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A Noninvasive Method for Dielectric Property
Measurement of Biological Tissues

SUMMARY A noninvasive method for measuring complex
permittivity of biological tissues is proposed. The noninvasive
method is based on an inverse scattering technique which em-
ploys an iterative procedure. The iterative procedure consists of
solving an electric field integral equation using the method of mo-
ments and minimizing the square difference between calculated
and measured scattered fields. Implementation of the noninvasive
method requires the knowledge of the target shape, the incident
and measured scattered fields. Based on the noninvasive method,
a measuring system of complex permittivity is developed and its
reliability is verified.
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1. Introduction

Electromagnetic (EM) absorption of human body is
dependent on dielectric properties of biological tis-
sues. Many investigations of the dielectric proper-
ties of biological tissues have been conducted [1], [2].
In these investigations, measurement techniques in-
clude impedance bridges, resonant circuits, transmission
line/waveguides and resonant cavities [3], and measure-
ment results serve to validate electric impedance mod-
els of tissue structure, but are not capable of yielding
information on the actual living tisssue dielectric prop-
erties. In addition, the influence of surrounding tissue
organization could not be ascertained from these mea-
surements. The recent development of an in-vivo probe
technique, steming from the application of an antenna
modeling theorem to the characterization of unknown
dielectric media, provides the opportunity for obtaining
dielectric properties over a range of physiological condi-
tions [4]. But the technique is not a totally noninvasive
method.

A leading technological candidate for the nonin-
vasive measurement of dielectric properties is the EM
inverse scattering technique. One approach has been
proposed to solve the exact equation of the EM inverse
scattering problem by using a numerical method [5].
The method of moments is used to generate a matrix
equation relating the scattered field at discrete points
located in the vicinity of a biological target with the
complex permittivity. Then the complex permittivity
is determined by a matrix inversion and simple matrix
operations. However, numerical tests have shown that
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the amount of errors allowed in measurement of the
scattered field should be several orders of magnitude
below the resulting uncertainties in the measured di-
electric properties. A feasible measuring system has not
been presented.

The present study has been made in an effort to
establish a feasible noninvasive method for dielectric
property measurement of arbitrarily shaped biologi-
cal tissues. The noninvasive method is based on the
Born-type iterative procedure which has been reported
in one-dimensional and two-dimensional cases [6]-[8].
In this paper, the forward scattered problem of three-
dimensional dielectric objects is first formulated, and
then the iterative procedure for noninvasive measure-
ment is described. Based on the noninvasive method,
an automatic measuring system is developed and pre-
liminarily experimental results are shown.

2. TForward Scattering Formulation

When an arbitrarily shaped biological target with con-
ductivity o(r) and relative permitivity e.(r) is illumi-
nated by an EM wave, an EM field is induced inside
the target and an EM wave is scattered externally by
the target. The total electric field E(r) for all points in
space can be considered to be a sum of E%(r), the inci-
dent field, and £°(r), the scattered field from the target.
ie.,

E(r) = E'(r) + E*(r) (1)

From the volume equivalence theorem, the target can
be replaced with the ambient medium with conduc-
tivity o4, relative permittivity €.,,, and an equiva-
lent source with electric current density 7(r)F (r) where
7(r) = [0(r) — 0am] + jweole (1) — €ram] is the complex
permittivity. The scattered field £°(r) can be expressed
in terms of the equivalent electric current density using
the tensor Green’s function G(r, r'). Substituting it into
Eq. (1) yields the following electric field integral equa-
tion [9]
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where r indicates a point inside the target, PV de-
notes the principal value and €}, (1) = €pepam(r) +
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jOam(T)/w. .

The method of moments with pulse expansion and
point matching procedure may be used for Eq.(2) to
obtain the following matrix equation

([A] - [7] = [1]) - [B] = —[ET] 3

where [A] is a 3N x 3N matrix (N: the number of blocks
into which the target is divided) which depends on fre-
quency, dielectric properties of the ambient medium,
block sizes and relative positions of the blocks, [1] is
an identity matrix and

[T] = dia’g[T(Tl)f ’ 'aT(TN)aT(Tl)v )

T(TN)ﬂT(Tl)v o '7T(TN)]

E] = [Balr),- -+ Balrn), By(r1), -
Ey(TN)J EZ(Tl)a ©e '7Ez(TN)]T

[Ez] = [Ei(rl))' ; -,E;(T‘N),E;(T'l), BR)
Ei(rn), Bi(ry),- -+ EL(rn)]”

where 7;(i = 1,2,- - -, N) indicates the position of i-th
block and 7' denotes the transpose. ‘

On the other hand, the scattered field outside the
target is related to the total field E(r) inside the target
through the following equation [9]

B (r) = /V F(FE@)G(r, ' )dV' 4

We assume that the biological target is composed of L
different tissues. It is a realistic assumption, based on
an anatomic knowledge or X-ray image, that the shape
and size of each type of tissues of the target are known.
So each of the tissues can be divided into many small
blocks, respectively. Then

Ni+Np+---+Np=N ()

where N; means that the [-th tissue is divided into IV
blocks. For the dominate direction of the scattered field,
assuming it to be z direction, we have

[B:] - [E] - [r] = [EZ] (6)

where [B,] is an M x 3N matrix (M: the number of mea-
surement points of the scattered field) which depends on
frequency, dielectric properties of the ambient medium,
block sizes and the relative positions of the blocks and
the locations where the scattered fields are measured,
and ‘

(B3] = (B (1), Bi(ra),, EX(rw))”
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(7

[r]=[7(r1), 7(ra), - 7o)l

The same matrix equation as Eq.(6) can also be
obtained in z and y directions. In our study, only the
scattered field in the dominate direction is utilized be-
cause measurements of the scattered fields in all three
directions are time-consuming and accurate measure-
ments of the weaker scattered fields in non-dominate
directions are not easy.

3. Noninvasive Method

We now consider the determination of complex per-
mittivity from known incident and scattered fields. As
shown in the previous section, for given [E?] and [17,
the total field [£] inside the target can be solved numer-
ically from Eq.(3). On the other hand, when the total
field [E] is known, the complex permittivity [r] can be
determined from Eq. (6). However, we only known the
incident field [E‘] and the scattered field [E;] measured
at some measurement points (It should be pointed out
that [T is equivalent to [7]). A feasible choice is to use
an iterative procedure that solves alternately these two
equations to obtain successive approximations for the




740

unknown field [E] inside the target and the unknown
complex permittivity [7].

We start our iterative procedure by assuming that
the target has the same complex permittivity as the am-
bient medium. In the initial step, the total field [£]
inside the target is obtained by solving Eq.(3). The
obtained [E] in such a way is substituted into Eq. (6)
to determine the complex permittivity [r]. Because the
measured scattered field includes measurement errors,
we employ a minimization technique instead of directly
solving Eq. (6) to determine [r]. The fundamental equa-
tion of the minimization is

I [EZn] -

with the condition

[B:] - [E"] - [7] P = min ®)

I ir] 17— min

where || - || stands for the norm of vector and [E?, |
indicates the measured [E$]. The minimization is car-
ried out by using a pseudoinversion algorithm based on
singular value decomposition of matrix [B,] - [E*][10].
The solution of Eq. (8) yields the first approximation of
[7]. Since [T can be obtained from [r], this allows the
computation of the second approximation of the total
field [E] with Eq.(3). Subsequent substitutation again
leads to an equation of minimization, whose solution
yields [7] in the second step. This process is repeated
until a stable solution is reached. In such a way, the
noninvasive measurement of complex permittivity is re-
alized.

4. Measuring System

Based on the above noninvasive method, a measuring
system of the complex permittivity has been developed.
Figure 1 shows the structure of the measuring system.
A dipole antenna is installed in a wooden probe to col-
lect scattered field data. The probe is driven by stepper
motors to scan a measurement plane. The stepper mo-
tors are controlled by a personal computer. The sensor’s
outputs (both amplitude and phase difference related to

Floppy Work-

Disk station

Fig. 1  Structure of measuring system.

Table 1 Performances of measuring system.

Scanning region
Scanning position error | within 2 mm
Scanning speed within I second for 1 point
SNR above 25dB

three-dimensional space
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a reference signal) are measured by using a vector volt-
meter. The scattered field data are obtained from the
difference between the sensor’s outputs in the presence
and in the absence of the target. The measured data
are A-D converted and then transformed to a worksta-
tion. In the workstation, the complex permittivity is
determined by using the proposed iterative procedure.

The main performances of the measuring system
are shown in Table 1[11].

5. Experimental Verification

To assess the capability of the noninvasive method, sev-
eral experiments have been performed by means of our
measuring system in an anechoic chamber.

5.1 Homogeneous Target

Figure 2 shows the geometrical arrangement of the ex-
periment. A saline water model was used to simulate
a high water content tissue such as muscle. The saline
water model had a size of 10 x 8 x 16 cm® and was di-
vided into 5 x 4 x 8 blocks. A half-wave dipole antenna
was used to induce an EM wave at 1GHz to irradi-
ate the saline water model. The vertical component of
the scattered field was measured at a 1m x 1m vertical
plane with a scanning position interval of wavelength /4
(13 x 13 measurement points). The complex permittivity
of the saline water model, with varied salinity, were de-
termined by using the proposed method. Figures 3 and
4 show measurement results. Also shown are the con-
ductivity and relative permittivity calculated from an
experimental equation given in Ref.[12]. All of them
are in fair agreement.

5.2 Inhomogeneous Target

The geometrical arrangement of the experiment was the
same as shown in Fig. 2, except that the target was a two
layer model and the vertical component of the scattered
field was measured not only at the plane as shown in
Fig.2 but also at the left and right vertical planes of the
target. The outer layer of the model was saline water

Measurement
Plane
' Saline Water
(10x8x16¢cm3) 100cm
Dipole
=
3
S
-
1GHz
k—— 50cm : 50cm |

Fig. 2 Geometrical arrangement of experiment.
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Fig. 3 Measured conductivity of saline water.
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Fig. 4 Measured relative permittivity of saline water.

Table 2 Measurement result of two layer model.

Inner layer | Outer layer
Known o 0.0 1.6
Measured o 0.08 1.76
Known e, 59 76.0
Measured ¢, 4.72 70.35

with €, = 76 and o = 1.6. The inner layer of the model
was salt with €, = 5.9 and ¢ = 0. The outer and inner
layers were divided into 112 and 48 blocks, respectively.
Table 2 gives the measurement results of the complex
permittivity. It can be seen that both conductivity and
relative permittivity have been measured with a simi-
lar value to known one. It should also be seen that
the measured complex permittivity for the inner tissue
has a larger error than that for the outer tissue, due to
EM wave attenuation through the outer high water con-
tent tissue. Therefore, the need of measurements of the
scattered field around the target or multiple irradiations
must be emphasized.
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6. Conclusion

A noninvasive method has been proposed and a mea-
suring system has been developed for dielectric property
measurement of dielectric objects including biological
tissues. The noninvasive method is based on an inverse
scattering technique which employs an iterative proce-
dure. The noninvasive method is feasible to not only
living tissues but also such a tissue surrounded by other
tissues. Preliminarily experimental results have shown
that the complex permittivity can be measured with a
fair amount of accuracy. Most measurement results have
been obtained within N/4 iteration steps (N : the num-
ber of blocks).

Further study is required for actual biological tis-
sues.
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