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ABSTRACT

The potential of the singular function method for

retrieving temperature profiles in biological structures

from microwave radiometric data is examined.

A numerical simulation has been carried out in

which the temperature distribution during hyperthermic

treatments is reconstructed from radiometric measure-

ments both at six and four frequencies. The results

are compared and discussed in view of the practically

relevant case of noise-corrupted data.

STATEMENT OF PROBLEM

The determination of the temperature distribution

in the human body can be a valuable support in

diagnostics and is a need during hyperthermic treat-

ments. In the diagnostic application, since the tempe-

rature in neoplastic tissues is higher than that of the

surrounding normal tissues, a localized increase of

temperature must be detected. In hyperthermic ap-

plications, the temperature distribution in the tissues

must be continuously monitored to ensure that the

required heating rate in the tumor bulk is attained

without concurrent damaging effects on the surround-

ing normal cells. The measurement of the emitted

electromagnetic radiation in the microwave band

offers a means for noninvasively monitoring the tem-

perature distribution in the subcutaneous tissues, with

some advantage with respect to other thermometric

techniques using in situ point sensors.

This contribution refers to the interpretation of

data in passive microwave sensing of nonhomogeneous

biological structures. An inversion technique, through

which the temperature information can be extracted

from the radiometric data, is presented and discussed.

METHOD

For sake of simplicity, the subcutaneous region of

tissues is modelled as a half-space where both the

temperature and the physical properties vary only

with the distance z from the body surface. By

Fourier analyzing the electromagnetic emission of

radiation from the thermal body in the Iossless half-

-space z <0, the plane wave spectrum of the bright-

ness temperature TB (u ,~) is obtained, where w is

(1)

the angular frequency of a monochromatic radiometric

channel which measures the time-averaged electro-

magnetic flux (proportional to TB ), and ~ is the
wave vector of the received radiation.

The brightness temperature of the biological struc-

ture can be written as

ro

TB (u,~) = T(z) W(U,!&, z) dz

]-L

where T is the physical temperature, Wisa

“weighting” function, and the lower limit of integratio~

-L, indicates the depth within the tissues beyond which

the contribution to the brightness becomes negligible.

W depends on the thickness and on the dielectric

permittivity and conductivity of layers, as well as on

frequency, polarization and angle of observation of

the radiometer [1].

An inverse problem is defined by eq. (1), where the

physical temperature T(z) is the unknown in the

Fredholm integral equation of first kind and a finite

discrete set of measurements is given. This set can

be generated by measuring the brightness temperature

of the biological structure at various frequencies,

polarizations and angles of observation. The effective-

ness of the microwave radiometric technique depends

on the degree to which significant features of the

thermal pattern can be extracted from the brightness

temperature measures. The form of the kernel of the

Fredholm integral equation (1) denotes that this

inverse problem is ill conditioned and that suitable

inversion techniques must be used to optimally exploit

the information content of the set of measurements.

Several methods have been proposed and analyzed,

mainly in the geophysical remote sensing context [2],

[3], for solving eq. (l).

The singular function method [4] provides a means

for improving the stability of the solution, giving, at

the same time, useful information both on the number

of significant measurements, and on the attainable

resolution. Two bases u(z) and ~ are introduced,
the first in the function space of the weighting func-

tions, and the latter in the n-dimensional space of
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brightness data. These two bases are defined through

the shifted eigenvalue problem:

(0

W(PL, Z) uk(z) dz = ~k vk~ (2)

J_L

(3)

where the L-th component of data vector ‘k ‘ ‘kk’
corresponds to the set of measure parameters shortly

denoted by Pg. The unknown temperature T(z), in

turn, is obtained as a linear superposition of the

singular functions Uk(z) through the expression

‘k “~B
T(z) = ; —

Ak
uk(z)

k=l

(4)

containing the vector of the measured brightness

temperatures ZB. The discontinuities of the weighting

functions at the borders of the various tissues induce

corresponding discontinuities in the singular functions,

which, consequently, are not appropriate to represent

an essentially continuous function as the thermo-

dynamic temperature. To circumvent this difficulty,

the unknown temperature profile is sought in the space

of the temperatures satisfying the appropriate heat-

-flow equation in the given structure when heat is

supplied at a rate proportional to W(pL ,z). When

formulated in this space, the shifted eigenvalue pro-

blem (2), (3) originates a set of singular functions

particularly suited to represent physical temperature

distributions with a continuous behavior across the

boundaries of the tissue layers [5].

RESULTS AND DISCUSSION

A numerical analysis has been conducted to assess

the effectiveness and practicability of the singular

function method to reconstruct the profile of tempe-

rature within a three-layer (skin-fat-muscle) region

of tissues.

In practical situations, only few radiometric measu-

rements are available, to cope with the complexity

and cost of the radiometric system, as well as with

the time for the acquisition and processing of data.

The cases of both six and four measurements have

been considered. The simulated data refer to observa-

tions in a direction perpendicular to the biological

layers, conducted at different radiometric frequencies.

The temperature distribution to be retrieved refers to

the temperature profiles induced in the tissues by

electromagnetic heating and surface cooling of variable

duration, These profiles have been numerically calcu-

lated by using a nonlinear model of the thermal

behavior of living tissues, which takes into account

also local thermoregulating convective and conducting

effects due to blood flow [6].

Results of the numerical simulation of the retrie-

val are presented in Figs. 1 a) to e), referring to the

cases of four and six noiseless measurements in the

band between 1.5 and 6.5 GHz with a radiometric

bandwidth of 0.5 GHz. As it could be expected, the

use of six radiometric channels improves the accuracy

of the retrievals, specially in the deeper muscular

tissue, which contributes less information because of

the attenuation suffered by the emission. However,

inspection of the singular values points out that both

the last one and the fifth are one order of magnitude

below the fourth one. This means that the noise which

in real cases corrupts the measurements will be cor-

respondingly amplified (see eq. (4) ) producing insta-

bilities in the retrievals. The choice of the number

of radiometric channels, therefore, depends on the

expected overall noise level of the radiometric system.

CONCLUSIONS

The numerical simulation that has been conducted

on the basis of the singular function approach, indi-

cates that temperature profiles in a monodimensional

layered biological structure can be efficiently retrieved

from noiseless microwave brightness data. The choice

of the optimal radiometric channels is directly related

to the errors in the measurements through the singular

value spectrum of the radiative transfer operator.

The presence of noise will eventually require robust

retrieval/estimation algorithms, such as the Kalman

filter, to improve the temperature reconstruction in

actual situations [71.
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Fig. 1 Retrieval of temperature profiles in a skin-

-fat-muscle structure irradiated by an electromagnetic

wave. The five diagrams from a) to e) refer to the

times shown on the respective figures. The curves

refer to the profile to be retrieved (continuous line),

to the retrieval by using six equally spaced frequen-
cies in the range 1.5-6.5 GHz (dashed line), and to

the retrieval by using four frequencies (dotted line)

in the same range.
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