 5.

SCD sequences of magnetic field data from (a) the volume conducting half-space model with
the high-density (176 channel) magnetometer, (b) the realistic volume conductor model using
the high-density magnetometer, (c) the volume-conducting half space model with the Tristan
637i array, (d) same as in (c) but with the propagation pattern not directly underneath the central
sensors in the array, (e) experimental data. The lower spatial resolution in (c) and (d) makes
the propagating maximum appear to jump between sensor positions.
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Figure 6.

The position of the SCD maximum as a function of time allows computation of the propagation
velocity. (a) The SCD maxima for the high density sensors in the case of the realistic volume
conductor and conducting half-space are very similar and both are close to the actual dipole
positions. (b) The lower spatial sampling of the Tristan 673i obscures details about the dipole
propagation, particularly if the propagation occurs directly underneath the sensors. Doubling
the interpolation of the magnetic field provides a modest increase in the accuracy of the dipole
position estimate provided by SCD.
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Figure 7.

Propagation velocity as measured in four bipolar serosal electrodes in a porcine experiment
agrees with the propagation velocity determined by applying the SCD to noninvasive SQUID
measurements using the Tristan 637i. Only the propagation velocity determined from the first,
most proximal, serosal electrode pair was significantly different from the velocity obtained by
SCD mapping.
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