A j,,rnal of Interventional Cardiac Electrophysiology 4, 295-300(2000)
‘F ©2000 Kluwer Academic Publishers. Manufactured in The Netherlands.

Microwave Radiometric Thermometry and its Potential
Applicability to Ablative Therapy

Sonny S. Wang BS, Brian A. VanderBrink BS,
James Regan BS*, Kenneth Carr PhD¥,

Mark S. Link MD, Munther K. Homoud MD,
Caroline M. Foote MD, N.A. Mark Estes III MD, and
Paul J. Wang MD

New England Medical Center, Tufts University School of
Medicine, Boston, Massachusetts, U.S.A. and * Microwave
Medical Systems, Inc., Acton, Massachusetts, U.S.A.

Abstract. Introduction: Current techniques for esti-
mating catheter tip temperature in ablative therapy
for cardiac arrhythmias rely on thermocouples or ther-
mistors attached to or embedded in the tip electrode.
These methods may reflect the electrode temperature
rather than the tissue temperature during electrode
cooling so that the highest temperature away from the
ablation site may go undetected. A microwave radio-
meter is capable of detecting microwave radiation as a
result of molecular motion. In this study, we evaluated
microwave radiometric thermometry as a new techni-
que to monitor temperature away from the electrode
tip during ablative therapy utilizing a saline model.

Methods and Results: A microwave radiometer
antenna and fluoroptic thermometer were inserted in
a test tube with circulating room temperature saline
kept constant at 23.5°C while the surrounding saline
bath was heated from 37°C to 70°C. For every degree
rise in the warm saline bath placed either 5 mm or 8 mm
from the radiometer antenna, the radiometer tempera-
ture changed 0.26°C and 0.14°C respectively while the
fluoroptic temperature probe remained constant at
23.5°C. The radiometer temperature was highly corre-
lated with the warm saline bath temperature R2 =
0.997 for warm saline 5mm from the antenna,
R2 = 0.991 for warm saline 8mm from the antenna).

Conclusions: Microwave radiometry can estimate
distant temperatures by detecting microwave electro-
magnetic radiation. The sensitivity of the microwave
radiometer is also distance-dependent. The microwave
radiometer thus serves as a promising instrument for
monitoring temperatures at depth away from the
catheter-electrode tip in ablative therapy for cardiac
arrhythmias.
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Introduction

Catheter ablative therapy has become a central
element in the treatment of patients with cardiac
arrhythmias [1-6]. The recording and control of

catheter electrode temperature have been impor-
tant in guiding catheter ablation and preventing
impedance rises [7]. Thermocouples or thermis-
tors attached to or embedded in the tip electrode
have been used to estimate the temperature at
the electrode-tissue interface. However, saline
cooling of the electrode tip with saline interferes
with the thermocouple’s ability to record the
highest temperature away from the electrode—
tissue interface [8].

Radiometric thermometry is a technique in
which the electromagnetic radiation resulting
from the motion of molecules is measured in
order to estimate temperature [9]. Because elec-
tromagnetic radiation can be detected over
distance, radiometric thermometry may be used
to estimate a temperature at depth even if the
surface temperature is low. Therefore, we propose
microwave radiometric thermometry as a novel
technique to monitor temperatures away from
the electrode—tissue interface during the
presence of saline cooling.

Methods

Description of Microwave Radiometry
System

In this study, a microwave radiometer utilizing a
helical coil antenna measured microwave radia-
tion resulting from molecular motion at a
frequency of 4 GHz. The voltage output from the
radiometer was recorded digitally using an
analog-digital converter (National Instruments)
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and input into a PC computer (Labview 5.0 soft-
ware, National Instruments). The voltage
outputs were converted to microwave radiometer
temperatures using the calibration technique
described below.

Test Apparatus

A saline environment was used to evaluate the
ability of the microwave radiometer to assess
temperature changes five and eight millimeters
away. The microwave radiometer was placed
within a test tube filled with saline of either
constant or varying temperatures. The test tube
and its contents were then surrounded by a warm
saline environment (Bath A) heated between
37°C and 70°C (Fig. 1). Test tubes of differing
diameters were used. The test tubes (Kimax-51,
N51A borosilicate glass) had either an outer
diameter (O.D.) of 10 or 16 mm.

The radiometer antenna was placed at the
center of the saline-filled test tube 28 mm from
floor of the warm saline bath. Four fluoroptic
temperature probes (755 Multichannel Thermo-

meter, Luxtron model #755G) were calibrated
each day. All the fluoroptic temperature probes
were placed at the same level as the radiometer’s
antenna tip, 28 mm from the floor of the warm
saline bath. One fluoroptic temperature probe
was placed alongside the radiometer antenna
within the test tube. The remaining three fluor-
optic temperature probes were placed at the
inside edge of the surrounding warm saline bath.

Microwave Radiometer Calibration

The microwave radiometer was calibrated
between 22°C and 35°C. During calibration runs
saline was pumped from Bath A into the test tube
to maintain the same temperature as the sur-
rounding bath. The fluoroptic probes’ tempera-
tures and radiometer’s voltage outputs were
continuously recorded. Once all four temperature
probes reached the same temperature during the
calibration (e.g. at 22°C, 23°C...35°C), the first
10 radiometer voltage outputs at that correspond-
ing temperature was recorded and then aver-
aged. The average voltage values for each
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Fig. 1. Design for microwave radiometer calibrations and experimental runs. Bath A saline was heated from 22°C to 35°C for
calibrations and from 37°C to 70°C during experimental runs. The radiometer antenna tip was placed at the center of the test
tube studied (10mm O.D. or 16 mm O.D.) 28 mm from floor of Bath A. The clear vinyl test tube skirt (19cm Lx18cm W) was
attached 2 cm below opening of each test tube. Rubber tubing #1 pumped saline from Bath A into the test tube while rubber tubing
#2 was left unused during calibrations. Rubber tubings #1, 2, and Bath B saline were used to maintain a saline temperature of
23.5°C inside the test tube during experimental runs. All four fluoroptic temperature probes were placed at same level as the
antenna’s tip inside Bath A during calibration and experimental runs.



degree Centigrade were then averaged from all
calibration runs conducted for the day. A stan-
dard curve was constructed with the average
values and utilized to convert experimental
radiometer voltages into temperature equiva-
lents for experiments conducted later that day.

Experimental Measurements
A total of thirty experimental runs (n = 15 with
10mm O.D. test tube; n = 15 with 16 mm O.D.
test tube) were conducted. Calibration of the
microwave radiometer was performed prior to
and following each experimental run. A “radio-
meter calibration standard curve” was created for
data analysis of experimental runs described
previously.

The microwave antenna was placed along side
a fluoroptic thermometer in the center of a test
tube filled with saline kept at a constant tempera-
ture of 23.5°C. This warm saline environment
(Bath A) was heated in 1°C increments between
37°C and 70°C. A cool saline reservoir (Bath B)
ensured that the test tube saline environment
remained constant throughout each experimental
run. During experimental runs saline was
pumped from Bath B into the test tube to main-
tain a constant saline temperature of 23.5°C.
This temperature was selected to represent
room temperature saline used for an irrigated
ablation electrode. The test tube had a plastic
skirt 2cm below the opening of the test tube
affixed to prevent incoming cold saline from flow-
ing along the sides of the test tube where the
radiometer’s antenna might be sensing the
surrounding warmer environment. Saline
temperatures and corresponding radiometer
voltage outputs were continuously recorded.

Radiometric voltages and cold saline tempera-
ture readings within the test tube were recorded
for every single degree rise of the surrounding
warm saline bath (e.g. at 37°C, 38°C...70°C).
Once all of the fluoroptic temperature probes
immersed in the warm saline bath reached the
same temperature, the first 10 corresponding
radiometer voltages and the fluoroptic tempera-
ture readings within the cold saline test tube
were recorded and then averaged. These average
radiometer voltage values in each run were then
converted to experimental radiometer tempera-
tures at each degree rise in the surrounding
warm saline bath utilizing the standard curve
previously constructed.

Statistical Analysis

Standard deviations (at 1 S.D., 15 experiments
total for each test tube) were calculated for radio-
meter temperatures for each degree rise in the
outer warm saline bath (from 37°C to 70°C).
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Regression analysis was used to compare the
radiometer temperature with the outer warm
saline bath temperature. R?> value for each
regression analysis demonstrated a high degree
of correlation if greater than 0.9.

Results

During calibration of the microwave radiometer,
the microwave radiometric voltage increased
linearly as the saline-filled test tube and the
saline bath were heated simultaneously (Fig. 2).
The increase in voltage reflects the increase in
microwave radiation produced by molecular
motion due to heating. A change of 1 volt repre-
sented a 6.4 degree Celsius change in the saline
bath temperature.

During the experimental measurements, the
temperature inside the test tube was kept at a
constant at 23.5+0.1°C. For every degree of
increase in the saline bath temperature, the
radiometer-estimated temperature changed
0.26°C and 0.14°C for the 5mm and 8mm
distances, respectively. The temperature predic-
ted by radiometric thermometry correlated well
with the temperature measured in the saline
bath by the fluoroptic probes with an R? value
of 0.997 and 0.991 for distances of 5mm and
8 mm, respectively (Fig. 3).

Discussion

Utilizing thermistors and thermocouples to moni-
tor surface temperature at the electrode—myocar-
dial interface has been shown to improve the
control and efficacy of lesion formation during
radiofrequency catheter ablation [7,10]. More-
over, radiofrequency energy delivery in the
temperature control mode is associated with a
threefold reduction in the development of coagu-
lum, and a more than fivefold reduction in the
incidence of developing an automatic power shut-
down due to an impedance rise or an electrode
temperature greater than 100°C [7]. However,
the utilization of thermistors and thermocouples
at the tip electrode does not permit temperature
measurements at depth away from the electrode—
myocardial interface where the hottest tissue
temperature may be found, particularly during
electrode cooling. Cooling of ablation electrodes
with saline irrigation to prevent impedance rise
and to increase energy delivery further prevents
an accurate measurement of the hottest tempera-
ture within the myocardium. Nakagawa et al
demonstrated that the tissue temperature
during radiofrequency ablation with saline irri-
gation can be significantly higher than in appli-
cations without irrigation, even though the tip
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Fig. 2. Sample radiometer calibration standard curve. The equation y = 6.4097 x + 24.010 (y = bath A saline temperature,
x = average radiometer voltage) is a best-fit line through the data points.

electrode temperature was lowest with saline
irrigation [8].

It is known that molecular motion results in
microwave radiation that may be detected with
sensitive instruments, particularly at the 4 GHz
frequency range. Therefore, microwave radio-
metric thermometry may be a method of detect-
ing minute changes in temperature. The
microwave energy may be measured at a
distance, leading us to hypothesize that micro-
wave thermometry may be used to estimate
temperature at depth. It is important to note
that the radiometer is not a thermometer. The
complex interactions of the electromagnetic fields
surrounding the radiometer are detected by the
radiometer as a function of distance. The micro-
wave energy measured by the radiometer repre-
sents the sum of energy from all distances from
the probe with the contribution decreasing at
increasing distance. Therefore, two different
temperatures at two different distances may
generate the same signal at the probe thus
direct temperature measurement is not achiev-
able with this apparatus. Rather the radiometer
detects the entire contributions of the surround-
ing environment to estimate regional tempera-
tures.

We demonstrated that microwave radiometric
thermometry was able to detect the higher

temperature in the saline bath, even though the
saline fluid surrounding the antenna remained
constant at a considerably cooler temperature.
The microwave thermometric measurement was
highly correlated with the temperature in the
outer saline bath, not the adjacent local tempera-
ture. We observed that the greatest change in
radiometric temperature was at the closest
distance. This is in agreement with the fact that
the receiving antenna detects microwave energy,
which is the summation of radiation from each of
the many contributing spheres, surrounding the
antenna. The amount of radiation from each of
the surrounding spheres decreases as a function
of distance. Therefore as expected, the change in
microwave thermometric measurements was
greatest with the smaller test tube.

Our data provides strong evidence for the
ability of microwave thermometry to record
temperatures at depth by measuring the micro-
wave energy released from molecular motion.
Because of this unique ability to measure
temperatures at depth, microwave radiometric
thermometry may be particularly well suited for
recording temperatures during catheter ablation.
Radiometric methods may be used to estimate the
temperatures at depth even in the presence of
electrode cooling. Temperature monitoring using
this technique may make cooled ablation safer by
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Fig.3. Graph of average microwave radiometer temperatures (measured inside a 10 mm O.D. and a 16 mm O.D. test tube with cold
saline surrounded by warm bath A saline, n = 15 experiments for each test tube) as surrounding bath A saline was heated from
37°C to 70 °C. The equations y = 0.2640x + 17.305 (R? = 0.9966) and y = 0.1374 + 20.147 (R? = 0.9909) represented average
radiometer temperature versus bath A saline temperature plots for 10mm O.D. and 16 mm O.D. test tubes, respectively. Standard
deviations (18.D., y-bars) of average microwave radiometer temperatures for each degree rise in surrounding warm bath A

saline are shown.
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preventing “super heating”, “pops”, and coagula-

tion formation.

Study Limitations

We did not examine additional distances between
the radiometer antenna and the surrounding
warm saline. The results reported are from only
one antenna rather than a range of microwave
antennas. The study was also not conducted
using living tissue under ablative conditions,
however at the frequency chosen to measure the
microwave radiation, the dielectric properties of
saline and myocardium are very similar [11,12].
Radiometric thermometry was not tested at
temperatures greater than 70°C because with
this test apparatus heating such a large volume
of saline at high temperatures was problematic.
Furthermore, we did not perform finite element
analysis to model the microwave field.

Conclusions

Microwave radiometric thermometry is able to
detect temperatures at depths of 5mm or more.

This technique has promise for monitoring tem-
perature measurements away from the catheter-
electrode tip during catheter ablation of cardiac
arrhythmias.

Acknowledgments

This publication was made possible by Grant Number 2
R44 HL46580-02A3. Its contents are solely the responsi-
bility of the authors and do not necessarily represent the
official views of the NHLBI or the NIH.

References

1. Jackman W, Xunzhang W, Friday KJ, et al. Catheter
ablation of accessory pathways (Wolf-Parkinson-White
Syndrome) by radiofrequency current. N Engl J Med
1991;324:1605-1611.

. Kuck HK, Schlutter M, Geiger M, et al. Radiofre-
quency current catheter ablation of accessory path-
ways. Lancet 1991;337:1557-1561.

. Jackman WM, Beckman KJ, McClelland JH, et al.
Treatment of supraventricular tachycardia due to
atrioventricular nodal reentry by radiofrequency



300

Wang et al.

catheter ablation of slow-pathway conduction. N Engl
J Med 1992;327:313-318.

. Calkins H, Langberg J, Sousa J, et al. Radiofrequency

catheter ablation of accessory atrioventricular connec-
tions in 250 patients. Circulation 1992;85:1337—-1346.

. Cosio FG, Lopez-Gil M, Goicolea A, et al. Radiofre-

quency ablation of the inferior vena cava-isthmus in
common atrial flutter. Am J Cardiol 1993;71:705-709.

. Morady F, Harvey M, Kalbfleisch SJ, et al. Radio-

frequency catheter ablation of ventricular tachycardia
in patients with coronary artery disease. Circulation
1993;87:363-373.

. Calkins H, Prystowsky E, Carlson M, et al. Tempera-

ture monitoring during radiofrequency catheter abla-
tion procedures using closed loop control. Circulation
1994;90:1279-1286.

. Nakagawa H, Yamanashi WS, Pitha JV, et al. Compar-

ison of in vivo tissue temperature profile and lesion

10.

11.

12.

geometry for radiofrequency ablation with a saline-
irrigated electrode versus temperature control in a
canine thigh muscle preparation. Circulation 1995;91:
2264-2273.

. Carter RG: Electromagnetic Waves: Microwave Com-

ponents and Devices. Chapman and Hall, London,
1990, p. 264.

Pires LA, Huang SKS, Wagshal AB, et al. Tempera-
ture-guided radiofrequency catheter ablation of closed-
chest ventricular myocardium with a novel thermistor-
tipped catheter. Am Heart J 1994;127:1614-1618.
Hartsgrove G, Kraszewski A, Surowiec A: Simulated
biological materials for electromagnetic radiation
absorption studies. Bioelectromagnetics 1987;8:29-36.
Stuchly MA, Stuchly SS: Dielectric properties of biolo-
gical materials tabulated. J Microwave Power 1980;
15:19-26.



