Hyperthermia system combined with a magnetic resonance imaging unit
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Magnetic resonance imaging (MRI) has recently been proposed as a method to monitor,
noninvasively, temperature, blood flow, and cell metabolism during oncologic hyperthermia
(HT). To heat and “image” simultaneously, it is necessary to combine a HT device and a MRI
unit. As a demonstrative example of the problems associated with implementing such a system, a
mini-annular phased array hyperthermia applicator was combined with a 0.5-T whole body MRI
unit. With the aid of filters, baluns, and switches, the HT applicator and the MRI unit were made
compatible. The overall system was tested using a muscle-equivalent, cylindrically shaped
polyacrylamide gel phantom. No interference between the HT device and the MRI unit was
observed. Noninvasive temperature images, with a resolution better than 1 °C/cm, were obtained
from images of molecular diffusion recorded before and during heating.
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I. INTRODUCTION

Many clinical studies have shown the effectiveness of hy-
perthermia (HT) as an adjuctive treatment for malignan-
cies, when used in combination with radiotherapy or chemo-
therapy.' Efficacy requires that temperatures within
tumor(s) remain above 43 °C for 30 to 60 min, while safety
considerations limit temperatures in normal tissures to be-
low 43 °C. It is therefore necessary to control the tempera-
ture in real time throughout the heated volume to better than
1°C. Over the past several years, hyperthermia devices have
been improved significantly so that it is now possible to focus
the energy into a given region of the body."* Despite these
advances the lack of adequate temperature control limits the
usefulness of such devices. Temperatures can be measured
with good accuracy by invasive means, such as thermocou-
ples, thermistors or fiber-optic probes, but only regions in
close proximity to the probes are monitored.>® Further-
more, probe insertion may be painful and hazardous. Var-
ious noninvasive methods have previously been proposed to
monitor temperature during hyperthermia. However, it is
difficult to achieve deep measurements with microwave ra-
diometry and infrared thermography, while ultrasound,
computed tomography (CT), and active microwave tech-
niques lack the required accuracy or resolution.

Magnetic resonance imaging (MRI) is a noninvasive and
nonionizing technique which produces anatomical images in
any orientation. Its use as a means to “map” temperature
was suggested several years ago.””® Unfortunately, these at-
tempts were unsuccessful because the parameter used,
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namely, the relaxation time T 1, is difficult to measure accu-
rately by MRI and changes in proton relaxation may have a
complex relation with temperature.'®'! On the other hand,
there is a well-known relationship between molecular diffu-
sion that can be measured and imaged with MRI and tem-
perature.'? Based on this fact, it has recently been shown
that temperature imaging in phantoms could be obtained
with good accuracy and resolution (better than 0.5 °C/cm)
using magnetic resonance imaging of molecular diffusion. '
Furthermore, the same technique could be used to evaluate
tissue perfusion,'* the dominant physiological mechanism
for removing heat during hyperthermia,'>~"” while MR spec-
troscopy possibly could be used to monitor tumor metabo-
lism.'® Therefore, MRI could be a very effective tool for the
control of HT treatments.

To use MRI to monitor hyperthermia, however, it is nec-
essary to combine a hyperthermia device with a MRI unit.
This is not @ priori trivial since each device might be func-
tionally disturbed, if not damaged, by the presence of the
other. The purpose of this study is to present the solutions
which we have adopted to overcome this technical chal-
lenge.

Il. COMBINING HYPERTHERMIA AND MRI
A. Hyperthermia systems

Heating is produced, in most cases, by depositing ultra-
sonic or electromagnetic energy directly into the tissues of
interest. For the latter case, energy deposition in a given
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