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magnetically and are well described by an ionic diffusion
model (11, 12).

In cerebral cortical and cardiac studies, these injury
currents are measured by DC-coupled invasive electro-
corticograms (ECoG) or cardiac electromyograms (13—
16), often using wick- or fluid-coupled electrodes (15,
17). The presence of large, fluctuating potentials due to
the skin—electrode interface generally precludes the use of
the electroencephalogram or electrocardiogram in the de-
tection of injury currents (18). The electrical potentials in
musculoskeletal injuries have been studied using carefully
prepared silver/silver-chloride electrodes (19). There is a
large literature on the use of a vibrating-probe electrome-
ter to measure steady electrical currents from developing,
regenerating, or wounded biological tissue (20-24). How-
ever, these measurements are largely limited to exposed
surfaces submerged in saline and are not suitable for non-
invasive, clinical studies in humans or for injury sites that
are not readily accessible.

On the other hand, the magnetic fields associated with
injury currents of cerebral cortex and heart are readily
measured noninvasively and without making contact with
the skin (2, 18, 25-27). SQUID magnetometers have been
utilized to measure the injury currents associated with
spreading depression due to migraine in humans, in acute
myocardial ischemia in rabbit hearts, and in humans with
left bundle branch block (2, 25-27). In addition to these
applications, SQUIDs are able to measure injury currents
in peripheral nerve and muscle (28-33) and also from bean
plants (34). To date, no measurements of the DC injury
currents associated with ischemia of the gastrointestinal
tract have been reported, but the syncytial nature of intesti-
nal smooth muscle suggests that these currents should be
present.

We hypothesized that a DC-SQUID magnetometer
could detect the DC injury currents associated with mesen-
teric ischemia.

MATERIALS AND METHODS

Recording Equipment. We measured biomagnetic fields
with a multichannel SQUID magnetometer (Tristan, Inc., San
Diego, CA). The magnetometer consists of a set of detection coils
located at the bottom of a liquid helium-filled dewar and mag-
netically coupled to the SQUID coils. The SQUID coils convert
magnetic flux incident on the detection coils to a voltage signal
that can be amplified and acquired by a digital computer. The
detector coils are arranged as gradiometers and reject a majority
of ambient magnetic interference, including signal contributions
from the geomagnetic field. The magnetometer has 19 detectors
for the measurement of magnetic field components normal to
the dewar bottom arranged in a hexagonal close-packed pattern.
Five of these detector locations—four on the periphery and one
in the central location—also have tangential component detec-
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tors that enable the detection of the full vector magnetic field at
those five locations. In this study, we utilized data from only the
central channel.

Subject Preparation. A rabbit model was used to serve as
the ischemic (N = 7) and control (N = 7) small bowel. This
model has an anatomy quite similar to that of humans, in-
cluding large, easily accessible, single mesenteric supply blood
vessels. All procedures were consistent with Vanderbilt Uni-
versity and NIH procedures for the ethical use of animals in
research. To begin preparation for each experiment, the sub-
ject was taken into a separate room, where its abdomen and
right upper paw were shaved to allow a clean surgical sur-
face and for placement of a pulse oximeter on the paw which
could monitor cardiac activity. The subject was then anesthetized
with ketamine/xylazine/acepromazine (35/5/0.1 mg/kg). While
anesthetized, the animal was taken to the surgical area, where
it was placed on a heated table and started on iv saline with
additional anesthesia (ketamine/xylazine, 20/0.2 mg/kg) as re-
quired. We made an incision in the midline of the abdomen
stretching from the xyphoid process to about 2 in. superior to
the inguinal area until the bowel was exposed. A distal sec-
tion of jejunum was then chosen as the portion to be studied. A
3-in., centrally located portion of this segment was then iso-
lated by tying suture around the entire circumference of the
small bowel on either end of the segment to cut off any col-
lateral blood supply moving within the submucosa from the ad-
jacent bowel to the chosen segment. We then identified the most
distal part of the mesenteric arterial supply that, when ligated,
would remove all blood supply to the chosen bowel segment.
A piece of umbilical tape was tied loosely around this artery,
allowing normal blood flow to continue in such a way that it
could later be tightened to occlude blood flow. This segment
of bowel was then placed on a saline-soaked gauze pad which
rested on a small Plexiglas platform (diameter, 4 in.) on a heat-
ing pad adjacent to the right lateral border of the rabbit trunk,
as shown in Figure 1. The bowel was secured in place on the
gauze with suture, the gauze fastened to the platform with surgi-
cal tape, and the platform secured to the heating pad and rabbit
with surgical tape. The laparotomy was then closed with su-
ture while avoiding strangulation or constriction to the exposed
bowel.

We placed the subject in a magnetically shielded room next to
the SQUID magnetometer on a Styrofoam translation table. The
animal was demagnetized with a handheld magnetic tape eraser
(Radio Shack, Dallas, TX). The height of the table plus platform
and gauze placed the bowel about 1 cm directly under the center
of the SQUID detecting coils. The animal had a mask attached to
its head bringing a direct supply of 100% O, and a temperature
monitor inits nostril. The same iv drip of saline was attached to its
paw. Care was taken to avoid magnetic artifacts from the presence
of magnetic objects or moving metal. Aninsulated localizing coil
was attached to the bowel segment under study. An electrical
current of 1 mA sent through this coil produced a magnetic
field that confirmed the location of the bowel underneath the
magnetometer.

Data Collection. The door of the magnetically shielded room
was closed. Mechanical stops on the translation table were sit-
uated to define two positions for data collection (see Figure 1).
The In position had the bowel segment directly underneath the
central channel of the magnetometer. The entire table was pulled
8 in. out from underneath the magnetometer to define the Out
position. Recording while the animal was located in the In and
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Fig 1. Experimental setup. The exteriorized bowel is moved to In and Out positions to modulate the baseline of the electrical

activity.

Out positions allowed us to modulate the baseline of the signal
to allow comparison of baseline shifts.

SQUID data were collected continuously for 120 min. The
first 15 min of data was collected with the subject in the Out
position before ligation of the mesenteric vessels. After this, the
subject was moved between the In and the Out positions for
a period of 10 min (this period is termed “preligation”), with
30 sec of data collected in each position. After the preligation
data were obtained, we moved the subject to the Out position,
and in the experimental group, we tied off the mesenteric sup-
ply artery with the umbilical tape. Immediately following this
procedure, a 10-min In/Out ischemic recording was obtained
(this period is denoted “early ischemia”). The animal was then
left in the Out position for 15 min, after which we obtained an
In/Out recording for a period of 10 min (termed “late ischemia”).
The animal was then euthanized with iv sodium pentobarbital
(125 mg/kg) and remained Out for 15 min, and a final In/Out
sequence was performed on the euthanized animal (denoted “eu-
thanized”). The animal’s sedation state was closely monitored
throughout the procedure, and additional iv anesthesia was given
as needed. The animal was then disposed of in accordance with
the Vanderbilt biohazardous materials guidelines.

Data Analysis. The collected SQUID data were directly im-
ported into MATLAB (Mathworks, Natick, MA). We confirmed
that the signal from the localizing coil was largest in the cen-
tral SQUID channel and selected this channel for subsequent
analysis. The DC baseline of the magnetic recording was com-
puted by subtracting the average value of the background noise
recorded with the apparatus in the Out position from adjacent
data recorded in the In position. We analyzed the degree of
change of baseline magnetic field activity by two methods. First,
we computed the slope of the best-fit line to the baseline change
between the ischemic and the normal recordings. Additionally,
we calculated the absolute difference in the DC baseline in the
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In versus the Out position. We found that we had to apply a
median filter to this calculation to avoid the inconsistency of
the modulation servo mechanism (the minor errors in the gradu-
ate student’s timing of the position changes). From this baseline
change, we computed the percentage change in the DC baseline
of the magnetic signal, and these results were exported into Excel
(Microsoft, Redmond, WA) for statistical analysis.

We used unpaired z-tests to determine statistically significant
differences between the control and the ischemic subject groups.
The average amplitude change during each of the four In/Out
time intervals was calculated for the control and ischemic groups.
These values were then normalized to the preligation baseline
changes for each group. The average amplitude change per group
from the baseline activity through euthanization was calculated
using these normalized values.

RESULTS

Magnetic recordings in all channels exhibited square-
like waves corresponding to the motion of the subject in
the In and Out positions. A typical recording of the mag-
netometer’s central channel from Ischemia Study #5 is
shown in Figure 2a. The square wave beneath each trace
shows the In/Out position of the subject. The four 30-sec
In/Out periods are clearly identifiable. The induction of is-
chemia is indicated by the thick black line. Figure 2b and
Figure 2¢ zoom in to show the In/Out recordings during
“early ischemia” and “late ischemia,” respectively. We can
observe in these figures that ischemia reduces the differ-
ence between the baselines of the signals. Similar results
were observed in the other studies.
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Fig 2. Magnetic fields. (a) The magnetic field recorded throughout the course of the entire study distinctly shows the four In/Out
recording periods. The bowel activity is modulated by the motion of the subject between the In and the Out positions. The In positions
are indicated by horizontal lines in this and subsequent figures. (b) In early ischemia, the baseline changes from —20 to 40 pT. Note
the difference in time scale between a and b as indicated by the lengthened position lines. (c) In later ischemia, the change in baseline
decreases from —30 pT in the In position to 10 pT in the Out position. The traces in b and ¢ that occur while the subject is In are
largely due to the magnetic field from intestinal electrical activity.

In Figure 3, we observe the change in the magnetic
signal DC baseline. For ischemic animals (represented
by circles), we observe a slight increase in the signal
baseline change between the preligation and the early is-
chemia In/Out recordings. This slight increase in baseline
activity is possibly caused by the recovery of the animal
from the surgical procedure. A subsequent marked de-
crease in baseline during late ischemia is observed in the
ischemic animals. The baseline decreases even further af-
ter euthanasia. Control animals (plotted as squares) do not
show significant changes in magnetic signal baseline until
euthanasia.
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While not related to the measurement of injury cur-
rent, the following is included to demonstrate an inter-
esting further capability of this method. The data used to
compute magnetic baseline decrease/injury current can be
used to provide two other separate indices of ischemia. If
we continue to zoom in on the data, we can isolate the
recording during a single In period and observe the mag-
netic fields associated with intestinal electrical activity.
Figure 4a shows the slow waves of the electrical control
activity in the small bowel during a 25-sec In recording
obtained in the preligation phase. Spectral analysis reveals
the frequency of the normal slow wave as 9.0 cpm. During
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Fig 3. Baseline change. The baseline change is represented as the median filtered absolute difference between the magnetic field
in the In and that in the Out position. Only baseline changes calculated during the In/Out modulation period are plotted. In the
control study (squares), there is no significant change in baseline until the animal is euthanized. The ischemic animal (represented
by circles), however, showed a significant decrease in the baseline of electrical activity that begins in early ischemia and is quite

pronounced in later ischemia.

ischemia (Figure 4b), the slow wave frequency decreases
to 6.2 cpm, and the presence of higher frequencies pos-
sibly associated with tachyarrhythmia is observed. These
data were not subjected to statistical analysis as a part of
this study. Both the decrease in slow wave frequency and
the presence of tachyarrhythmias have been observed pre-
viously in ischemic bowel. It seems relevant to the clinical
utility to this method that it not only can be used to mea-
sure enteric injury current, but also provides three separate
indexes of bowel ischemia.

The normalized average values of baseline change for
the control and ischemic subjects for each time interval
(preligation, early ischemia, late ischemia, and euthaniza-
tion) are compared in Figure 5. While the control subjects
do not exhibit any statistically significant change in base-
line, the continual decline in the ischemic subjects’ aver-
age small bowel baseline electrical activity is easily visual-
ized. The ischemic group showed an average 38% (+4%)
decline from preligation DC amplitude, while the control
group showed an average decline of only 1% (£6%) of
the baseline DC amplitude. The ¢-statistic of the unpaired
t-test between early ischemia and late ischemia for is-
chemic and control subjects was 2.15. Compared to the
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reference (¢-critical) value of 1.78, this shows a statisti-
cally significant difference in the decrease in small bowel
baseline electrical activity between the control and the is-
chemic groups.

DISCUSSION

This study represents the first recording of DC injury
currents in alimentary tract smooth muscle. Previous stud-
ies have identified changes in the regular electrical activity
of the stomach and small bowel that are likely caused by
the disruption of the normally well-coupled electrical syn-
cytium of the gut (3, 4, 35), but this is the first study to
directly measure steady DC changes in the baseline of
the electrical activity characteristic of injury to the intesti-
nal electrical syncytium. Our studies showed that the DC
baseline of the small bowel’s magnetic field decreases sig-
nificantly after ischemic injury. These changes are indica-
tive of the sustained cellular polarization caused by tissue
injury that results in slowly varying injury currents. While
our results indicating the presence of injury currents from
shifts in the magnetic field baseline would certainly be bol-
stered by an independent verification of the presence of
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Fig 4. Small bowel activity. Slow waves typical of small bowel electrical activity are observed during individual recordings
from the In position. Twenty-five seconds of data from the 30-sec recording are shown to eliminate motion artifact from the
subject modulation. (a) Before ischemia, the small bowel slow wave oscillates with a normal frequency of 9.0 cpm. (b) After
ischemia is induced, the frequency of the slow waves falls to 6.2 cpm.
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Fig 5. Normalized baseline change. The ischemic subjects exhibit a statistically significant decrease in the
baseline amplitude after induction of ischemia, which suggests the presence of injury currents.
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injury currents, present limitations on electrode amplifiers
prevent us from obtaining DC-coupled serosal electrode
recordings. The magnetic method is the only available
technique for measuring DC injury currents.

Injury currents have been observed in both brain and
cardiac tissue for a number of years, with Ledo first re-
porting a decrease in ECoG amplitude associated with
spreading depression in the cortex (36) and various authors
describing the characteristic ST-segment changes that oc-
cur with myocardial infarction (37-39). The electrical de-
tection of these types of injury currents is complicated
by the difficulties associated with obtaining high-quality
direct-coupled electrode recordings, especially because of
the potentially large and fluctuating junction potentials at
the electrode—tissue interface. Magnetic recording of these
electrical activities overcomes many of these difficulties,
and for this reason, injury currents in the brain and heart
have been studied magnetically (2, 18, 25-27) as well as
injury currents from peripheral nerves and muscles (28—
33, 40).

The recognition of the presence of sustained depolar-
ization and the associated current caused by cellular injury
has led to significant advances in the diagnosis of serious
disorders such as myocardial infarction through proper in-
terpretation of the AC-coupled ECG. However, an earlier
study of cardiac injury currents detected biomagnetically
concluded that the contribution of extraneous magnetic
fields was sufficient to reduce the enthusiasm for SQUIDs
as aclinical tool for detecting injury currents (2). Improve-
ments to SQUID instrumentation and magnetic shielding
in the past 20 years have alleviated many of the problems
encountered in that study. More sensitive SQUIDs and bet-
ter shielding continue to improve the signal-to-noise ratio
in biomagnetic recordings, and these improvements will
likely facilitate the clinical implementation of this tech-
nique. Additionally, extraneous fields derive from both
magnetic contaminants in various body structures, from
neural and muscular ionic currents, and from the slowly
varying electrical activity of the gastrointestinal tract. Sig-
nal contributions from ferromagnetic contaminants are
readily reduced with the demagnetization procedure we
employed in this work.

Furthermore, the mechanical modulation of the source
position that we effected by moving the rabbit between the
In and the Out positions also enabled us to “lock-in” to the
baseline change we were attempting to detect. However,
this modulation procedure may only prove useful inside
a magnetically shielded room. It is possible to induce un-
wanted magnetic artifacts at the low frequencies we are
recording by magnetic susceptibility changes caused by
the position modulation procedure, but this effect inside
the shielded room is negligible. In a model of cardiac mag-
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netic susceptibility plethysmography, Wikswo determined
that the effect of susceptibility changes due to periodic re-
distribution of blood was 2 x 1078 times smaller than the
applied field (41). In the unshielded geomagnetic field, this
would result in a signal change of about 1 pT, but inside
the magnetically shielded room, the effect is at least six
orders of magnitude smaller. Thus, if these recordings are
to be performed in unshielded environments, the suscepti-
bility issue will need to be addressed. Other contaminants
were likely reduced in this invasive study by exteriorizing
the bowel such that our recordings were not sensitive to
the gastromagnetic field or magnetic field contributions
from nerve and muscle. Clearly, these issues also need to
be addressed as the clinical utility of non-invasive imple-
mentations of this method is assessed.

It remains to be seen whether restoration of the flow
of blood to the ischemic bowel results in the reduction of
injury currents or whether reperfusion injury contributes
further to the effect. We intend to address this question in
future work.

Since the biomagnetic technique can record the mag-
netic fields without making contact with the abdomen, the
skin potentials that complicate electrical recordings of DC
injury currents do not contribute to the signals. Therefore,
if the contributions from the extraneous fields can be re-
duced, the SQUID magnetometer represents an effective
method for measuring injury currents associated with is-
chemic bowel. Coupled with other indicators of ischemia
that the SQUID is also able to measure, these results en-
courage us to pursue the use of the SQUID magnetometer
as a clinical utility for the diagnosis of intestinal disorders.
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