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Abstract — A novel instrumentation using anisotropic
magnetoresistive (AMR) sensors associated with magnetic coils
excitation was developed to evaluate gastrointestinal tract
motility parameters. The susceptometer has four sensors that
were used to measure the gastric activity contractions (GAC) in
anaesthetized dogs, its performance was evaluated by
manometry with good results.

I. INTRODUCTION

THE mechanical activity of the gastrointestinal (Gl) tract
can be studied by different techniques such as
scintigraphy, eletogastrography [1]-[2] and manometry [3]-
[5], but all of them present some inconvenience. An
alternative to the conventional methods is to use biomagnetic
methods to evaluate GAC [6]-[7], gastric emptying [8]-[11],
orocaecal transit time [12]-[14], pharynx transit time and
clearance [15], esophagus transit time [16], colon motility
[17]-[22], measuring the decay of the remnant magnetization
the meal mixing time [23]-[24] and disintegration of
pharmaceutical dosages form with ferromagnetic material
[25]-[31]. In these studies magnetic markers (MM) and
magnetic tracer (MT) are used and the magnetic field
produced by them measured at the torso surface. More
recently, anisotropic magnetoresistive (AMR) sensors were
used to monitor the gastrointestinal tract [32]-[33] using the
magnetic pill. AMRs are more sensitive at low frequency and
have a better specific spatial resolution than induction coils.
However, up to now the association the AMR with AC
magnetic excitation was not used to evaluate the
gastrointestinal tract.
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This work presents a new biomagnetic instrumentation
with four sensors for detection of magnetic fields produced
by a MT associated with AC magnetic exaction coils. The
idea is to combine the high sensitivity and spatial resolution
of the AMR with the convenience of AC excitation. The
system was used to evaluate GAC in anaesthetized dogs and
the results were compared with those obtained by means of
contemporary manometry.

Il. MATERIAL AND METHODS

A. Instrumentation and operation

The instrumentation developed consisted of two coils and
five AMR sensors. The coils are used to produce an AC
magnetic field (10 kHz) and the sensors are used to measure
this field and its changes due to the presence of
ferromagnetic materials. Four sensors were used to detect
magnetic field change and one sensor was used as reference
signal. Figure 1 shows the sensors configuration. The sensors
were positioned based on the radial symmetry of the
magnetic field produced by the excitation coil. Thus, one
AMR sensor was placed in the coil center and the others
symmetrically, keeping a separation distance (radial) among
them of 15.0 mm. This configuration tries to minimize the
undesirable effects in the magnetic field non homogeneity
produced by the coil. The excitation/detection pair is
separated by a fixed distance or baseline of 100 mm.

Reference
AMR Sensor

Excitation
Coils

Magnetoresistives
Sensors

Detectors
AMR Sensors
Fig. 1. ACB-AMR 4-channels schema.

The working principle is based on the fact that the pair
(excitation/detection),  located more distant  from
ferromagnetic material (ferrite) acts as reference and the
other four sensors as measuring channels. In this system each
detection AMR sensor had an instrumentation pre-amplifier
for signal conditioning followed by a differential amplifier
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arrangement using the same reference sensor, the differential
amplifier also was made using instrumentation grade
amplifiers. When there is no magnetic material near the
system, the output signal is minimized. With the
approximation of any magnetic mass, an unbalance occurs in
the output signal and the variation of the magnetic field is
measured as a voltage. This voltage can be measured,
digitalized and acquired continuously with the use of four
lock-in amplifier, an A/D board and a personal computer
(PC). In this system each AMR sensor after pre- and
differential amplification is connected in a lock-in amplifier.
Figure 2 shows block diagram of this instrumentation.
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Fig. 2. Block diagram of AC biosusceptometer with four AMR
sensors (ACB-AMR 4-channels).

B. Design circuit and components

The excitation coils were made with 220 turns of 26-AWG
wire and 55.0 mm internal diameter. The coils are excited by
a signal of 10 kHz (reference frequency) supplied by a lock-
in amplifier.

The AMR HMC1001 (Honeywell Inc., USA) sensor, 1-
axis sensing, + 2 gauss field range and 3.2 mV/V/gauss
sensitivity was used in the system. The set/reset pulse was
implemented to remove the sensor remnant magnetization.

The stage with instrumentation amplifier was used to pre-
amplify and differentiate the signal of the two sensors, this
configuration minimizes the noise in the output signal of the
system. The circuits are excited by a £ 5 V precision dual
power supply.

A lock-in amplifier (Stanford Research Systems — SR830
DSP, USA) and three lock-in amplifiers (Stanford Research
System — SR510, USA) were used to detect and measure
output AC voltage signals of the differential system with
AMR sensor. In this instrumentation, the signal measured by
lock-in is referenced with the excitation.

The output signal of the instrumentation was digitalized by
an A/D board (PCI-MIO-16XE-10, National Instruments
Inc., USA) in 10 Hz sampled and acquired continually with a
personal computer (PC).

C. Invitro study

For ACB-AMR 4-channels characterization a sensitivity
matrix was made. This test determine the space resolution
power of this new instrumentation. In this sensitivity test two

MM were used. The first MM consists of a small amount
ferrite powder (MnFe,04; 80 < @ < 125 um) placed in
cylinder (1.0 mm diameter and 3.00 mm height) and second
MM used was obtained by direct compression from 1.0 g of
ferrite powder mixed with 0.52 g of microcrystalline
cellulose (Merck, Germany), the MM has cylindrical form
weighing 1.52 g, 1.0 cm of diameter and density of 2.03
glem®.

The data of test were colleted by changing the position of
MM on the matrix cells. For each cell the voltage value was
taken and transformed into magnetic field. The matrix used
has 17 rows and 15 columns, with 5.0 mm separation
between rows and columns. The distance between the matrix
and detectors sensor was 6.0 mm.

D. Invivo study

The study was performed at the Biomagnetism
Laboratory, Department of Physics and Biophysics, Institute
of Biosciences — Universidade Estadual Paulista (UNESP).
The research protocol was approved by the UNESP Ethic
Committee in Animal Research.

Six healthy female dogs weighing between 8.0 and 10.0 kg
were used. The animals were anaesthetized with
pentobarbital (30.0 mg/kg, Cristalia, Mexico) and placed in a
supine position on a suited table. A gastric feeding tube with
a balloon on its tip was introduced in the animal, 35.0 ml of
MT (4.0 g ferrite homogenized in 60.0 ml yogurt - Danete®,
Brasil) was introduced in balloon and 18.0 ml of water
completed the feeding tube that was connected to pressure
sensor (strain gauge type). This procedure allowed
continuous recording of intragastric pressure. The ACB-
AMR 4-channels were positioned on the animal abdomen at,
the stomach projection region.

In order to analyze the performance of the new instrument
in detecting GCA changes prostigmine® (0.04 pg/kg,
Neostigmine, Roche) and Buscopan® (2.2 mg/kg, N-butyl-
scopolamine, Boehringer-Ingelheim) injection were used as
GCA stimulator and inhibitor, respectively.

The manometry and ACB-AMR 4-channels signal were
digitalized by an A/D board and acquired by LabView Inc.
with 10 Hz sampling rate and stored in ASCII format, and
were analyzed using programs written in MatLab afterwards
(Mathworks Inc., USA). A bidirectional Butterworth filter
between 20 and 150 mHz cutoff frequency and frequency
analysis by Fast Fourier Transform (FFT) were performed.

The experimental protocol was 30 minutes-long divided in
three 10 minutes periods: control, prostigmine® infusion and
buscopan® infusion. The analyses of the widths were
accomplished through the motility index (MI) and in the
frequencies using the FFT, being taken the control period as
reference.

Il. RESULTS
The results of the in vitro tests were interpolated and are
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shown in figure 3. The maximum point in the graphic
(culminating points) shows the great sensitivity of each
sensor. Through the graphs it is possible to confirm the good
space resolution obtained by this instrumentation. In a
circular area of 15.0 mm radius (4 sensors are arranged), the
ACB-AMR 4-channels distinguished clearly the position of a
point magnetic mass.
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Fig. 3. ACB-AMR 4-channels sensibility: a) Smallest magnetic
marker; b) Tablet magnetic marker.

In the in vivo test of GCA was recorded by four sensors of
ACB-AMR in all animals. The GCA intensity was identified
by both measurements. Figure 4 shows an ACB-AMR and
pressure signal with their FFT, where a frequency around 75
mHz is observed. This behavior was observed in all animals.
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Fig. 4a. GCA measure sample measurement by ACB-AMR and
respective FFT. The arrows indicate the drugs infusion instants.
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Fig. 4b. GCA measure sample by Manometry and respecitive FFT.
The arrows indicate the drugs infusion instants.

The MI was calculated in all experiments. The mean value
of four AMR sensors was calculated and the result was
compared to manometry. Figure 5a and 5b shows these
results.

Present results demonstrate that the new biomagnetic
instrumentation is capable to recording the GCA and to
characterize the signal in frequency terms. It was still
possible to observed and analyze the increase and decrease
on GCA, caused by prostigmine® and buscopan® action.
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Fig. 5. a) ACB-AMR 4-channels signals mean of MI; b) Manometry
signals mean of MI.
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Table | shows the GCA frequency results in the control
period. The results are show in contractions per minute
(CPM).

TABLE |
GASTRIC MOTOR ACTIVITY FREQUENCY

Instrumentation Mean (CPM) + SD

ACB-AMR 4-channels
Manometry

4.67 £0.39
4.75+0.36

Compared to manometry the ACB-AMR results indicated
a great similarity of frequency of GCA signals and any
statistical difference in GCA frequency value measurements.

The gain of spatial resolution can be compared to other
biomagnetic instrumentations. The results presented by Cora
et. al. [31] was obtained with 30.0 mm diameter sensor and
in this work the system developed has four sensors in a same
area. Thus, the AMR sensor implementation has better
spatial resolution than conventional AC biosusceptometry.

IV. CONCLUSIONS

The results shows that ACB-AMR 4-channels is a valid
alternative method as compared to the standard methods. It is
this non-invasive, non-expensive, ionizing radiation free and
has a better spatial resolution than conventional AC
biosusceptometry [31]. In conclusion, ACB-AMR has
potential application in the fields of gastroenterology
motility, pharmacology, pharmaceutical and medical clinical
practice.
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