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Radiometric sensing of biological layered media
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The retrieval of temperature profiles in layered living tissues from microwave radiometric measure-
ments is considered. The brightness temperature of a layered biological structure is expressed as a
function of the thermal distribution in the tissues for different microwave frequencies, angles of obser-
vation, and polarization of the emitted waves. A “coherent™ approach to the radiative transfer problem
is followed to obtain the weighting functions in closed form for use in the inverse problem. Finally, the
extraction of the thermal profiles from brightness data sets by use of Kalman filtering is discussed, with
particular reference to the detectability of deep thermal anomalies.

INTRODUCTION

In recent years, microwave thermal emission from
layered media has been extensively considered. The
applications that have been envisaged have been
largely concerned with the remote sensing of the
earth’s surface, where layering is caused by ice or
snow or by the morphology of the soil itself [En-
gland, 1974, 1975; Tsang et al., 1975; Tsang and
Kong, 1975, 1976, 1980; Njoku and Kong, 1977; Djer-
makoye and Kong, 1979; Chuang et al., 1980; Fung
and Chen, 1981]. The use of microwave radiometry
for determining the temperature of biological tissues
has also attracted much attention because of the im-
portance of such a noninvasive technique in diag-
nosis and therapy. Experiments have been carried
out at different frequencies to give evidence of ther-
mal anomalies for cancer detection [Edrich, 1979;
Myers et al., 1979; Nguyen et al., 1980; Mamouni et
al., 19817. A numerical analysis has also been con-
ducted to ascertain the feasibility of the temperature
determination in a layered model of the biological
structure [Edenhofer, 1981]. The approach that has
been followed in this work is based on the radiative
transfer theory and on suitable assumptions both in
the models and in the temperature distribution
within the layers.

Indeed, several aspects of the problem deserve
some discussion. The thermal state of the living tis-
sues is to be determined from measurements of the
brightness temperature of the biological structure.
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Microwave ecmission from various regions of the
human body is essentially affected by the local lay-
ered character of the tissues. The surface layers of
man in general consist of skin-fat-muscle or skin-fat-
muscle-bone-muscle arrangements [Barber et al.,
1979]. Typical thicknesses of the layers are in the
millimeter and centimeter range, so that interference
effects leading to partially coherent emission pro-
cesses significantly affect the apparent brightness of
the structure at microwave frequencies [Blinn et al.,
1972; England and Johnson, 1977; Carver, 1977]. In
both diagnostic and therapeutic applications, rather
detailed temperature distributions must be deter-
mined. Indeed, pathological processes may concern
small regions of the tissues, and, on the other hand,
in hyperthermia, for instance, hot spots ol small
extent must be monitored. This requirement puts
some constraints on the spatial resolution which is to
be attained by the temperature retrieval procedure,
still maintaining the temperature accuracy required
by the actual application.

In this paper the emission of eclectromagnetic
power from a plane parallel three-layer (skin-fat-
muscle) model of human living tissues is considered.
The brightness temperature has been determined for
a wide range of frequencies in the microwave band,
where a coherent approach [Stogryn, 1970] to the
thermal emission problem is needed. The relative
contribution to the brightness from each tissue is also
given for the various frequencies. An expression
which relates the emitted radiation intensity to the
temperature profile within the tissues has been
worked out with the purpose of determining the co-
herent radiative transfer kernels at the different fre-
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quencies. The inverse problem of retrieving the tem-
perature profile from a set of radiometric data by
solving the resulting Fredholm integral equation of
the first kind has been considered. Use has been
made of Kalman filtering, which besides its good re-
trieving characteristics, exhibits the additional ad-
vantage of recursiveness, which is useful whenever
the temporal evolution of the thermal profile is of
interest, as is the case, for instance, in hyperthermic
treatments.

EMISSION FROM LAYERED LIVING TISSUES

To investigate some significant characteristics of
microwave emission from living structures, a three-
layer plane parallel model has been adopted. This
model in several instances is adequate to represent
the basic electromagnetic behavior of actual biologi-
cal structures and, in addition, leads to fairly simple
analytical and numerical formulations [Guy, 1971].
In recent papers, two different approaches have been
followed to investigate microwave emission from in-
homogeneous media, with particular reference to the
emission from the earth surface [Schmugge and
Choudhury, 1981]. In the “incoherent” approach the
intensity of the emitted radiation is obtained from a
solution of the radiative transfer equation, while the
“coherent” approach makes use of solutions of Max-
well’s equations with the pertinent boundary con-
ditions. Thermal emission is intrinsically an inco-
herent process. However, reflections which may be
caused by nonrandom inhomogeneities in a stratified
emitting medium produce interference effects, so that
the emerging radiation exhibits partial coherence.
Choice of either model relies on the characteristic
thickness of the inhomogeneities [ Carver, 1977]. The
model adopted for the biological structure is a skin-
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fat-muscle arrangement (Figure 1), separated by
fairly smooth boundaries, with negligible embedded
inhomogeneities. Since typical thicknesses of the
layers are in the millimeter or, at most, in the centi-
meter range, the effect of multiple reflections from the
boundaries of the different kinds of tissues can be
important. For this reason, a coherent approach
must be followed to evaluate microwave emission
from the assumed model.

According to Stogryn’s [1970] fundamental ap-
proach, a fluctuating current J can be defined within
the lossy tissues to represent the local source of radi-
ation. The electromagnetic field radiated into the
lossless half space z > 0 (Figure 1) can be expressed
as a function of J through the dyadic Green’s func-
tion of the pertinent boundary value problem. Being
an incoherent emission process, the source is
characterized by the second-order moment of the
current, which, in turn, depends on the local thermo-
dynamic temperature and on the imaginary part of
the dielectric constant of the tissues [ Landau and Lif-
shitz, 1960]. The radiation intensity and, in turn, the
brightness temperature Ty, is obtained from the
second-order moment of the field, according to the
following equation:

e 0
Tﬂp(r&, w) = 4 cos 0(—) 2 Y, j Az, Ky, k)
C " *]

hiom

- AE(z, ky, k) Im [e(z, ©)]T(z) dz (1)

In (1) the Rayleigh-Jeans approximation has been
used, and symbols have the following meaning: Ty, is
the brightness temperature corresponding to polar-
ization p = Zi p:X;, where ¥; are unit vectors of coor-
dinate axes: k is a unit vector in the direction of
observation, forming an angle 0 with the normal to
the layers, while k is the corresponding wave vector;
o is the angular frequency; &,, and &, are the relative
dielectric constants of the medium for z > 0 and of
the tissues, respectively (magnetic permeability is
everywhere); ¢ is the speed of light in vacuum; A4, is
the pertinent spectral component of the dyadic
Green’s function which can be determined by solving
an inhomogeneous Helmholtz equation with the per-
tinent boundary conditions at the interfaces between
the different layers of the structure and by taking the
translational symmetry into account. The three-layer
plane model of the biological structure permits the
brightness temperature to be easily obtained in
closed form as a function of the thermodynamic tem-
perature of the tissues, thus allowing the introduction
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of the weighting functions (see next section). In the
case of more complicated structures, such as layers
with continuously varying permittivities, explicit
closed-form solutions are difficult to obtain, and
other approaches, based essentially on the dis-
cretization of the problem, can be followed [ Tsang et
al., 1975; Wilheit, 1978].

The brightness temperature of a three-layer (skin-
fat-muscle) biological structure has been computed
for various frequencies in the microwave band.
Values for the dielectric constants of the three types
of tissues have been obtained from published data
[Stuchly and Stuchly, 1980; Schwan and Foster,
1980]. In the range of frequencies that has been con-
sidered (0.975-17 GHz), both the real and the im-
aginary parts of the dielectric constants of the three
types of tissues undergo fairly large variations. For

the skin the real part varies between 44 at the lowest
frequency and 32 at the highest, for the fat between 6
and 4, and for the muscle between 51 and 33. The
corresponding values of the imaginary parts are 18
and 23, 1.5 and 0.6, and 24 and 23, respectively. As
far as the thicknesses of the layers are concerned, a
2-mm-thick skin and a 1-cm-thick layer of fat have
been assumed, while the muscular tissue has been
considered to have infinite extent. Indeed, the thick-
nesses of the biological layers are fairly dependent
both on the particular region of the human body
considered and on the morphology of the single indi-
viduals. On the one hand, the assumed widths of the
layers are reference numbers used in some studies of
electromagnetic interaction with models of man
[Massoudi et al., 1979], and on the other hand, they
are consistent with anatomic volumetric data, at least
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Brightness temperature T, of the living tissues as a function of frequency for direction of observation

perpendicular to the tissue layers; relative contributions from skin, fat, and muscle are reported also.

for the trunk section of the human body [Huckaba
and Tam, 1980]. Because of the highly absorbing
nature of muscular tissues, the radiation originated
from the deepest layers does not contribute appreci-
ably to the brightness, so that the assumption of an
infinitely thick muscle does not alter the emitting
behavior of the structure. In Figure 2 the brightness
temperatures for horizontal and vertical polariza-
tions are reported as functions of the observation
angle for four frequencies. The results refer to the
physiological distribution of temperature in the living
tissues obtained by an appropriate thermal model
[Jain, 19807 when the ambient air temperature is
30°C. The dependence on frequency both of the
pseudo-Brewster angle and of the brightness temper-
ature at given angles is an interesting feature of the
diagrams. In Figure 3 the brightness temperature Tj
of the biological structure is reported as a function of
frequency for direction of observation perpendicular

to the layers, together with the relative contributions
to Ty from skin, fat, and muscle. All curves exhibit a
nonmonotonic behavior, so that radiometric oper-
ation at suitable frequencies can lead to selectively
sensing the thermal state of the various layers of tis-
sues. The above results agree with those obtained by
the subroutine given by Wilheit [1978], provided
that some minor errors in formulas for the vertical
polarization case are removed from his program.

INVERSE PROBLEM

Weighting functions. As a result of the direct
problem, equation (1) relates the brightness temper-
ature of the biological structure to the thermody-
namic temperature profile T(z) within the tissues, and
hence, by solving the inverse problem, the knowledge
of Tyk, w) leads to the reconstruction of T(z). The
retrieval of the temperature profile is based on the
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solution of a Fredholm integral equation of the first
kind:

o

ﬂ4ﬂ=J W, 2)T(z) dz @)
L

It is readily recognized that (2) is equation (1) rewrit-
ten in a convenient and compact form, in which vari-
able » has the meaning either of angle of observation
or of frequency and p selects the polarization. The
lower limit of integration, — L, indicates the depth
within the tissues beyond which the contribution to
the brightness becomes negligible. The various pa-
rameters in (1) have been compounded with the
dyadic Green’s function components and with the
imaginary part of the dielectric constant of the tis-
sues to form the weighting function W. As is known,
this kernel plays a fundamental role in the retrieval
process, since it settles the degree of ill conditioning
of the inverse problem. Smooth kernels give indica-
tion of possible instabilities in the retrievals, so that
when this is the case, particular care must be taken in
inverting (2).

Closed-form expressions of the weighting function
have been obtained by solving the coherent radiative
transfer problem for the biological structure being
considered. For horizontal polarization the weighting
function has the following expressions in the various
tissue layers:

w\?
W,i(z) = 4 cos U(—.) HE a',’j]aj{z)lz =", 2.3 (3a)
[§
where j = 1 refers to the skin (-d <z <0),j=2to
the fat (—d, —d, <z < —d,), j=3 to the muscle
(z < —d, —d,),and
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where now subscript 0 refers to the medium in which
observation takes place;

I+ e 2iady
I+ Ty, Eens:

e =1Im [&,]

Il

For the vertical polarization the weighting functions
are

.y
W,(z) = 4 cos Dey'/? — &7
Z

rJ
: [ da;

I (3h)
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where the corresponding functions a;(z) are obtained
from the previous set of equations by simply substi-
tuting po with gy 6,;.

The weighting functions for direction of observa-
tion perpendicular to the layers of tissues computed
for three microwave frequencies are reported in
Figure 4. Note how the effect of the interference
patterns in the skin and in the fat layer produced by
reflections at the interfaces between the different tis-
sues and from the boundary of the structure becomes
apparent as the frequency is increased. At the same
time, the monotonically decreasing branch of the
muscular weighting function becomes steeper, thus
indicating that in general, the region contributing to
the brightness becomes shallower when frequency in-
creases. However, it is worth noting that with the
exception of the deepest layers the intensity of the
emerging radiation originating at a given depth of
the muscle is not a monotonic function of frequency,
in accordance to the global results already shown in
Figure 3.

Retrieval algorithm. Equation (2) relates the un-
known temperature profile 7(z) to the known func-
tion Ty(2). In practice, the temperature at selected
locations in the tissues is to be determined from a
suitable set of measured brightness temperatures. In
the following discussion, values of the brightness
temperature at several frequencies for a fixed direc-
tion of observation, perpendicular to the layers, are
assumed to be known. The form of the kernel of (2)
indicates that the problem is ill conditioned and that
the solution is affected by numerical instability. A
suitable inversion technique must therefore be used
to circumvent such a difficulty.
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Fig. 4.
frequencies for direction of observation perpendicular to the
layers: ¢ is the depth in the tissues.

Weighting functions in the biological tissues at three

Of the several inversion methods that have been
proposed for the solution of radiometric problems,
the Kalman filtering estimation algorithm has
proven to be a fairly effective technique, from the
point of view of both accuracy of retrievals and at-
tainable spatial resolution [Basili et al., 1981]. In
addition, being a recursive technique, Kalman filter-
ing is well suited for use in monitoring the temporal
evolution of temperature profiles, as is required in
the relevant case of hyperthermic treatments of tu-
moral tissues.

The emitting biological structure is regarded as a
linear, stochastic dynamical system, and the bright-
ness temperature 7y, which carries the information
about its thermal state, is assumed to be linearly
related to the thermal state vector T:

WT =T+ N 4)

where T, is the vector of measurements, i.c., the
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brightness temperatures at the various frequencies:
W is the observation matrix, i.c., the matrix of the
discretized weighting functions; and N represents the
noise in the measurements. The Kalman linear esti-
mation procedure yields a minimum variance esli-
mate of T from data Ty:

T=T,+KT,-T,) (5)

where now subscript p denotes an a priori expecta-
tion and the circumflex denotes the estimate. Vector
T’BP contains the brightness temperatures correspond-
ing to the a priori expected temperature profile f,,,
Kalman gain K is derived from the error covariance
matrix P, of the a priori expected profile 'i‘p and
from the error covariance matrix R of the measure-
ment vector Ty, through the formula

K=P,WI(WP,W' 4 R) ! (6)

which settles an optimal balance between a priori
estimate and measurement innovation, according to
the precision of the former and the accuracy of the
latter. Matrix P,, whose elements are the second
moments of the random components of vectors T,
— T, (where T, is an individual thermal profile), pro-
vides a statistical measure of the uncertainty in the a
priori expected profile. Similarly, matrix R, formed
by the second moments of the random components
of the measurement vectors T, . gives information on
the error by which the measurements are affected.
The possibility of propagating estimates in lime,
whenever required, is a significant feature of this ap-
proach. The evolution of the thermal state of the
biological structure is described by

Tf‘l e ¢1‘_i+1Ti L Si (?]

where ¢, ;,, is the matrix which expresses the deter-
ministic transition between successive slates, denoted
by subscripts 7 and i + |, and S, is the random com-
ponent of the transformation. An analogous equa-
tion allows covariance P;,, of the error allecting the
state vector T;,, to be calculated from previous co-
variance P;. The propagated temperature vector and
covariance matrix are identified with the a priori ex-
pectation 'TF and covariance P, to start a recursive
procedure through which successive thermal profiles
are estimated from a sequence of radiometric
measurements. Information supplied by past
measurements is therefore adequately exploitable.
Implementation of the filter. An a priori expected
thermal profile is necessary to initiate the filter. Be-
causec of the obvious difficulty in obtaining suf-
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ficiently ample statistics from in vivo measurements,
a thermal model of human living tissues has been
used [Jain, 1980]. This model takes into account the
metabolic heat generation and the heat exchange
effect with the blood flow, in addition to conduction
effects and the heat exchange with the environment.
Random fluctuations with Gaussian distributions
have been superimposed on the average of the 10
parameters of the model to simulate the variable
characteristics of the single individuals. About 1000
sets of parameters were needed to obtain stable sta-
tistics. The average temperature profile was assumed
as the initial expected profile, while the error covari-
ance matrix of this a priori estimate was determined
by comparing the temperatures of each individual
profile with the means calculated at the various
depths within the tissues.

The accuracy of the measurements of the bright-
ness temperatures at the various frequencies is limi-
ted by the instrumental noise. The noise equivalent
temperature of the radiometric system has been as-
sumed to be 0.5°K at all wavelengths of operation,
and, in addition, a certain degree of correlation be-
tween successive measurements has been considered
to evaluate the covariance matrix of the measure-
ment error.

As has already been said, the determination of
temperatures in the human body can be a valuable
support in diagnostics and, on the other hand, is a
need during hyperthermic treatments. In the diag-
nostic application, since the temperature in neoplas-
tic tissues is higher than that of the surrounding
normal tissues of the host, a localized increase of
temperature must be detected. In hyperthermic appli-
cations the temperature in the tissues must be con-
tinuously monitored to ensure that the required heat-
ing rate in the tumor bulk is attained without con-
current damaging effects on the surrounding normal
cells. This paper refers mainly to the first appli-
cation, in which the recursiveness of the Kalman
filter is not exploited, except for eventually improv-
ing the retrievals from single-measurement data sets.
In case the evolution of temperatures is to be moni-
tored, the transition matrix relating the temperature
profile at a given time to the previous one must be
determined. To this end the model already adopted
to evaluate the a priori profile and the associated
covariance matrix is augmented to include the time-
varying power deposition rate by the electromagnetic
field applied in the hyperthermic treatment. A solu-
tion of this transient thermal problem through a
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brightness measurements; the noise equivalent temperature of the
radiometer is assumed to be 0.5°K at all frequencies; { is the depth
in the tissues.

variational formulation allows the temporal evolu-
tion of the temperatures to be determined as the dy-
namical response of an infinite-dimension system
[ Bardati, 1981]. This approach is well suited, since it
leads naturally to the introduction of the transition
matrix, which can be evaluated in terms of thermal
conductivities, densities, specific heats of tissues, and
the cooling effect due to blood flow, as well as the
cigenvalues of the pertinent self-adjoint boundary
value problem. Once the transition matrix and the
statistics of the random component S; of (7) are
known, the filter can be implemented recursively to
monitor the transient thermal response of tissues un-
dergoing electromagnetic heating in hyperthermia.
Numerical results. The effectiveness of the
Kalman filter in retrieving thermal profiles of layered
biological structures from noisy radiometric data has
been tested both for the case of normal tissues and
when a localized temperature increase is present.
Suitable statistics have been produced by randomiz-
ing the thermal model described above as well as by
adding noise to the brightness temperatures at 18
different wavelengths, used as data sets. The sclec-
tion of the 18 frequencies in the range 0.975-13 GHz
attempted to minimize the interdependence of the
corresponding kernels in (2), thus increasing the in-
formation content of the set of brightness temper-
atures. Figure 5 shows the standard deviation of the
retrieved temperatures at the various depths for a
normal profile. It can be noted that the accuracy of
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AT, = 2.2'K; noise equivalent temperature of radiometer is 0.5°K;
[ is the depth in the tissues. Curves 1 to 6 refer to the six locations
of the thermal anomaly indicated by the arrows in the upper part
of the figure, i.e, 0.2, 0.7, 1.7, 2.7, 3.7, and 4.7 cm, respectively.

retrievals tends to decrease at increasing depths, as
does the emerging power which carries the useful
information.

To assess the algorithm’s capability of detecting
thermal anomalies, the temperature at a single depth
has been increased by 2.2°K, leaving the normal pro-
file unchanged at the other locations, as can be the
case for a localized neoplastic alteration of tissues.
The averaged excess temperatures retrieved by
Kalman-filtering 1000 noisy brightness data sets are
reported in Figure 6. The thermal anomaly appears
to be detected and correctly located except when
deep muscular tissues are involved. However, al-
though in this case the exact position of the anomaly
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is not recovered, the whole muscle appears to be
warmer than in the normal situation.

CONCLUSIONS

The problem of determining the internal temper-
ature distribution in the human body by radiometric
means is examined. Microwave emission from a
plane parallel three-layer model of living tissues has
been evaluated, and the corresponding weighting
functions have been determined. The numerical solu-
tion of the inverse problem by the Kalman filtering
algorithm has then been investigated with the intent
of gaining information on the temperature retrieval
accuracy of the algorithm. Noninvasive measure of
temperature within the human body by radiometric
techniques is a difficult task for several reasons.
Electromagnetic modeling is complicated by inhomo-
geneities and complex shapes of structures. Pro-
cessing of measured brightness data for temperature
retrievals has to surmount numerical instabilities,
which amplify the errors introduced both by the
measuring instrumentation and by the random devi-
ations of single individuals from the ensemble
average. The radiometric instrumentation exhibits
involved characteristics because of the heavy require-
ments it has to meet.

Nevertheless, the general relevance of the results
which can be obtained in this field seems to justify a
first attempt to solve quantitatively the problem of
human microwave thermography.
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