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Temperature Control and Thermal Dosimetry
by Microwave Radiometry in Hyperthermia

Luc Dubois, Jean-Pierre Sozanski, Virginie Tessier, Jean-Christophe Camart,
Jean-Jacques Fabre, Joseph Pribetich, and Maurice Chivé

Abstract—This paper presents a synthesis of works undertaken
by the Hyperthermia Group of Lille (France) concerning the
utilization of the microwave radiometry for the temperature
control in hyperthermia therapy. This technique of noninvasive
temperature control within the biological tissues has been in-
tegrated on many hyperthermia systems now commercialized.
We describe the principle of a new radiometer as well as the
calculation of radiometric signals. They allow a noninvasive
determination of thermal maps inside tissues during the hy-
perthermia treatments. Many comparisons between theory and
experiment have validated our models of thermal dosimetry
whose provide a quantitative guidance for the planning of hy-
perthermia treatments.

I. INTRODUCTION

UMAN tissues spontaneously emit electromagnetic radi-

ations of thermal origin which can be measured by a very
sensitive receiver called “a radiometer” [1] and [2]. When this
measurement is carried out in the microwave frequency range,
it is possible to evaluate the tissues temperature. Microwave
radiometry is used to detect thermal anomalies inside the
human body (for example, the detection of breast cancer) [1]
and [3], but also to evaluate, noninvasively, the temperature
distribution in biological tissues [4]-[6].

Since 1980, the Hyperthermia Group of Lille (composed
of the “Circuits et Applicateurs” Research group of the
Département Hyperfréquences et Semiconducteurs of IEMN,
the Centre Anti-Cancer Oscar Lambret and the Unit 279 IN-
SERM) has developed many hyperthermia systems combining
microwave radiometers [6]-[10]. It has been demonstrated
that these techniques made it possible to monitor hyperthermia
systems, as well as, to plot thermal maps in clinical context
in order to optimize forthcoming hyperthermia sessions.

II. PHYSICAL PRINCIPLES OF MICROWAVE RADIOMETRY

Any dissipative body emits spontaneous electromagnetic
radiations of thermal origin. In the microwave domain, the
thermal noise power emitted by the body is directly propor-
tional to the temperature and can be obtained by integrating
the spectrum brightness B{f) (i.e., energy radiated per unit of
apparent surface and per unit of solid angle).
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Fig. 1. Calibration curves of a classical radiometer obtained for different
loads replacing the applicator. 50 Q load (p = 0 0); Load 1 (p = 0.23);
Load 2 (p = 0.1).
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Fig. 2. Stuucture of the new radiometer with two internal temperature
references.

If T > 10K, at a frequency f and for a bandwith of 1 Hz,
B(f) is expressed by the Rayleigh—Jeans relation

2
(=2t et
~A.-T
with
kg Boltzmann’s constant (1.38 - 10723 J - K~1);
¢ speed of light (3 - 108 m x s71);
T absolute temperature of the body (Kelvins).

The temperature of a dissipative body can thus be de-
termined by a measurement of the electromagnetic power
radiated in a given frequency bandwidth. This measurement
is achieved by radiometric systems which use an antenna as
an electromagnetic power captor in the microwave region. Let
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Fig. 3. Structure of the new radiometer containing a calibration umt constituted by two external calibrated sources raised, respectively, to tempera-

ture 77 and To.

us consider an antenna put on a dissipative body raised to a
uniform temperature 7. The power collected by the antenna
in a bandwidth A f is given by Nyquist’s formula

P=(1—p) kg T Af

with
kp Boltzmann’s constant;
T absolute temperature of the body (Kelvins);

P power reflection coefficient at the interface
applicator-lossy media.

III. MICROWAVE RADIOMETRIC SYSTEMS
FOR BIOMEDICAL APPLICATIONS

With the first generation of radiometers (1] and [2} the
output signal S is proportional to the difference in temperature
(T»v - Tr)

S:G'kB'Af'(l_p)'(Tr_Tr)

with

P power reflection coefficient at the interface
applicator-lossy material:

T temperature to measure:

T reference temperature;

G gain of the chain.

We note that the output signal S depends on the gain G
and on the reflection coefficient p. Moreover, a preliminary
calibration of the system radiometer-applicator is necessary
to obtain the T, information. The calibration is carried out
by putting the applicator in contact with a liquid emissive
medium (salt water or physiological serum) that simulates the
biological tissues, whose temperature 7' is made to vary. Then
we get a calibration curve S,.,q = f(T'). This calibration
procedure takes about twenty minutes.

But the calibration curve depends on the coefficient p. The
Fig. 1 shows its influence when the applicator is replaced by
different microwave loads. Consequently, we have studied a
new radiometer allowing to free from the reflection coefficient
p and from the gain G.

A. Principle of the Ildeal Radiometer with Two
Internal Temperature References

The structure of this radiometer is given on the Fig. 2. It
contains two reference sources constituted by 50 2 coaxial
loads, raised, respectively, to temperature T, and Tr2. A
microwave switch allows to select one of these two internal
temperature references.

When the switch is in state “a,” the continuous voltage at
the amplifier output is as follows:

1) modulator in state 1:

Vii=G - kg - Af - Ty (1)
2) modulator in state 2:
Vie=G kg - Af - [1—p) - Tot+p-Tnl. 2
When the switch is in state “b,” we obtain
1) modulator in state 1:
Vor =G - kg - Af - Tog (3)
2) modulator in state 2:
Voo =G - kg - Af - [(L—=p) - To+p-Tr]. &

From these relations, we deduce the expression of the
reflection coefficient p and the expression of the temperature
T.L

)= Vig — Vao
Vii — Vo
 (Viy = Vi) - Thp — (Voy — V) - Ty ®)
! Vit = Via = Va1 + Vo '
The value of the temperature T, thus calculated is now inde-
pendant of the amplifier gain G and of the reflection coefficient
p. The value T, represents the radiometric temperature (called
Tyqq) of the lossy material. It is an “average temperature”
of the volume of material coupled to the applicator in the
radiometer bandwidth. In the particular case of uniform tem-
perature, we have T,.q = T5.

The resolution on the determination of the reflection coeffi-
cient and for the radiometer sensitivity are given, respectively,
by

(6)

Ap =AT - { (L+p) }

Tr2 - Trl ’
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TABLE 1
DETERMINATION (WITH THE NEW RADIOMETER) OF THE REFLECTION COEFFICIENT OF DIFFERENT MICROWAVE LOADS
REPLACING THE APPLICATOR Ap IS DETERMINED EXPERIMENTALLY BY A STANDARD DEVIATION CALCULATION

Loads 500 Load 1 coaxial antenna
p (minimum value) 0.018 0.276 0.13

p (maximum value) 0.024 0.282 0.138

p (average value) 0.021 0.280 0.134

Ap (experiment) 0.003 0.003 0.004

p (theory) 0.0 0.25 -

Ap (theory) 0.0026 0.0028 -

TABLE 1I
COMPARISON BETWEEN THE VALUES OF REFLECTION COEFFICIENT DETERMINED WITH THE RADIOMETER. AND
SOME NETWORK ANALYZER MEASUREMENTS ACHIEVED IN THE RADIOMETER BANDWIDTH (24 GHz)

frequency (GHz) P (network analyser) p (radiometer)
Load 1 Load 2 Load 1 Load 2
P(theory)=0.25 | p(theory)=0.1 | p(theory)=0.25 | p(theory)=0.1

2.0 0.288 0.125
25 0.288 0.117
3.0 0.284 0.108 0.280 0.130
35 0.283 0.102
4.5 0.276 0.104

TABLE III

CHARACTERISTICS OF TwO SETS OF 100 RADIOMETRIC MEASUREMENTS ACHIEVED WHEN THE APPLICATOR IS PUT ON A THERMOSTATED BATH
RAISED TO 26.5°C AND THEN TO 45.1°C. AT} 44 IS DETERMINED EXPERIMENTALLY BY A STANDARD DEVIATION CALCULATION

Bath temperature measurements at 26.5°C measurements at 45.1°C
Trad (minimum value) 26.52 45.17
Trad (maximum value) 26.78 45.38
Trad (average value) 26.63 45.27
ATrad (experiment) 0.058 0.0455
ATrad (theory) 0.056 0.036
50 - B. Calibration Procedure
& ] In practice, all elements of the radiometer present insertion
°?8’ 45 | losses which modify the previous relations (1)—(4). We con-
2 sider consequently that the radiometer is ideal but with new
§_ temperature references noted 7.1, and 1.5, , deduced from two
£ 40 ] external calibrated sources raised to temperature 77 and T5.
; f ———50 Ohms The block diagram of the radiometer is therefore slightly
3 — -Load 1 modified in order to include a calibration unit (Fig. 3). The
§ 35 1 - - -Load 2 modulator is replaced by a switch with four positions and
& d the ways 3 and 4 are connected to the calibrated sources
30 | . . i , (well-matched loads with same insertion losses) raised to
30 35 40 45 50 temperatgre T, and TZ.. . .
To calibrate the radiometer, the four previous operations
Water Temperature (°C)

Fig. 4. Calibration curves of the new radiometer, obtained for different loads
replacing the applicator. 50 €2 load (p = 0.0); Load 1 (p = 0.25); Load 2
(p = 0.1).

lTrl - Tl)l - IT’I‘2 - Tx|
(1=p) - (T2 —T)

AT = 2 - [(T+Tg)//AF - 7] is the theoretical sensitivity
of the Dicke radiometer [1] and [6] where Tg and 7 are,
respectively, the chain noise temperature and the time constant
of the synchronous detection.

For medical applications the internal temperature references
T,1 and Ty are raised, respectively, to 34°C and 55°C.

AT, =AT - 7

(1)—(4) are done again but the applicator is now replaced
by the well-matched reference loads raised, respectively, to
temperature 77 and T3. The output voltages are

1) With the unit calibration at temperature 77:

Vit =G - kp - Af - Ty
Vizga =G - kg - Af - T}
Vor =G - kg - Af - Tha;
Vose =G - kp - Af - T

2) With the unit calibration at temperature T5:

Vii=G - kp - Af - Tn1
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Fig. 5. View of some applicators used on microwave hyperthermia systems

controlled by microwave radiometry. (a) Microstrip-microslot applicator for
external hyperthermia, (b) coaxial antenna for interstitial hyperthermia, and

(¢) endocavitary applicator for prostatic hyperthermia.

Viee =G - kg - Af - 13
‘/21 =G - kB N Af . Trz;
Vaoo =G - kg - Af - T.

By combining these relations with the relation 5, we deduce
the expression of the equivalent temperature references Tr1e
and T,9. as shown in (7a) at the bottom of the page. The
radiometric temperature is therefore calculated by means of
relation 5 where the values 7,1 and T;.» are replaced by 1,1,

and Troe.
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Fig. 6. Microwave radiometry can also be used in capacitive hyperthermia
systems. (a) Normalized radiometric signal contribution of each subvolume
[calculated by (8)] and (b) thermal map obtained within an aquasonic gel after
50 min. heating by using a capacitive hyperthermia system (f = 13.56 MHz,
P;,.. = 93 W) controlled by microwave radiometry (1.1 GHz). The measured
and calculated radiometric temperatures are, respectively, 27°C and 27.7°C.

The calibration procedure takes about one min and it is
automatic without any modification of the position of the
applicator.

To verify and confirm this calibration procedure the ap-
plicator has been replaced by loads which present differents
values of reflection coefficient. These loads were plunged in a
thermostated bath which temperature 7' is made to vary.

The corresponding calibration curves are presented in
Fig. 4. The slope is equal to the unity and varies less than
six per thousand when the reflection coefficient p varies from
0.03-0.3.

We note therefore a straight improvement with regard to
results obtained with classical radiometers.

(Vi1 — Viga) - (Va1 — Vage — Vi1 + Viga)

Ty - (Viz = Vig) - (Va1 — Vaga = Vi1 + Vige) = To -

Trte =
! (Voy — Vaza) - (Vi1 — Vigp) — (Vi1 — Viza) - (Va1 — Vaap)

Ty = —T1 - (Va1 — Vagy) + (Va1 — Vage — Vit + Viga) + T« (Vo1 — Vaaa) - (Va1 — Voo — Vir + Viza) (7a)
e —(Vay = Vaza) - (Vi1 — Vaigs) + (Vir — Viza) « (Va1 — Vo)
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PARAMETERS INPUT
-Incident Power
-Geometrical, dielectrical and thermal
characteristics of the media
-Geometrical parameters of the antenna
-Radiometric (Tr) and cutaneous (Tc) temperatures

v

Calculation of the absorbed power
density within the media

v

Determination of a temperature pattern
from bioheat transfer equation

v 1
Calculation of radiometric Blood flow and
temperatures (Trad) surface heat exchanges
adjustement

Ts=Tc +/- 0.2°C

Trad=Tr +/- 0.2°C >~ NO

YES
-1 Thermal pattern display

Fig. 7. Flowchart of the thermal dosimetry software.

C. Performance

1) Measurement of the Reflection Coefficient: We have de-
termined, with this new radiometer (which operates in the
24 GHz frequency ranges), the reflection coefficient p of
different microwave loads replacing the applicator (Table I).
The values thus determined have been compared with the
network analyzer measurements achieved in the radiometer
bandwidth (for the same microwave loads). Results show a
good agreement between the values measured by the network
analyzer and those determined with the radiometer (Table II).

2) Radiometric Temperature Measurements Sensitivity: The
sensitivity of the radiometer depends both on the reflection
coefficient p and on the temperature T, to be measured.
From relation 7 it appears that the best sensitivity is obtained
when the temperature is situated between the internal reference
temperatures (7,1, Tr2) and when the reflection coefficient is
equal to zero.

Table III shows the characteristics of two sets of 100
radiometric measurements achieved when the applicator is put
on a thermostated bath (which stability temperature is better
than 0.02°C) raised to 26.5°C and then to 45.1°C.

The delay for a radiometric measurement is around 5 s.
We note that the temperature resolution AT, is better than
0.05°C when the radiometric temperature (T.,4) is equal to
45.1°C. The value of AT,qq increases if T;..q is not situated
between T,1 and 1.

Experimental values of the temperature resolution are also in
good agreement with the theoretical values. So, the behavior
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Fig. 8. (a) Thermal profile obtained along the feeding line of a mi-
crostrip-microslot applicator (diameter = 50 mm; &, = 4.9) laid on
a polyacrylamide gel, after 1 h heating (P, = 8.6 W; f = 915
MHz)—radiometric temperature Ty.,q (3 GHz) = 37.9°C; (b) calculated
isotherms in the same conditions—calculated radiomeiric temperature T4 (3
GHz) = 37.6°C.

of radiometer is therefore completely in agreement with the
theoretical analysis.

IV. EXPLOITATION OF RADIOMETRIC SIGNALS

Radiometric signals received by a radiometer may be used
for detecting thermal anomalies inside biological tissues [1]
and [3] or may be used for noninvasive temperature control
in hyperthermia treatments [6]-[10]. In the case of microwave
hyperthermia, the applicators (Fig. 5) are used both for heating
and for radiometric temperature measurements.

From these measurements and from radiometric signals
calculation it is also possible to evaluate noninvasively, the
temperature distribution inside the biological tissues [4]-[6].
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A. Radiomerric Signals Calculation

The noise power P. measured through an applicator by
a radiometer centered on a frequency fr (with a bandwidth
A f) is the integral summation of the elementary noise powers
emitted by each subvolume of the dissipative media and
multiplied by a weighting coefficient C. This coefficient
corresponds to the volume coupled to the applicator which
contributes to the noise power received by the radiometer. It
depends on the radiative diagram of the applicator at the fg
frequency and on the dielectric properties [11] and [12] of the
lossy media

PC:(l—p)-/E/y/zdP(:c,y,z%d:v.dy-dz

with
dP(z,y, 2)=C(z.y, 2) - kg - T(x, y. 2) - Af
and

Cla,y. z)=3% o, y, 2) - |E(z, y, 2)|°. (8)
p is the power reflection coefficient in the input of the
applicator; F is the electric field inside the lossy media when
the applicator is used in active mode at the frequency fr; and
o is the electrical conductivity of media.
The corresponding radiometric temperature is given by

///C(w,y,z)'T(x,y,z)-dw-dy~dz
z Jy Jz

///C(:n,y,z)-d:r-dy-dz

Jr Jy Jz

Thus the radiometer detects an average of the temperature
distribution inside media, weighted by the squared electric field
pattern of the applicator used as a receiver. The electric field
E may be determined from many methods [7], [8], [10], and
[13]-[15] and by applying the antenna reciprocity theorem.

For example, we give in Fig. 6(a), the map of weighting
coefficients computed in the case of a radiometric antenna
used in a hyperthermia capacitive system.

From this calculation we have determined the radiomet-
ric temperature corresponding to the thermal map shown in
Fig. 6(b). The calculated and measured radiometric tempera-
tures are in good agreement.

Trad -

B. Application to Thermal Dosimetry

The radiometric signals calculation combined with the res-
olution of bioheat transfer equation may be used to determine,
noninvasively, the thermal map inside tissues during hyper-
thermia sessions [6]-[8], and [10].

We give in Fig. 7 the flowchart of the thermal dosimetry
software [7] and [8]. In order to prove the validity of our
modeling, hyperthermia sessions on polyacrylamide gel were
first performed. The Fig. 8 shows a great concordance between
theoretical and experimental isotherms when a microstrip-
microslot applicator [7] and [16] is used for microwave
heating.

In the case of microwave hyperthermia on patients (Fig. 9),
many hyperthermia sessions have confirmed the good concor-
dance between intratumoral temperatures measured by inserted
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Fig. 9. Comparison between calculated isotherms and temperatures mea-
sured by thermocouples on the axis of the applicator (diameter = 50 mm;
¢r = 41.9) during a hyperthermia session on a patient Experimental data:
P,ne = 21 W; f = 915 MHz, radiometric temperatures T'.,4 (1 GHz) =
40 1°C, T, .4 (3 GHz) = 38.6°C; temperatures measured by implemented
thermocouples: o $4.3°C; A 43 0°C; m 40.5°C; ¢ 38.6°C.

thermocouples and bidimensional temperature profile recon-
struction.

The computations are made on a desktop computer and
take a short CPU time (around 3 min.) which demonstrates
the possibility of simulation during the hyperthermia ses-
sion. However, in clinical situation, it's necessary to know
accurately the structure of the heated tissues and to use multi-
frequency radiometry to improve the retrieval of temperature
distributions.

V. CONCLUSION

The new radiometer with two internal temperature refer-
ences presents a great advantage as compared to the first
generation one (with only one internal reference). Its calibra-
tion can be achieved very quickly (only one minute) using two
calibrated sources. Another performance is that the radiometer
measurement is independent of the reflection coefficient at the
applicator-tissues interface.

Microwave radiometry, used routinely since 1984, has
proven its efficiency for noninvasive temperature control
during hyperthermia treatments. The radiometric signals
calculation allows to determine, noninvasively and with a
great accuracy, the thermal map within the tissues during
hyperthermia sessions. So, our modeling allows to realize a
thermal dosimetry and to provide a quantitative guidance for
the planning of hyperthermia treatments.
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