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Abstract—Magnetic induction tomography (MIT) is a contactless
measurement technique of biological tissue conductivity. In this study,
the differential induced voltage equations are shown in single layer and
n layers models. The paper describes a 16 channels MIT measurement
system with working frequency of 1MHz, which can image the plan
of low conductivity object. According to physical experiments, the
sensitivity is about 0.29◦/S · m−1, and the maximum shift of the
phase noise is 0.08◦. Some preliminary clinical experiments were
done, including 2 cases of meningitis and 5 cases of brain normal
patients. The comparison of all the measured values shows that all
values are smaller than 1.7◦ in the brain normal cases, but the values
of meningitis cases are more than 2◦, higher than those of brain
normal patients. Therefore, the MIT measurement system has great
application prospect in dynamically monitoring the brain diseases.

1. INTRODUCTION

Magnetic induction tomography (MIT) is a contactless measurement
of biological tissue conductivity imaging technique [1, 2], based on
the theory of Faraday’s law of electromagnetic induction. The basic
principle: when the excitation coil generates the alternating primary
magnetic field B, eddy currents are induced into the biological tissue
and generates the secondary magnetic field ∆B that perturbs the
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primary magnetic field in the vicinity. The detection coils can
find these perturbations. The induced voltage and conductivity
distribution have a close relationship. Conductivity distribution can
be imaged by the reconstruction algorithm [3–5]. In summary, this
imaging technique has very good application prospect in biomedical
noninvasive imaging and great potential in medical diagnostics,
especially for brain imaging and monitoring [6].

In recent years, the study of MIT has become popular in the
medical field, and some MIT measurement systems have been reported.
Griffiths et al. introduced a single channel MIT system working at
10MHz [7]. A system was published by Korjenevsky et al. containing
16 excitation and detector coils, and 16 modules (oscillators and
receivers) [8]. Scharfetter et al. [9] showed a MIT system working
at 150 kHz which uses a group of planar gradiometer coils and high-
precision phase detector to minimize the influence of the primary
magnetic field. Watson et al. reported a 16-channel, electronically-
switched MIT system operating at 10 MHz and applying phase-
sensitive detection for signal demodulation [10]. Riedel et al. described
a multichannel planar-array MIT system with a 2 × 2 planar matrix
of axial gradiometers [11, 12]. Rosell-Ferrer (2006) proposed a multi-
frequency 14-channel MIT system using planar gradiometers [13]. But
these systems did not provide any clinical experimental results. Based
on our system, some sensitivity experiments, stability experiments, and
clinical experiments are carried out.

2. THE FORWARD PROBLEM

In forward problem, analytical solution is a fundamental method. For
simplifying calculation, the solving area is divided into 4 areas in a
single layer model. The electrical characteristic of each area is the
same. The magnetic vector potential Ai (i = 1, 2, 3, 4) of each area
was reported by Dodd and Deeds [14] and Lei [15]. Due to two
detecting coils located in the 3rd and 4th areas, the two magnetic
vector potentials (A3, A4) are presented as follow:
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where A3 is the magnetic vector potential in the 3rd area, A4 the
magnetic vector potential in the 4th area, ω the angular frequency, µ0

the permeability in the vacuum, ρ the radius of detecting coil, ρ′ the
radius of exciting coil, J1() the primal Bessel function, λ the separation
constant, and σ the conductivity of the measured object.

In this study, the gradiometer coils were used. The differential
induced voltage of two detecting coils is presented as follow:

V = −jω · 2πr · [A4(ρ, z1)−A3(ρ, z2)]
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where V is the differential induced voltage of two detecting coil in a
single layer model and z′ the distance between the exciting coil to the
phantom. z1 and z2 are respectively the distances between detecting
coils L2, L3 and the phantom.

If the detecting coils L2 and L3 are completely symmetrical on
the exciting coil L1, then

z1 − z′ = z′ − z2 (5)
Equation (5) is substituted into Equation (4). When the primary

magnetic field is completely offset, the differential induced voltage V
is then:
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∫ ∞

0
J1 (λρ) J1

(
λρ′

)·α
(
e−λ(z′+z1)−e−λ(z′+z2)

)
·dλ (6)

In the multi-layer model of forward problem, we assume that the
model has n layers with equal thickness, as shown in Figure 1.

The output voltage of the sensor is the sum of the induced voltages
of all layers, presented as follow:

V ′ = V1 + V2 + · · · · · ·+Vn
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Figure 1. Multi-layer biological tissue model under one sensor.

αi =
jωµ0σi(1− e2uic)

−(λ− ui)2 + (λ + ui)2 · e2uic

ui =
√

λ2 + (ωµ0σi)2
(8)

When the primary magnetic field is completely offset, V ′ can be
expressed:

V ′ = −jωπρµ0Iρ′ ·
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where V ′ is the differential induced voltage of two detecting coils in a
multi-layer model and C the thickness of each layer.

3. SYSTEM AND METHODS

When magnetic induction tomography is used in medical image, due
to the low conductivity of biological tissue, a high accuracy phase
measurement system is necessary. To increase the phase accuracy,
the gradiometer coils are used in the magnetic induction measurement
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system [11–13]. The coaxial gradiometer coils consist of two detection
coils and an excitation coil. The two detection coils are located
on the two sides of the excitation coil, shown in Figure 2(a). The
preamplifier board and power amplifier board are fixed by three plastic
columns above the coils, so as to reduce the distance from sensor to
the preamplifier circuit and improve the SNR (Signal Noise Rate) of
the sensor.

As shown in Figure 2, two illustrations describe the construction
of a single sensor. The sensor is composed of two detection coils, one
excitation coil, preamplifier board, and power amplifier board. The
excitation and detection coils are spiral coil based on single-sided PCB
board with 2 mm thickness. The width of spiral copper wire is 0.15 mm,
diameter 25 mm, and 23 turns. The distance from the excitation coil
to the detection coils is 8mm. The distance from the power amplifier
board to the detection coil is 44mm. The distance from the power
amplifier board to the preamplifier board is 8 mm. They are fixed on
a plastic substrate.

The MIT measurement system has 16-channel sensors. Their
arrangement is shown in Figure 3(a). Eight sensors are fixed in the
first circle and the other eight in the second circle. Two groups of
sensors staggered on in the hood. The reality sensor hood is shown

(a) (b)

Figure 2. (a) Sensor unit. (b) Schematic of the sensor from the side.
(All units are in mm).
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(a) (b)

Figure 3. (a) The diagram of the sensor arrangement. (b) The sensor
from the top.

in Figure 3(b). A hemispherical and transparent container is used to
simulate a simple human brain model. The 16 measurement sensor
units are sealed into space between the two different radiuses bowls,
which can make sure the same environment. The radius of the small
one is 75mm to suit the children’s brain. The distance between the
two bowls is 45 mm for placing the sensors.

The 16 sensor units independently measure data alternately, i.e.,
the 16 sensors work by turns in a complete measurement. For each
excitation coil, only the two coaxial detection coils are available. The
measurement method is divided into two steps: Firstly, the system
collects the first group of phase data in the air taken as a reference
value. Secondly, the measurement of the target object obtain the
second group of phase data. The differences between two groups of
data are projected into a 2-D imaging plane.

The inverse distance weighted (IDW) interpolation algorithm is
applied to obtain other data. The basic principle is shown as following.
Assuming that Zi (i = 1, 2, 3 . . . n) are the data of measured point and
that ZP expresses the value of interpolation point calculated by the
IDW algorithm. The magnitude of weight relates to the distance from
the interpolation point to the measuring point and is the reciprocal of
kth (0 ≤ k ≤ 2) power of the distance [16].

ZP =

n∑

i=1

Zi

dk
i

n∑

i=1

1
dk

i

(10)

where di is the distance between the interpolation point to the ith
measuring point.
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4. RESULTS

The excitation current was 30 mA and the frequency 1MHz. The
phantom was placed coaxially 5 mm from the bottom of the sensor
unit. Before the experiment, the system must work 10 minutes in
advance to avoid the phase drift from temperature rising because of
system powering up. The perturbations of magnitude and phase in
the detection signal are recognized as the conductivity changes, but
phase change has much higher value than magnitude change, so the
magnitude change is missed [17].

4.1. Physical Experiments

The value of sensitivity experiment is obtained by a single-channel
gradiometer system. The distilled water and NaCl solution are taken
as phantoms. The conductivity of distilled water is very low and can be
considered as 0 S/m. The experiments were repeated several times at
each conductivity point, and the average of the measurement values
is taken. As shown in Figure 4, the measured points are focused
around the straight line. When the phantom is distilled water (that is
0 S/m), the phase difference is 0.9 degree, which shows the existence
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Figure 4. Phase vs. Conduc-
tivity. The vertical coordinate is
the phase difference between mea-
suring phantom and air(the unit
is degree.). The horizontal coor-
dinate is conductivity(the unit is
S/m.). The conductivity of NaCl
solution increased from 0 S/m to
10 S/m with a step of 1 S/m.
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Figure 5. Phase noise. The ver-
tical coordinate is the phase dif-
ference between measuring phan-
tom and air (the unit is degree).
The horizontal coordinate is time
(the unit is s).
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of capacitive coupling. When the conductivity of NaCl solution is
10 S/m, the phase value is 3.8 degree. With increasing conductivity
from 0 S/m to 10 S/m, the phase change was linear, and the maximum
change is 2.9 degree. As a result, the sensitivity of phase change is
about 0.29◦/S ·m−1.

As shown in Figure 5, a series of phase drift values are obtained
by subtracting all the phase values from the first measurement phase
value in half an hour. The minimum phase drift value is −0.02 degree,
and the maximum is 0.06 degree, so the maximum change range is 0.08
degree. According to the above sensitivity and phase drift values, the
system can measure the minimum conductivity as 0.27 S/m.

4.2. Clinical Experiments

The present study adhered to the tenets of the Declaration of Helsinki.
Additionally, consent was obtained from the parents of the patients.
The system is a noninvasive, contactless and very low radiation
detection device.

As prototype of the MIT measurement system is shown in
Figure 6(a). The measurement of the clinical experiments is divided
into two steps: Firstly, the probe hood collects a group of phase data
as a reference signal in the air and secondly, measures the second
group of data with wearing on the patient’s head. Finally, based
on the difference between the two groups of data, the imaging result
is displayed in the PC using the inverse distance weighted (IDW)
interpolation algorithm. Figure 6(b) shows the schematic diagram
of clinical experiments. The clinical operation of the system is very
simple. The patient is seated under the sensor hood, and then the

(a) (b)

Figure 6. (a) The MIT measurement system. (b) The schematic
diagram of clinical experiments.
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patient’s head is positioned inside the hood, which takes half a minute.
Using the system, we did the preliminary clinical experiments.

Seven cases are detected by the MIT measurement system in Children’s
Hospital, including 2 mumps with meningitis patients and 5 brain
normal patients. The data of clinical experiments are given in Table 1,
and further comparison details are shown in Figures 7(a), (b), and
Figure 8.

All the measurement data are listed in Table 1. Each column

(a) (b)

Figure 7. Comparison of the image results for the two different cases.
(a) Image of a meningitis patient (case 1). (b) Image of the brain
normal (case 3).
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Figure 8. Comparing the phase change of the two kinds of cases.
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data.
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Table 1. Value of the clinical experiments.

Sensor number Case 1 ∼ Case 7
No. 1 1.47 0.65 0.30 0.17 0.31 0.36 0.31
No. 2 1.61 0.48 0.23 0.14 0.23 0.30 0.26
No. 3 1.31 0.47 0.17 0.10 0.15 0.30 0.16
No. 4 0.57 0.33 0.13 0.09 0.14 0.20 0.17
No. 5 0.51 0.36 0.08 0.08 0.18 0.22 0.18
No. 6 0.63 0.44 0.17 0.07 0.16 0.28 0.13
No. 7 1.21 0.71 0.24 0.08 0.18 0.38 0.17
No. 8 2.03 0.95 0.28 0.12 0.29 0.48 0.21
No. 9 2.71 1.61 1.10 0.99 0.95 1.38 1.06
No. 10 1.77 1.20 0.93 0.52 0.54 1.06 1.10
No. 11 1.53 0.82 0.45 0.30 0.32 0.80 0.54
No. 12 1.38 0.71 0.71 0.37 0.66 0.73 0.91
No. 13 1.37 1.27 0.89 0.38 0.67 1.08 0.59
No. 14 1.38 1.35 0.64 0.36 0.51 1.01 0.43
No. 15 2.73 2.14 1.17 0.77 1.30 1.70 0.71
No. 16 2.71 2.03 1.21 0.93 1.16 1.45 0.54

Seven cases include 2 mumps with meningitis cases (case 1, case 2)
and 5 brain normal cases (case 3, case 4, case 5, case 6, case 7).
The table’s data are the difference between measurement phase in
the air and wearing on the patient’s head (Unit: degree).

records 16 sensors data of a certain case. Four sensors’ values are
more than 2 degrees in case 1, while two sensors’ values in case 2.
But all values are smaller than 1.7 degrees in the brain normal cases.
Therefore, the data of meningitis cases are larger than those of brain
normal cases.

According to the values in Table 1, the distribution plans of case
1 and case 3 are imaged as Figures 7(a), (b). When comparing the two
planar images, it is visible that there are some shadows in the image
of meningitis. The image results can be directly used to select the
meningitis patients.

As shown in Figure 8, the different measurement results of the two
kinds of cases are clear. The values of meningitis patients are higher
than those of brain normal patients. This comparison result shows
the worth of studying the dynamic monitoring meningitis with MIT
system.
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5. DISCUSSIONS

In the paper, the multi-channel MIT measurement system is described.
The principle, construction and working method of the system are also
shown. In the study, a series of experiments were carried out using
the multi-channel MIT measurement system. The study and analysis
described above show:

1) The system has a better sensitivity of phase change using the
gradiometer coils, about 0.29◦/S · m−1. The maximum change range
of phase noise is 0.08◦.

2) According to the results of preliminary clinical experiments,
the system can show the difference between the meningitis and normal
cases. The point is of powerful significance in the medical applications.

In the paper, we apply inverse distance weighted (IDW)
interpolation algorithm to calculate the data in the imaging region,
but the algorithm is rough. The reconstruction algorithm needs future
study.
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