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Changes in the blood flow of tumors
being heated with microwaves can be
conveniently monitored by monitoring the
applied heating power needed to maintain
the tumors at given temperatures. Data
obtained by this method are presented,
and applications to clinical localized
thermotherapy are discussed.

Introduction

The changes in tumor blood flow
(TBF) caused by localized thermotherapy
cannot be accurately predicted because
tumors vary from one another in every
detail including the organization of
their vasculature and their response to
hyperthermic temperatures. As will be
shown, however, one can conveniently
monitor changes in TBF during localized
thermotherapy by monitoring the applied
heating power needed to maintain the
tumor at the temperatures of interest.
(Changes in blood flow (BF)in heated
normal tissues can also be monitored by
the same method.) This ability to
monitor changes in TBF during heating is
of potentially great value in clinical
thermotherapy.

Monitoring Blood Flow

Changes in BF due to microwave
heating were monitored by monitoring the
ratio of microwave heating power (P) to
the increase in tissue temperature (AT)
due to the microwave heating. For
sufficiently 1large values of BF,

P/AT = KBF (1)
where K is a constant.

The minimum value of BF for which
equation (1) is valid can be estimated
by solving the bioheat equation, a
second order differential equation that
relates tissue temperatures to microwave
heating, blood flow, and various other
tissue and environmental parameters.
Figure 1 shows a set of solutions of the
bioheat equation for plane=-wave
radiation at 2450 MHz that is incident
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Fig, 1, Calculated values of power
density versus blood flow for four
temperatures. The model for these
calculations consisted of a 10 cm thick
slab of muscle type tissue (dielectric
constant = 47) that was heated with
plane-wave radiation at a frequency of
2450 MHz., The arterial blood temperature
was assumed to be 37°C, and the ambient
air temperature at the front and back of
the slab was assumed to be 21°C. Tissue
temperatures at a depth of 0.5 cm are
plotted.

temperatures are measured 0.5 cm into
the muscle slab. It can be seen from
the figure that for values of BF greater
than about 2.5 m&/100 gm/min, (P/AT) at
any given tissue temperature, is
proportonal to BF. Solutions of the
bioheat equation for radially
propagating waves give similar results.
Since the BF in most tumors and in the
healthy tissues surrounding them is
typically greater than 2.5 m¢ /100
gm/min,1 equation 1 is applicable in
most ¢linical situations.

Figure 2 shows typical measured
curves of equilibrium tissue
temperatures versus microwave power.
Curve A 1is for healthy tissues and
curve B is for an angioblastic
meningioma that had previously received
a full course of radiation therapy.
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Fig. 2. Steady-state tissue temperature

as a function of microwave power
measured on (A) a healthy muscle of the
right forearm, and (B) in an
angioblastic meningioma.

Figure 3 shows a plot of tumor
temperature and microwave power taken
during a thermotherapy session of a
patient with a glioma. Note that the
power required to maintain the desired
tumor temperature had to be steadily
educed during the thermotherapy
session,
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Fig. 3. Temperature and microwave power
as a function of time measured during
the thermotherapy sessions of a patient
with a glioma. A miniature coaxia
applicator in a Fischer ventricular
cannula was used to heat the tissues.
The temperature in the brain tissues
immediately surrounding the cannula 1is
about 2.6°C lower than the temperature
plotted in the graphs.

Interpretation of Equilibrium Heating
Curves

In the healthy tissues measured
(Figure 2, Curve A), P/AT increased by
about a factor of four at hyperthermic
temperatures. According to equation 1,
this fourfold increase in P can be
attributed to an approximately fourfold
increase in BF. Fourfold increases in

BF in healthy muscle heated to
hyperthermic temperatures with 2450 MHz
radiations have also been measured by
McNiver and Wyper using an Xe-137
clearance technique.

In the equilibrium heating curve of
the malignant tumor (Figure 2, Curve B),
P/AT decreased at high temperatures,
indicating that in this particular tumor
TBF decreases at high temperatures,
Reductions in TBF at high temperatures
have also been observed in implanted
animal tumors.

Figure 3 illustrates instances
where P/A T at constant tumor
temperatures decreased during
thermotherapy sessions., This decrease
is most likely due to a reduction in TBF
during the thermotherapy. Similar
decreases in TBF during and after
heating of tumors to hyperthermic
temperatures have been observed in
animals where heating tumors to 43°C
produced petechiae, statis, occasional
thrombosis, some endothelial
degeneration and persistent hyperemia.

Clinical Implications

With the method described above
changes in TBF can be conveniently
monitored with standard microwave
thermotherapy equipment. This makes it
possible to use thermotherapy protocols
that are based on the measured response
of TBF to heating. Examples of such
protocols will be given,
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