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Abstract—An analysis of the relative capabilities of methods for magnetic and
electric detection of gastrointestinal electrical activity is presented. The model
employed is the first volume conductor model for magnetic fields from GEA to
appear in the literature. A mathematical model is introduced for the electric potential
and magnetic field from intestinal electrical activity in terms of the spatial filters that
relate the bioelectric sources with the external magnetic fields and potentials. The
forward spatial filters are low-pass functions of spatial frequency, so more superficial
external fields and potentials contain less spatial information than fields and
potentials near the source. Inverse spatial filters, which are reciprocals of the
forward filters, are high-pass functions and must be regularised by windowing.
Because of the conductivity discontinuities introduced by low-conductivity fat
layers in the abdomen, the electric potentials recorded outside these layers required
more regularisation than the magnetic fields, and thus, the spatial resolution of the
magnetic fields from intestinal electrical activity is higher than the spatial resolution
of the external potentials. In this study, two smooth muscle sources separated by
5cm were adequately resolved magnetically, but not resolved electrically. Thus,
sources are more accurately localized and imaged using magnetic measurements
than using measurements of electric potential.
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1 Introduction

SMOOTH MUSCLE of the gastrointestinal (GI) system controls
the complex processes of digestion. The electrical control
activity (ECA) is a slow oscillation in the resting membrane
potential that is always present. The electrical response activity
(ERA) consists of a plateau phase and a higher frequency spiking
phase that occurs when the ECA has sufficiently depolarised the
membrane (DANIEL et al., 1959).

Gastrointestinal smooth muscle behaves as an electrical
syncytium (DANIEL and SARNA, 1978), i.e., all cells behave as
though electrically interconnected by gap junctions. In the
stomach, gastric electrical activity originates at a pacemaker
located in the corpus and propagates aborally towards the
pylorus. GEA frequency throughout the gastric musculature is
about 3 cycles min . In the small intestine, electrical activity is
propagated from several pacemaker locations, and exhibits a
gradient in frequency from 12 cycles min™ in the duodenum to
8 cycles min~" in the terminal ileum (FLECKENSTEIN, 1978).
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Fig. 1 illustrates how the electric currents and potentials
associated with the movement of ions across smooth muscle
membranes produce both extracellular electric potentials and
magnetic fields. The electrogastrogram (EGG) records electric
potentials from gastric electrical activity with cutaneous elec-
trodes placed on the abdominal surface. However, of the
parameters that describe GEA (amplitude, frequency, phase,
propagation velocity), frequency dynamics of the EGG signal
has been the only reliable parameter (MINTCHEV et al., 1993).
The electroenterogram (EENG), the recording of cutaneous
potentials from intestinal electrical activity, cannot be reliably
obtained at the abdominal surface unless intervening abdominal
layers are removed (CHEN et al., 1993a; SMOUT et al., 1984).

The magnetogastrogram (MGG) and magnetoenterogram
(MENG) record the magnetic fields from gastric and intestinal
electrical activity, respectively. In contrast to electric potentials,
magnetic fields of both the stomach and small bowel are always
recordable (RICHARDS et al., 1996). Previous studies have
demonstrated that the MGG and MENG correlate well with
internal serosal activity (BRADSHAW et al., 1997), and allow
identification of the ECA frequency gradient (Richards et al.,
1996) as well as the characteristics of ECA propagation
(BRADSHAW et al., 1999a).

Disease states in the stomach and small bowel are known to
change parameters of the electrical activity of smooth muscle
(TELANDER et al., 1978; KOCH et al., 1989, 1990; DEVANE ef al.,
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Fig. 1 Movement of ions across the membrane of smooth muscle
cells associated with changes in membrane potential creates
intracellular current flow along the cell, creating both extra-
cellular potentials and magnetic fields

1992; HONGO and OKUNO, 1993; ROTHSTEIN et al., 1993;
HASLER et al., 1995; DEBINSKI ef al., 1996). Bradygastria,
tachygastria, and cell uncoupling have been observed in cuta-
neous electrode studies of gastric disease states such as gastro-
paresis (ABELL ef al., 1985; ABELL and MALAGELADA et al.,
1985; PFISTER et al., 1988; FAMILONI et al., 1991; CHEN and
MCCALLUM, 1992; CHEN et al., 1993b), although no conclusive
studies validating the existence of bradygastria and tachygastria
with internal recordings have appeared (MINTCHEV and BOWES,
1997; MINTCHEV et al., 1997). Changes in propagation of
electrical activity during disease or mechanical uncoupling
have also been measured using internal electrodes (BEDI et al.,
1972; YouU et al., 1980). Thus, the ability to noninvasively
measure gastric and intestinal electrical activity has important
clinical implications.

Cutaneous electrodes often do not reflect the changes in
gastrointestinal electrical activity that occur during the disease
state (MINTCHEV and BOWES, 1997; MINTCHEV et al., 1997).
Several authors have suggested that spatial smearing caused by
low conductivity abdominal layers is responsible for the lack of
spatial detail in the external potentials. Previous research
{BRADSHAW et al., 1999b) has shown that magnetic fields are
not as affected by low conductivity layers as electric potentials,
so non-invasive detection of magnetic fields from GI activity
may provide information not available in cutaneous recordings
of electric potentials. Both model simulations and experimental
results show that the magnetoencephalogram, for instance,
provides greater spatial resolution than the electroencephalo-
gram. It was previously shown that the low conductivity of the
skull, in conjunction with the higher conductivity cortex and
scalp, reduces both the localising and imaging resolution of the
EEG (BRADSHAW ef al., 1999b).
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Fig. 2 The abdomen is represented by a concentric cylinders model
with five layers that represent the abdominal cavity, omentum,
abdominal muscle, subcutaneous fat, and skin. Sources of
electrical activity are contained in the small intestine, an

eccentric cylinder of radius a located in the abdominal cavity

To examine the magnetic fields and electric potentials from
gastrointestinal electrical activity, we present a volume
conductor model with five concentric cylindrical layers. The
model is employed to examine the effects of abdominal layers on
the external signals and uses the concept of spatial filters, which
describe the analytical relationship between the internal elec-
trical sources and the external fields and potentials. The spatial
filter construct allows one to graphically visualize the effects of
the layers on the spatial resolution of the external signals.

Although the model may be applied to both gastric and
intestinal signals, we concentrate on analysis of the electro-
enterogram (EENG) and magnetoenterogram (MENG). This is
the first mathematical model describing the magnetic fields from
gastrointestinal electrical activity.

2 Methods
2.1 The abdominal model

The abdominal cavity is modelled as a cylinder of infinite
length aligned along the z-axis as shown in Fig. 2, with layers
representing omentum, muscle, subcutaneous fat, and skin. The
small intestine, represented by an eccentric cylinder in the
abdominal cavity of radius a, is the source of electrical activity.
Mode! parameters and the nominal values used in this analysis
are shown in Table 1.

The source of electrical activity in this model is the membrane
potential of the smooth muscle of the intestine. The slow wave
consists of an initial depolarisation followed by a prolonged

Table 1 Typical abdominal model parameter values®

Parameter Value Parameter  Value Parameter Value

a 80mm |r'| 65cm Oskin 045/Q-m
b 7.8¢cm Varies 0, Varies

c 8.3cm O 0.88/Q-m tom 5.0mm

d 8.8cm Ocav 0.45/Q-m s 5.0mm

e 10.0cm Oom 0.02/Q-m trat 12.0 mm

f 10.5cm Omus  0.45/Q-m toin 5.0 mm
4 Varies Ofat 0.02/Q-m

#Conductivity values are taken from SCHWAN, H. P., and KAy, C. F.
The conductivity of living tissues. Annals of NY Acad. Sci. 65, pp.
1007-1013, 1957. Geometrical parameters are taken from SNELL, R.
M. Clinical Anatomy for Medical Students. Little, Brown & Co.,
Boston, 1986.
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plateau potential and gradual repolarisation. For simplicity, the
slow wave is represented by a Gaussian waveform defined by its
amplitude (10 mV), width (1 cm), and location along the z-axis.
To investigate the differences in spatial properties of electric
potentials and magnetic fields, we use two slow waves separated
by 5cm. The membrane potential and the intracellular current
associated with it are shown in Fig. 3.

Electric potentials and magnetic fields may be calculated at
any location in or outside the volume conducting medium.
Furthermore, the magnetic field is a vector quantity, and we
can calculate both radial (r) and tangential (#) components of the
vector magnetic field. The z-component of the magnetic field in
this model is identically zero, since the intracellular current
sources associated with the membrane potential are aligned with
the z-axis.

2.2 Spatial filter relationships

The external electric potential and magnetic field are calcu-
lated from the internal membrane potential or intracellular
current density of smooth muscle cells. If the extracellular
conductivity is sufficiently high (core-conductor limit), the
intracellular current density is related to the membrane potential
by (WOOSLEY et al., 1985)

J(r') = o V@,(r') M)

where r’ is a vector to the source location, J(+') is the intracel-
lular current density, o; is the conductivity of the smooth muscle,
and ®,(r') is the membrane potential. If the membrane poten-
tial varies only along z, then the Fourier transform of eqn 1 is

ji(kz) = O-ikqsm(kz) (2)

where k is the spatial frequency, and lower-case quantities
correspond to frequency domain representations of the upper-
case quantities. The factor o; k can be thought of as a spatial filter
that, when applied to the spatial frequency domain representa-
tion of the membrane potential, gives the intracellular current
density. Thus, this spatial filter represents the relationship
between the membrane potential and the intracellular current
density. It is closely related to the concept of transfer functions.

We can also specify the relationships between the source and
the measured electric potential or magnetic fields in terms of
spatial filters, which are essentially the Green’s functions of the
forward equations for the potential and magnetic field:

1 v-J(r')
O(r)=— | ——2Ldr 3
(r) 47'L’O'JQ |r —r'] 3)
and
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Fig. 3 (a) The smooth muscle transmembrane potential is the source

of electrical activity in this model. (b) The intracellular
current associated with the membrane potential in (a) could
also be considered the source of electrical activity
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where o and p are the conductivity and magnetic permeability of
the intracellular medium. The integrations in eqns 3 and 4 extend
over the source region, Q. If the source varies along z, the Fourier
transforms of eqns 3 and 4 are

¢(r707kz) = gjq&(ra r',H,kz)ji(r/,H,kz) (5)

b(rv 0, kz) = gjb(ra rlv 07 kz)ji(r’a 05 kz) (6)

where 6 describes the polar angle of the cylindrical model. The
forward spatial filters g;, and g, are defined by the Fourier
transform of the integration kernel, as described elsewhere
(BRADSHAW, 1995). The membrane potential may be used as
the source function in place of the intracellular current density

¢(r’9’kz) = gqud)(ra 7/76) kz)¢m(r/707 kz) (7)

b(r,0,k,) = g4 (r,r", 0,k;)n(r',0,k;) (8)

The forward spatial filters are dependent on the passive geo-
metrical and electrical properties of the volume conducting
abdomen and describe the relationship between the internal
source and extracellular potentials and magnetic fields.

We would like to be able to solve the inverse problem of
determining the internal sources from external measurements of
electric potential and magnetic field. Within the spatial filter
framework, the inverse problem is solved by rearranging eqns 7

and 8
PR p—

by o0k ¢(r,0,k.) 9)

1
gd)mb (rv 03 kz)

Thus, the inverse spatial filters are simply reciprocals of the
forward spatial filters

d)m(ra 0, kz) = b(raevkz) (10)

1

— 11
g¢m¢(r7 0) kz) ( )

969, (r7 0, kz) =

1
r,0,k,)=—— 12

gb¢m( Uy z) gq&Mb(r, 97kz) ( )

In general, the inverse problem is ill-posed in that it is non-
unique (different configurations of sources may produce the
same external potentials or magnetic fields) and poorly condi-
tioned (inverse solutions are unstable in the presence of noise)
(PARKER, 1977). The spatial filter analysis we present avoids the
non-uniqueness issue by restricting the solution space to parti-
cular values of » and 0; we allow the source to vary only along
the z-direction.

2.3 Evaluation of spatial resolution

In this work, we apply the spatial filter construct to investigate
the spatial resolution available in the EENG and the MENG. The
approach to the problem is illustrated in Fig. 4. The forward
problem is calculated using the forward spatial filters, which are
generally low-pass functions of spatial frequency (Fig. 4c); the
forward fields and potentials contain less spatial information
than the internal sources. Simulated, uniform, white measure-
ment noise is then added to the raw signals at a level of 1% with
respect to the signal levels at the surface of the abdominal cavity
(Fig. 4f) and the noisy signal is inverse transformed (Fig. 4g).
Since the forward filters are low-pass functions of spatial
frequency, the inverse filters are high-pass in nature. Thus, the
measurement noise, present equally at all spatial frequencies, is
preferentially amplified in the higher spatial frequencies by the
inverse filter. This amplification illustrates the ill-conditioned
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Fig. 1 Movement of ions across the membrane of smooth muscle
cells associated with changes in membrane potential creates
intracellular current flow along the cell, creating both extra-
cellular potentials and magnetic fields

1992; HONGO and OKUNO, 1993; ROTHSTEIN et al., 1993;
HASLER et al., 1995; DEBINSKI et al., 1996). Bradygastria,
tachygastria, and cell uncoupling have been observed in cuta-
neous electrode studies of gastric disease states such as gastro-
paresis (ABELL et al., 1985; ABELL and MALAGELADA et al.,
1985; PFISTER et al., 1988; FAMILONI et al., 1991; CHEN and
MCCALLUM, 1992; CHEN et al., 1993b), although no conclusive
studies validating the existence of bradygastria and tachygastria
with internal recordings have appeared (MINTCHEV and BOWES,
1997, MINTCHEV et al., 1997). Changes in propagation of
electrical activity during disease or mechanical uncoupling
have also been measured using internal electrodes (BEDI et al.,
1972; YOU et al., 1980). Thus, the ability to noninvasively
measure gastric and intestinal electrical activity has important
clinical implications.

Cutaneous electrodes often do not reflect the changes in
gastrointestinal electrical activity that occur during the disease
state (MINTCHEV and BOWES, 1997; MINTCHEV et al., 1997).
Several authors have suggested that spatial smearing caused by
low conductivity abdominal layers is responsible for the lack of
spatial detail in the external potentials. Previous research
{BRADSHAW ef al., 1999b) has shown that magnetic fields are
not as affected by low conductivity layers as electric potentials,
so non-invasive detection of magnetic fields from GI activity
may provide information not available in cutaneous recordings
of electric potentials. Both model simulations and experimental
results show that the magnetoencephalogram, for instance,
provides greater spatial resolution than the electroencephalo-
gram. It was previously shown that the low conductivity of the
skull, in conjunction with the higher conductivity cortex and
scalp, reduces both the localising and imaging resolution of the
EEG (BRADSHAW et al., 1999D).

36

Ofat Oskin

Fig. 2 The abdomen is represented by a concentric cylinders model
with five layers that represent the abdominal cavity, omentum,
abdominal muscle, subcutaneous fat, and skin. Sources of
electrical activity are contained in the small intestine, an

eccentric cylinder of radius a located in the abdominal cavity

To examine the magnetic fields and electric potentials from
gastrointestinal electrical activity, we present a volume
conductor model with five concentric cylindrical layers. The
model is employed to examine the effects of abdominal layers on
the external signals and uses the concept of spatial filters, which
describe the analytical relationship between the internal elec-
trical sources and the external fields and potentials. The spatial
filter construct allows one to graphically visualize the effects of
the layers on the spatial resolution of the external signals.

Although the model may be applied to both gastric and
intestinal signals, we concentrate on analysis of the electro-
enterogram (EENG) and magnetoenterogram (MENG). This is
the first mathematical model describing the magnetic fields from
gastrointestinal electrical activity.

2 Methods
2.1 The abdominal model

The abdominal cavity is modelled as a cylinder of infinite
length aligned along the z-axis as shown in Fig. 2, with layers
representing omentum, muscle, subcutaneous fat, and skin. The
small intestine, represented by an eccentric cylinder in the
abdominal cavity of radius a, is the source of electrical activity.
Model parameters and the nominal values used in this analysis
are shown in Table 1.

The source of electrical activity in this model is the membrane
potential of the smooth muscle of the intestine. The slow wave
consists of an initial depolarisation followed by a prolonged

Table 1 Typical abdominal model parameter values®

Parameter Value Parameter  Value Parameter Value

a 80mm |r| 6.5cm Oskin 0.45/Q-m
b 7.8cm R Varies 0., Varies

c 83cm O 0.88/Q-m tom 5.0mm

d 8.8cm Ocay 0.45/Q-m trus 5.0mm

e 10.0cm Com 0.02/Q-m teat 12.0 mm

f 10.5cm Omus  045/Q-m tycn 5.0mm

[r| Varies Ofar 0.02/Q-m

#Conductivity values are taken from SCHWAN, H. P, and KAy, C. F.
The conductivity of living tissues. Annals of NY Acad. Sci. 65, pp.
1007-1013, 1957. Geometrical parameters are taken from SNELL, R.
M. Clinical Anatomy for Medical Students. Little, Brown & Co.,
Boston, 1986.
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plateau potential and gradual repolarisation. For simplicity, the
slow wave is represented by a Gaussian waveform defined by its
amplitude (10 mV), width (1 cm), and location along the z-axis.
To investigate the differences in spatial properties of electric
potentials and magnetic fields, we use two slow waves separated
by 5cm. The membrane potential and the intracellular current
associated with it are shown in Fig. 3.

Electric potentials and magnetic fields may be calculated at
any location in or outside the volume conducting medium.
Furthermore, the magnetic field is a vector quantity, and we
can calculate both radial () and tangential (§) components of the
vector magnetic field. The z-component of the magnetic field in
this model is identically zero, since the intracellular current
sources associated with the membrane potential are aligned with
the z-axis.

2.2 Spatial filter relationships

The external electric potential and magnetic field are calcu-
lated from the internal membrane potential or intracellular
current density of smooth muscle cells. If the extracellular
conductivity is sufficiently high (core-conductor limit), the
intracellular current density is related to the membrane potential
by (WOOSLEY et al., 1985)

J'(r') = o V®,(r') (1)

where r’ is a vector to the source location, J(+') is the intracel-
lular current density, g, is the conductivity of the smooth muscle,
and ®,,(r") is the membrane potential. If the membrane poten-
tial varies only along z, then the Fourier transform of eqn 1 is

ji(kz) = Gikd)m(kz) (2)

where k is the spatial frequency, and lower-case quantities
correspond to frequency domain representations of the upper-
case quantities. The factor g, k can be thought of as a spatial filter
that, when applied to the spatial frequency domain representa-
tion of the membrane potential, gives the intracellular current
density. Thus, this spatial filter represents the relationship
between the membrane potential and the intracellular current
density. It is closely related to the concept of transfer functions.

We can also specify the relationships between the source and
the measured electric potential or magnetic fields in terms of
spatial filters, which are essentially the Green’s functions of the
forward equations for the potential and magnetic field:

1 [ VI
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Fig. 3 (a) The smooth muscle transmembrane potential is the source

of electrical activity in this model. (b) The intracellular
current associated with the membrane potential in (a) could
also be considered the source of electrical activity

Madicral & Rinloaical Enaineerinag & Combnutina 2001 Vol. 39

where ¢ and p are the conductivity and magnetic permeability of
the intracellular medium. The integrations in eqns 3 and 4 extend
over the source region, Q. If the source varies along z, the Fourier
transforms of eqns 3 and 4 are

d)(raaakz) = gjqb(rar/aBakz)ji(rlaevkz) (5)

b(r,0,k.) = gu(r,1’,0,k.)/ (", 0,k,) (6)

where 0 describes the polar angle of the cylindrical model. The
forward spatial filters g;, and g; are defined by the Fourier
transform of the integration kernel, as described elsewhere
(BRADSHAW, 1995). The membrane potential may be used as
the source function in place of the intracellular current density

¢<r30’kz) = gd)mqb(rv rlvevkz)¢m(r/70,kz) (7)

b(r, g, kz) = gd>mh(r7 rl797k2)¢m(r/79,kz) (8)

The forward spatial filters are dependent on the passive geo-
metrical and electrical properties of the volume conducting
abdomen and describe the relationship between the internal
source and extracellular potentials and magnetic fields.

We would like to be able to solve the inverse problem of
determining the internal sources from external measurements of
electric potential and magnetic field. Within the spatial filter
framework, the inverse problem is solved by rearranging eqns 7
and 8

(bm(r’evkz) = :

m¢(rv gvkz) (9)

¢, (r,0,k,) = b(r,0,k,)

—_— 10
g¢mb(r7 97 kz) ( )

Thus, the inverse spatial filters are simply reciprocals of the
forward spatial filters

1
rok)=——— 11
g¢¢m( ) gqﬁ,,,dl (r’ 0’ kz) ( )
1
by, (1,0, k;) = (12)

9¢,.b (r7 65 kz)

In general, the inverse problem is ill-posed in that it is non-
unique (different configurations of sources may produce the
same external potentials or magnetic fields) and poorly condi-
tioned (inverse solutions are unstable in the presence of noise)
(PARKER, 1977). The spatial filter analysis we present avoids the
non-uniqueness issue by restricting the solution space to parti-
cular values of r and 8; we allow the source to vary only along
the z-direction.

2.3 Evaluation of spatial resolution

In this work, we apply the spatial filter construct to investigate
the spatial resolution available in the EENG and the MENG. The
approach to the problem is illustrated in Fig. 4. The forward
problem is calculated using the forward spatial filters, which are
generally low-pass functions of spatial frequency (Fig. 4c); the
forward fields and potentials contain less spatial information
than the internal sources. Simulated, uniform, white measure-
ment noise is then added to the raw signals at a level of 1% with
respect to the signal levels at the surface of the abdominal cavity
(Fig. 4f) and the noisy signal is inverse transformed (Fig. 4g).
Since the forward filters are low-pass functions of spatial
frequency, the inverse filters are high-pass in nature. Thus, the
measurement noise, present equally at all spatial frequencies, is
preferentially amplified in the higher spatial frequencies by the
inverse filter. This amplification illustrates the ill-conditioned
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Fig. 4 The real-space transmembrane potential (a) is Fourier trans-
formed (b) and multiplied with the forward spatial filter (c) to
obtain the Fourier transform of the magnetic field (d). The
tangential magnetic field and electric potential may be
calculated similarly. The real-space radial MENG (e) is
obtained by inverse Fourier transformation. To investigate
spatial resolution, we add simulated measurement noise to
the MENG signal (f) and then multiply its frequency-space
representation (g) by the inverse spatial filter (h), regularised
by windowing with a Tukey window with an appropriate
cutoff frequency (inset of h), to obtain the Fourier transform
of the reconstructed source membrane potential (i), which is
then inverse transformed to yield the real-space reconstructed
membrane potential (j)

nature of the inverse problem in that small instabilities in the raw
EENG or MENG signals are amplified by the inverse procedure
and can result in unstable inverse solutions. The inverse filter
must thus be regularised, which is accomplished using a Tukey
window (inset of Fig. 44). The window presents noise in the
high spatial frequencies from dominating the reconstructed
sources. However, because of the windowing, the reconstructed
membrane potential contains less spatial detail than the original
membrane potential (Fig. 4/). Thus, the effect of regularising the
mverse solution is to stabilise the source reconstruction at the
expense of spatial resolution.

To evaluate the EENG and MENG on an equal footing, we
require that source reconstructions attain a pre-set stability. We
restrict ourselves to considerations of stable source solutions,
defined by the ratio of the variance in a reconstruction without
noise added to the variance in the reconstruction from noisy data:
P
_ d’zrec,no.seless (13)

%o

U

1ec,noisy

We also used this parameter in earlier work on the EEG and
MEG (BRADSHAW et al., 1999b). The stability parameter varies
from a value of 0, which indicates a completely unstable
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solution, to a value of 1, which indicates a perfect source
reconstruction. We require our inverse solutions to attain a
stability of at least 0.98, a value we determined empirically.

By reconstructing sources under these conditions, we can
examine the characteristics of both the forward and inverse
problems and observe the effects of the volume conducting
medium on spatial resolution. Specifically, we investigate how
the abdomen attenuates and smooths electric potentials and
magnetic fields, study the effect of regularising the inversion,
and compare characteristics of the reconstructed source with the
original membrane potential. Both the localizing resolution,
which measures how accurately a particular source is located,
and the imaging resolution, which measures how closely the
reconstructed source resembles the original source, are evalu-
ated. The localizing resolution is evaluated by simply comparing
the location of the peaks in the Gaussian waveforms. Imaging
resolution is evaluated by the Rayleigh criterion used in optics,
which states that the degree of resolution of two sources is given
by the ratio of the waveform peaks and valleys. Two sources are
considered unresolved if their valley-to-peak ratio is less than
0.81 (BORN and WOLF, 1975).

3 Results
3.1 Forward solutions

The forward spatial filters at five different values of » are
displayed in Fig. 5. It can be seen that the forward spatial filters
are low-pass functions of spatial frequency; fields and potentials
more distant from the source contain less spatial detail as the
higher spatial frequencies are attenuated by the forward spatial
filters. It is interesting to note that EENG spatial filters fall off at
lower spatial frequencies than radial or tangential MENG filters.
The 3 dB values of the filters are listed in Table 2. These spatial
filters, applied to the frequency domain representation of the
membrane potential (Fig. 3a), give us the Fourier transforms of
the forward radial and tangential MENGs and the EENGs which
may then be inverse transformed to yield their real-space
versions (Fig. 6).

Fig. 6 shows that the magnetic field waveforms are similar to
the intracellular current density (Fig. 3b) and exhibit four phases,
while the waveforms of the electric potentials are similar to the

radial MENG, tangential MENG, EENG,
_ pT/mV pT/mv mv/mv
(§§‘7V\ 16/\0.12\/\
=
O m®
T O
® 0 0 0
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°
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x
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0 0 0

0.2 cm!

Fig. 5 Forward spatial filters at the surfaces of the five layers of the

cylindrical model are lowpass functions of spatial frequency.
The spatial filters at more superficial locations fall off at lower
spatial frequencies, indicating that external fields and poten-
tials at these locations contain less spatial detail. Notice that the
Jforward filters of the electric potential fall off at lower spatial
[frequencies than those of magnetic fields in the same layer
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Table 2 3dB values of forward and inverse spartial filters

Radial MENG  Tangential MENG  EENG
Abdominal cavity 0.0391 0.0516 0.0378
Omentum 0.0275 0.032 0.0137
Abdominal muscle 0.0214 0.0249 0.0128
Subcutaneous fat 0.0140 0.0162 0.0061
Skin 0.0125 0.0143 0.0061

membrane potential (Fig. 3a) and exhibit two phases. The
signals are clearly smoothed and attenuated with distance from
the source, as the amplitudes become smaller and the phases
become less distinct. The effect of the low conductivity layers on
the EENG is also apparent as the two sources are clearly distinct
at the surface of the abdominal cavity, but appear as one source at
the cutaneous skin surface.

3.2 Inverse analysis

The inverse spatial filters are plotted in Fig. 7. The MENG
signals at the surface of the subcutaneous fat and skin layers, as
well as all EENG signals except at the abdominal cavity surface,
must be regularised to keep noise from destablising the inver-
sion. The windowed inverse filters under the requirement that the
source reconstruction stability be at least 0.98 are also shown.
The EENG inverse filters must be regularised at lower frequen-
cies than the corresponding MENG inverse filters. Since the
3 dB points of the EENG filters occur at lower frequencies, white
noise is preferentially amplified and destabilises the inversion. In
contrast, higher spatial frequencies are admitted into MENG
inverse solutions since they are not regularized at such low
spatial frequencies.

The source reconstructions obtained from the windowed
inverse filters are shown in Fig. 8. These source reconstructions
directly refiect the attenuation and smoothing by the layers of the
abdominal volume conductor. Whereas the reconstructions from
magnetic signals accurately depict two distinct sources at all
model layers, reconstructions from the electric potentials appear
as one source at the subcutaneous fat and skin layers. It is
interesting to note that whereas the magnetic signals steadily
degrade at more superficial layers, the reconstructions from the
omentum and abdominal muscle EENG are not substantially
different, nor are those from the subcutaneous fat and skin
EENGs. Thus, it would appear that the conductivity differences
between layers significantly affects the electric potential, but has
negligible effects on the magnetic fields.
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Fig. 7 Inverse spatial filters are highpass functions of spatial
Sfrequency and must be regularised. Windowed inverse filters,
determined under the requirement that inverse reconstruc-
tions attain a minimum stability (x> 0.98), are also plotted.
For the MENG signals through the abdominal muscle layer
and the EENG at the surface of the abdominal cavity, the
noise level is sufficiently low that no regularisation is
required
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Fig. 8 Source reconstructions under the requirement that the stabi-
lity be greater than 0.98 accurately reflect the presence of two
distinct sources in the radial and tangential MENG signals,
but obscure the sources in the EENG signals at the sub-
cutaneous fat layer and the skin surface

3.3 Spatial information in EENG and MENG

There are several ways to quantify the amount of spatial
information contained in EENG and MENG signals. We first
look at the signal amplitudes, starting with calculations at the
abdominal cavity /omentum interface and progressing outwards
towards the skin surface, to see how the layers of the abdomen
affect the raw signals. The amount of spatial information
available to any inverse reconstruction depends on the range
of spatial frequencies admitted to the inversion. The stability of
inverse solutions is controlled by the window cutoff frequency,
and it is instructive to examine the relationship between window
cutoff frequency and the stability of inverse reconstructions from
each of the different methods. We require that the stability of
our inverse solutions meet the condition & >0.98, which is
controlled by decreasing the cutoff frequency of the regularisa-
tion window. Thus, we look at how the maximum window cutoff
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frequency allows for stable reconstruction changes as a function
of distance from the source. Finally, we determine the localising
and imaging resolution of stable source reconstructions from
EENG and MENG signals through the abdomen.

3.3.1 Signal amplitude: The amplitude (peak-to-peak) of the
EENG and MENG signals calculated at 1 mm increments
through the abdominal layers starting at the inner surface of
the omentum to the outer skin surface is plotted in Fig. 9. Both
the EENG and MENG decrease in amplitude with distance
from the source. However, the EENG exhibits additional
attenuation by the low conductivity layers of omentum and
subcutaneous fat. While this plot shows the attenuation of the
EENG and MENG signals by the abdomen, it does not show
the smoothing effects that volume conduction has on the
spatial information in the signals. The two distinct sources
are smoothed into only one apparent source by the EENG, and
thus, the amplitude in the superficial layers near the skin
appears stronger than if only one source was present.

3.3.2 Regularization and stability of the inverse solution: To
compare the amount of spatial information present in EENG
and MENG signals, we examine the resolution of source
reconstructions from these signals. Sources are reconstructed
from the forward fields and potentials with noise added by
applying the inverse spatial filters. These inverse filters are
high-pass and must be regularised by windowing. By setting
the cutoff frequency of the regularization window, k.,
sufficiently low, the amplification of high spatial frequency
noise can be reduced and the solution can be made stable.
However, the regularisation process reduces the spatial infor-
mation present in the signals and thus, source reconstructions
have less spatial detail. Fig. 10 shows the stability of source
reconstructions as the window cutoff frequency is increased.
Both MENG and EENG source reconstructions have a stabi-
lity near 1 for low values of kmax and decrease in stability as
higher spatial frequencies are admitted to the inversion since
noise is amplified by the inverse spatial filters. Source recon-
structions from both radial and tangential MENG at the
three innermost model interfaces are stable at nearly all
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Fig. 9 The peak-to-peak amplitude of EENG and radial and tangen-
tial MENG signals normalized to their values at the abdom-
inal cavity/omentum interface as a function of measurement
location. The source is located at a radial distance of
r==65mm. The amplitude of radial and tangential MENG
decreases as a function of distance from the source, but the
EENG amplitude is also affected by the low-conductivity
omentum and subcutaneous fat layers. (—) radial MENG;
(- — -) tangential MENG; ( - - -) EENG.
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Fig. 10  The stability of source reconstructions from (a) radial MEG,
(b) tangential MEG, and (c) EENG as the window cutoff
Jrequency is increased. general, stability decreases as higher
spatial frequencies are allowed in the inversion (spatial
resolution increases). EENG soucre reconstructions are
less stable than MENG source reconstructions at similar
window cutoff frequencies. (——) abdominal cavity; (- —-)
omentum; (- - - -) muscle; (— - -) fat; (—- - —) skin.

window cutoff frequencies plotted, while the stability of
reconstructions from MENG at the surfaces of the subcuta-
neous fat and skin layers is reduced in spatial frequencies
above 0.8cm ', The stability of EENG reconstructions from
more superficial layers decrease more quickly as higher spatial
frequencies are admitted into the reconstruction. The stability
of the subcutaneous fat and skin EENG source reconstructions
greatly decreases at window cutoff frequencies above
0.4cm™. Thus, more regularisation is required to keep
EENG inverse solutions stable than for MENG reconstruc-
tions. The effect of increased regularisation is not only
increased stability, but also decreased spatial resolution.

In fact, the maximum window cutoff frequency allowed in an
inversion with a stability restricted to a value greater than 0.98 is
ameasure of the spatial information in the signal. The amount of
regularisation required for stable solutions (¢ >0.98) from
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Fig. 11  The maximum window cutoff frequency required for stable
solutions from EENG and MENG signals decreases as
measurements become more superficial. The omentum and
subcutaneous fat layers significantly decrease the maximum
window cutoff frequency allowed and consequently,
decrease the spatial resolution of source reconstructions
from the EENG. (—) radial MENG, (- — ~) tangential
MENG:; (- - - -) EENG.
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EENG and MENG signals throughout the abdominal model is
plotted in Fig. 11. The tangential MENG requires the least
amount of regularisation for a given measurement position,
while the EENG requires the most regularisation. The EENG
is significantly affected by the presence of the low conductivity
omentum and subcutaneous fat layers, while the magnetic fields
appear to be insensitive to the presence of these layers.

3.3.3 Source localisation and imaging resolution: The loca-
tion of sources reconstructed from EENG and MENG signals
at the different model layers is shown in Fig. 12. Sources are
located correctly for all modalities measured through the
subcutaneous fat layer, but sources reconstructed from the
EENG outside that layer are localised to one location midway
between the correct positions. The MENG correctly localises
the sources at all measurement locations.
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Fig. 12 The localizing resolution of the reconstructed sources from
EENG and MENG is sufficient to resolve the two sources at
all locations except for those the EENG outside the sub-
cutaneous fat layer. (—) radial MENG, (- — —) tangential
MENG; (- - - ) EENG.
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Fig. 13 The valley-to-peak ratio of EENG and MENG source
reconstructions increases at more supetficial measurement
locations. Sources reconstructed from EENG outside the
subcutaneous fat layer do not meet the Rayleigh criterion
and are considered unresolved, whereas MENG source
reconstructions are all adequately resolved. (—) radial
MENG:; (- — —) tangential MENG; (- - - -) EENG.
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Fig. 13 shows the imaging resolution of the source reconstruc-
tions in terms of the valley-to-peak ratios. Once again, the effect
of the omentum and subcutaneous fat layer on the EENG is quite
pronounced. EENG source reconstructions from the skin layer
fail to meet the Rayleigh criterion and are considered unre-
solved. Both radial and tangential MENG source reconstructions
are adequately resolved in all measurement locations.

4 Discussion

This work introduces the first mathematical model for the
magnetic fields from intestinal activity. Other authors have
developed model simulations for the electrogastrogram and for
gastric and intestinal electrical activity (DIAMANT et al., 1970;
Mirizzi, 1985, 1986; KOTHAPALLL, 1993; FAMILONI et al.,
1995; MINTCHEV and BOWES, 1995). Our purpose in this work
was to compare the electric potentials and the magnetic fields
that result from intestinal electrical activity.

Our results show how the EENG and the radial and tangential
MENG are attenuated and smoothed by abdominal layers.
Measurements made more distant from the source reduce both
the amplitude and spatial information in all signals. However,
the presence of the low-conductivity layers of omentum and
subcutaneous fat introduces additional adverse effects on the
spatial properties of the EENG, reducing both its localising and
imaging resolving power. We found that two sources separated
by 5 cm were adequately resolved from inverse solutions from
external MENG signals, but were not adequately resolved by
cutaneous EENG inverse reconstructions. The spatial detail in
the EENG signal is obscured since its forward spatial filters drop
off rapidly at higher spatial frequencies. The rapid dropoff with
spatial frequency implies that inverse filters must be severely
regularised to avoid instability in the source reconstructions, and
the regularisation process reduces the spatial resolution.

These results suggest that while the geometry of the abdom-
inal volume conductor affects both signals equally, the conduc-
tivity profile has a greater effect on the EENG. To verify this
notion, we calculated the maximum window cutoft frequency
allowed for stable solutions (i.e., spatial resolution) while
varying the conductivity and geometrical parameters of the
models, as seen in Fig. 14. Except for the conductivity of the
abdominal cavity, the MENG source reconstructions show no
noticeable response to variations in the conductivity parameters.
Low values of the abdominal cavity conductivity affect the
membrane potential and so change the MENG source recon-
structions, since the assumption that led to eqn 1 is no longer
valid. On the other hand, EENG source reconstructions exhibit
maxima in the spatial resolution (maximum window cutoff
frequency) when the conductivity of adjacent layers approaches
the same value. Thus, the difference in conductivity between two
layers combined with the thickness of the layer affects the spatial
resolution of EENG signals but exhibits no appreciable effect on
the MENG. Furthermore, in actual practice, the abdominal
layers simulated in this work may not be in physical contact
which would further decrease the conductivity and thus, the
quality of the EENG signal whereas the magnetic signal,
mediated by tissue permeabilities, would not be as affected.
We observe similar effects on both EENG and MENG signals
from variations in geometrical parameters. These results are
consistent with head model results that show that geometrical
effects are much more pronounced than conductivity effects on
magnetic fields (HAMALAINEN and SARVAS, 1989).

These results of our model simulations may explain why the
magnetic fields of intestinal activity are able to be consistently
recorded in every volunteer (RICHARDS et al, 1996), while
electric potentials of intestinal activity have proven quite
difficult for cutaneous detection (CHEN et al., 1993a). The
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alternating low- and high-conductivity abdominal layers
severely smooth the spatial information in the EENG signal as
well as attenuate its amplitude.

In contrast, magnetic fields are not affected by conductivity
properties of the volume conductor and thus, degrade primarily
in response to geometrical considerations. For this reason, it is
crucial that both EENG and MENG signals be measured as close
as possible to the source. Furthermore, the tangential MENG
is a stronger signal and retains more of its spatial properties
throughout the model layers. Most current biomagnetometer
systems record only the radial component of the magnetic field.
The tangential magnetic field may provide higher quality
information about internal sources of GI electrical activity.

These simulations assumed a small intestinal source, but the
spatial filter approach could also be extended to signals from the
stomach. The cutanecous EGG may not suffer from the same
attenuation and smoothing seen in the cutaneous EENG since the
signal strength may be stronger and there may be fewer conduc-
tivity discontinuities with thinner layers between the source and
measurement locations. In fact, the postprandial EENG is
significantly easier to record than the preprandial since distension
of the stomach creates better contact with the abdominal wall
(MINTCHEV et al., 1993; CHEN and MCCALLUM, 1994).

Ultimately, the clinical utility of magnetic or electric detection
of gastrointestinal electrical activity will lie in its ability to
non-invasively identify gastric or intestinal abnormalities.
Mesenteric ischemia, a condition in which the blood flow to a
segment of the intestine is occluded, has been shown to reduce the
temporal frequency of intestinal electrical activity in magnetic
and electric recordings (RICHARDS et al., 1995). Because the
magnetic fields from intestinal activity contain greater spatial
detail than the electric potentials, it may be that such diseases can
be diagnosed only with magnetic methods, since sufficient spatial
resolution is required to separate ischemic from non-ischemic
small bowel, and to separate bowel signals from other interfering
signals. Likewise, diseases that affect the coupling of the gastric
musculature may demand a method that allows clinicians to
quantitatively delineate diseased regions of the stomach from
healthy ones. Further study is needed to more fully elucidate
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source and volume conductor models under these conditions, and
to evaluate the relative merits of electric and magnetic detection
methods. The spatial filter analysis presented here provides a
framework upon which such analyses can be based.

By framing the forward and inverse problems of the EENG
and MENG in terms of spatial filters, we were able to visualize
the effects of the abdominal layers on the spatial properties of the
signals. Thus, fundamental considerations of the effects of these
layers suggest that magnetic detection may avoid the dramatic
decrease in the spatial properties of gastrointestinal electrical
activity recorded by cutaneous electrodes.
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