
M-5
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ABSTRACT

An assessment is made of the degradation that

is caused by a water-filled bolus in the precision

of tissue temperatures measured non-invasively by a

five-band microwave radiometry scheme. The

precision is expressed in terms of the confidence

interval of tissue temperature estimated from a set

of five brightness temperatures measured with an

experimental instrument operating at center

frequencies, 1.2, 1.8, 2.5, 2.9, 3.6 GHz, with a

O.~-GHz bandwidth. Results show that the

degradation due to a bolus having a thickness of

about 1 cm ie emall when it is filled with the

deionized or distilled water. A conclusion of the

present etudy is that the use of water-filled bolus

is permissible for the microwave radiometric

measurement, which bears a Practical importance
when the technique is used in combination with the

electromagnetic heating for hyperthermic treatment

of cancer.

INTRODUCTION

Microwave radiometry has been applied to non-

invasive measurement of subcutaneous tissue

temperature for cancer detection(l ,2), for
temperature monitoring during hyperthermic

treatment of cancer(3,4) and other diagnostic
purposes(5). The problem of retrieving temperature-

versus-depth profiles in a biological body has been

studied theoretically(6-9) and experimentally(lO-

13). A method was described in (13) that was

capable of estimating temperature profiles from

brightness temperatures measured with a five-band
radiometer, where effecte of random measurement

errors were accounted for by the confidence
interval of tissue temperature. This method is used

in the present study to examine effects of a water-

filled bolus placed between a radiometer antenna
and an object. The presence of the bolus 5.s

undesirable for the radiometric measurement because

it attenuates the signal from the object and

generates the thermal radiation, but it is required

for the surface cooling during the electromagnetic

heating of lesion for hyperthermia.
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ANALYSIS

A. Antenna-Bolus-Tissue Model

The antenna-bolus-tissue structure system is

represented by a plane parallel layered model,

comprising the lossless dielectric (antenna),

water, skin, fat and muscle. The equation of
radiative transfer is solved for this model under

one dimensional approximation. The solution can be
put in a symbolic form,

‘Bi,model = Li[T(Z);~Wi, 6Si,dFi,dMi] (1)

‘here ‘Bi,model is the brightness temperature for

the model, Li an integral operator defined by the

solution of radiative transfer equation, T(z) the

temperature profile, z the depth into tissue with
the coordinate origin at the water-skin interface,

and 6Wi, 8Si, 6Fig 6 Mi are power penetration

distances in the water, skin, fat and muscle,
respectively. The suffix i refers to the frequency

of observation, fi. In eq. (1 ) , the thermal

radiation from the water layer and the absorption

in it of the thermal radiation signal coming from
the tissue structure are taken into account.

Effects of multiple reflections at the skin-fat and

fat-muecle interfaces are also taken into account

by a coherent approach.

B. Temperature Profile Model

To facilitate analysis, we introduce a

temperature profile model function of a form,

T(z)=TW, Z<o, (2a)

T(z)=To+AT1(l-exp(-z/a)+ AT2(z/b)exp(-z/b),

Z>o. (2b).

Eq.(2) has a typical shape shown

capable of representing gradually

with a broad peak (or valley) in

To, AT1, AT2, a and b as unknown

in Fig.1, and is

varying profiles
tissue. We treat

model parameters

to be determined from measurements, since the

temperature of water in bolus, Tw, can be measured

directly with probes such as thermocouples.
Independent measurements of the brightness
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temperature at five different frequencies are

sufficient to determine the five model parameters.
Values of the power penetration distances in

tissues at respective frequencies are assumed known

in the present treatment, but in practice are

determined from a number of separate phantom

measurements in which temperature profiles are

directly measured.
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Fig.1. Temperature profile model described by

eq.(2).

C. Temperature Profile Estimation

Temperature profiles are estimated using the

procedure described in (13), which gives a basic

equation,

5 ( ‘Bi,model - ‘Bi,meas
)-:..

~[
I,mln ~2~1

(3)
i=l c ‘TBi,min

—

where TBi,meas and E .
1, min

are measured values of

the brightness temperature and minimum errors in

the least–square fitting of model to measurements,

respectively, at fi (i=l,2,..,5). Effects of random

errors in the TBi,mea~ measurements are taken care

of by the denominator, where ATBi,min are minimum

detectable brightness temperatures or the
resolution of the radiometer and C is the parameter

that sete the confidence level of estimation;

c=2.46 at a 70%-confidence level.

Combining eqs.(1) through (3) and carrying out

numerical computation, one obtains temperature-

versus-depth profiles, where the corresponding

confidence interval of estimation gives a range of
tissue temperatures at a value of depth, z.

EXPERIMENT

A. Arrangement

Experiments on the radiometric

profiling were made using an

temperature

arrangement

illustrated in Fig.2, where a muscle equivalent

agar phantom in plastic container was placed in a
hot water-bath at about ~0 ‘C. A box made of thin

(1 mm) plastic boards was placed on the top of

phantom in which temperature controlled water (23

‘C) was circulated. A waveguide antenna filled with

a dielectric material (Er=40) was placed in the

circulating water as shown in the figure, where the

distance from the antenna aperture (15.6 mm x 20..L

mm) to the top surface of phantom was set at 1 cm.
The water layer between the antenna aperture and

the phantom was intended to simulate a water-filled
bolus .

Radiometric measurements were made with an

experimental instrument operating at center

frequencies, 1.2, 1.8, 2.5, 2.9, 3.6 GHz, with a
0.4-GHz bandwidth. Measured values of ATBi,min of

the instrument (integration time = 5 sec.) are

given in Table l(A). Several thermocouple probes

were placed in the phantom for comparison and in
the circulating water for measurement of TW. The

circulating water tested in the experiments was the
deionized water prepared by filtering the tap water

with a polymer resin filter and the distilled water

of a pharmaceutical grade.
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Fig.2. An arrangement ueed in the radiometric

temperature profiling experiments.

B. Results

Typical results obtained with using the

deionized water are given in Fig.3, where the

tissue temperature given in ‘C and the distance
from the phantom surface in the depth direction
given in cm are plotted along the vertical and
horizontal axes, respectively. The solid curve
represents an estimated temperature profile which

fits a particular set of TBi mess (i=l ,2,..,5). The

profile is subjected to rand’om fluctuations due to
random errors in the TBi,meas measurements.

Magnitudes of the fluctuations are expressed in
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terms of the confidence interval of tissue
temperature estimation. The region with intervals

a-at in Fig.3 represents a region of confidence

intervals estimated at a 70%-confidence level for
the experimental results given above. The precision

of estimation is defined by one half of confidence
intervals at a 70%-confidence level in the present

Study .

In order to show the degree of degradation due

to the presence of the water layer, a similar

confidence interval estimation was made by computer

simulation in which the water layer thickness was

made to vanish while the tissue temperature profile

given by the solid curve in the figure was kep-t

unchanged. Results are represented by the region

with confidence intervals b-b! in Fig.3, where the

degradation due to the water layer is indicated by
the areas of heavy shading. Open circles are
thermocouple temperature readings for comparison.
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Fig.3. Typical results of a microwave radiometric

temperature profiling experiment made with a l-cm

thick layer of deionized water between the antenna
aperture and the phantom.

A similar experiment was made with the distilled

water circulated in the space between the antenna

aperture and the phantom, referring to Fig.2.

Typical results are given in Fig.4, where the solid

curve, the shaded regions with confidence intervals

a-at and b-b! represent a profile which fits a set

‘f ‘Bi.meas~ regions of confidence intervals at a

70%-confidence level with and without the l-cm
thick layer of distilled water between the antenna

aperture and the top surface of phantom,
respectively. The degradation caused by the

distilled water layer is indicated by the areas of

heavy shading.

These results show that the degradation in the

precision of tissue temperature estimation can be

kept small when proper precautions are taken,

indicating that the use of a water-filled bolus is
permissible for microwave radiomekric measurements

of tissue temperatures.
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Fig.4. Typical results obtained with using a l-cm

thick layer of distilled water between the antenna
aperture and the top surface of phantom.

EFFECT OF INSTRUMENT RESOLUTION

The numerical results presented above regarding

the precision are based on ATBi,min values given in

Table l(A). These values were obtained on an

experimental radiometer used in the experiments

with a 5-second integration time, as mentioned
earlier. The precision of estimation improvee as

the brightness temperature resolution of the

instrument improves, according to eq.(3).

Computer simulation was made to assess the

improve~ent expected when the brightness

temperature resolution was improved to 0.03 K at

all the frequencies of measurements, as given in

Table l(B), where the same experimental data that

used for a-at in Fig.4 were used. Reeults are
represented by the shaded region with confidence

intervals c-c! in Fig..?+. The brightness

temperature resolution of about 0.03 K is expected

with a 5-second integration time for a radiometer

currently under construction that employs a modern

low noiee amplifier (NF = 1.2 dB, G = 35 dB) at

its front end when it is operated at around the

room temperature.

Table 1. Radiometer brightness temperature

resolution. (A)Experimental radiometer. (B)Improved

design.
---------------------------------------------------

fi(GHz) 1.2 1.8 2.5 2.9 3.6
---------------------------------------------------

(A) 0.07 0.o6 0.06 0.06 0.07
ATBi min (K)-:;i---;---------------------------------

9
. 0.03 0.03 0.03 0.03

----------——-----------—-———————-—------————-—--——-
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A relationship between the precision and the

depth deduced from confidence intervals c-c! in

Fig.& is summarized in Table 2.

Table 2, Precision of tissue temperature estimation

deduced from Fig.6.*
-------------------------------------------------

Depth(cm) 1 2 3 4 5
-------------------------------------------------

Precision(K) kO.2 ko.1+ *0.7 il.2 L2.O
-------------------------------------------------

~$Conditions of estimation:
Brightness temperature measurements in five bands

over 1 – ~ GHz range with ATBi,min = 0.03 K.

With l-cm thick bolus filled with distilled water.

One-D approximation in uniform, muscle equivalent

tissue.

CONCLUSION

A feasibility study was made on a five-band
microwave radiometry scheme for non-invasive

measurement of tissue temperature in the presence

of a water-filled bolus between radiometer antenna

and object. A temperature profiling technique

previously developed was used to analyze effects of

the bolus on the precision of tissue temperature

estimation, where the precision was defined by one

half of the confidence interval of estimation at a

70X-confidence level. Experiments were performed on
an agar phantom using an experimental five-band

microwave radiometer with a 0.06-O.07-K resolution,

where a l–cm thick water layer was introduced
between the radiometer antenna and the phantom to

eimulate the bolus. The water tested in the

experiments was the deionized water and the
distilled water. The confidence intervals were

calculated for the experimental data as a function

of the depth with and without the presence of water

layer, respectively. Results indicated that the

degradation in the precision due to the water layer

was small for the both kinds of water, with the

distilled water giving emaller degradation of the

two. The precision was also estimated using a 0.03-
K resolution to find that it was about +1.2 K at a

4-cm depth in a uniform muscle–equivalent tissue

structure.

A conclusion may be drawn from the present study

that the use of a water-filled bolus is permissible

for the microwave radiometric measurement of tissue

temperature, provided that the bolus thickness is

kept at about 1 cm or less and the dietilled or the

d?ionized water is used in the bolus.
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