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In this research, experiments were performed to study thermoregulation in the
canine prostate during microwave hyperthermia. The transurethral thermal
therapy (T3) system provided by Urologix, Inc. was used to impose microwave
heating in the canine prostate. Five types of temperature responses to different
microwave power levels as time varies, including both damped and sustained
oscillatory temperature responses, have been observed. Decreases in prostatic
tissue temperature during the microwave heating are believed to be caused by
the increase in local blood flow stimulated by tissue temperature elevations. In
this study, the characteristic temperatures and time associated with each response.
This work will help to provide a better understanding of how tissue temperature is
regulated within the canine prostate during transurethral microwave hyperther-
mia. Results of the present study offer an experimental foundation for a more
detailed theoretical analysis on the temperature distribution based on the power
input and local blood perfusion.
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1. Introduction

The concept of physiological thermoregulation followed naturally from
Blagden’s discovery in 1774 (Lomax 1979) that body temperature remained fairly
constant in spite of exposure to extremely dry heat. Sufficient anatomical and
physiological evidence has been produced to point to the preoptic-anterior hypo-
thalamus as a major site of body temperature regulation by the sympathetic nervous
system (Lomax 1979). The central nervous system (CNS), as the regulator of animal
heat, controls not only vasoconstriction or vasodilation but also a corresponding
local decrease or increase in metabolism. The cutaneous thermoreceptors are
involved in conscious temperature sensations as well as in connection with beha-
vioural and physiological thermoregulatory responses.

Ever since local hyperthermia was used as therapeutic modality to selectively
cause irreversible damage to malignant cells while sparing normal cells, it has been
desirable to know how local tissue temperature regulates blood flow in response to
the heating, and how the local control system functions in addition to the CNS,
especially when the treated subject is anaesthetized (Sekins et al. 1984, Roehrborn et
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al. 1992, Devonec et al. 1993). Compared to the CNS control which either alters the
cardiac output or redistributes blood flow within the whole body, the local control
seems to be directly exerted through localized vasoconstriction and vasodilation in
arterioles. When these vessels are stimulated to be constricted, the down stream
resistance increases to result in a decrease in the up stream blood flow, and when
the arterioles dilate, the vascular resistance decreases and the blood flow increases.
Changes in blood flow in turn alter the local tissue temperature due to the convective
effect of the flowing blood. The resulting tissue temperature may change the smooth
muscle function which would lead to vasodilation or constriction. Therefore,
although it is now well recognized that the thermoregulation in biological systems
represents a multiple input system, from a local point view, the integrated effect is to
change blood flow with respect to temperature. If this relationship can be quantified
experimentally, then how local temperature responds to the heating power can be
predicted during hyperthermia treatment.

In the present research, thermoregulation in the canine prostate during micro-
wave hyperthermia has been studied. The transurethral thermal therapy (T3) system
provided by Urologix, Inc. (Minnisota MN.) was used to impose microwave heating
in the canine prostate. Various types of temperature responses to different power
levels as time varies have been observed. The characteristic temperatures and time
associated with each response, and causes of different temperature responses are
discussed. Relationships between blood perfusion, microwave power, and local tis-
sue temperature have been investigated.

2. Materials and methods

Fourteen male mongrel dogs (over four years old) weighing 21.9 + 3.1kg, were
used in our blood perfusion studies. The dogs were anaesthetized using Na-pento-
barbital, i.v. (30 mg/kg). The bladder and prostate were exposed through a midven-
tral abdominal incision. A small cut was made in the bladder wall to allow insertion
of the transurethral thermal therapy (T3) catheter (Urologix, Inc. MN) into the
prostatic urethra. A microwave antenna is located approximately in the centre of
the catheter and the chilled water at a given temperature flows between the antenna
and the inner catheter wall (see figure 1). A fibre optic thermosensor built inside the
catheter monitored the prostatic urethral wall temperature during microwave treat-
ment. Throughout each experiment, the EKG and blood pressure of the dog were
constantly monitored using a Gilson Physiography and the computer assisted data
acquisition system, respectively.

Several thermistor bead probes of different lengths were placed at various loca-
tions and depths within the prostatic tissue. Figure 2 shows that each probe consists
of one or two small (0.5 mm in diameter) thermistor beads situated at the end or near
the middle of a glass fibre reinforced, epoxy shaft. The diameter of the finished probe
is typically 0.3 mm, and the length can vary as desired. Probes are structurally strong
and because the end can be sharpened to a point, they are capable of piercing most
tissues with very minimal trauma. These probes serve two purposes: thermal pulse
delivery and local temperature measurement. Blood perfusion rate and tissue ther-
mal conductivity were measured using the Thermal Pulse Decay (TPD) technique
based on a comparison of the measured with the model simulated temperature decay
following a heating pulse (Arkin et al. 1986, Wideman et al. 1992). It considers a
tissue sphere which is small enough to assume uniform blood perfusion rate and
thermal properties, but sufficiently large to simulate the bead as a point source that
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Figure 1. Cross-sectional view of the transurethral thermal therapy (T3) catheter
(Urologix, Inc.)

SILICONE RUBBER
STRAIN RELIEF

—I
2-WIRE LEAD
WITH TWISTED SHIELD
WATER RESISTANT PROBE
EPOXY LENGTH
AS
DESIRED
GLASS FIBER
REINFORCEMENT ’
THERMISTOR
(0.25 mm DIA.)
0.3 mm, NOMINALLY  ———m |ag———

Figure 2. Sketch of a thermistor bead probe.

inserts heat into the centre of the tissue sphere for a given period of time. For the
limiting case of an infinitesimally small probe with a short heating pulse, the tran-
sient temperature decay is predicted using a solution of the Pennes bioheat transfer
equation (Pennes 1948). The values of the tissue thermal conductivity and local
blood perfusion rate in the equation are adjusted simultaneously to fit the measure-
ments (Arkin ez al. 1986).

Two fibre optic thermosensors (Luxtron Corp., Santa Clara, CA) were placed

between the prostate, and rectum and the abdominal wall, respectively. The lapar-
otomy incision was closed for the blood perfusion studies to avoid external cooling
of the prostate and bladder area. Initial interstitial prostate and urethral wall
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temperatures were measured to determine baseline temperatures. For each local
perfusion and conductivity measurement, a heating pulse (3s) was delivered and
subsequent temperature decay was measured by the thermistor bead probe. The
sampling time plus 3s of pulse heating totalled about 23 s, followed by an interval
of 157s to allow the surrounding tissue to return to thermal equilibrium before the
next pulse heating and measurement. This was repeated for ten times at all probe
locations, resulting in a total measuring period of 30 min. Following the baseline
measurements, the microwave power was turned on and increased from 5W, then to
10W, and the finally 15W. At each level, temperature rise was recorded at various
locations within the prostate for another 30 min. The rectal, prostatic urethral wall
and boundary temperatures were continuously monitored via a resistive thermal
device (RTD) and fibre optic thermosensors throughout the experiment.

Following the conclusion of the microwave treatment session, the dog was
euthanized by injection of a commerical barbiturate euthanasia agent, Sleepaway
(Fort Dodge Laboratories, Inc. Fort Dodge, 1A). The prostate was removed from
the body, and its volume and weight was measured. The average size of the prostate
was 23.6 + 8.8 ml, and the weight was 23.7 & 6.8 g, indicating that the prostatic tissue
density is close to that of water. The probe locations were verified by gross dissection
of the prostate.

3. Results

Microwave thermal treatment achieved temperature elevations at the prostatic
and periprostatic tissue sites in all fourteen dogs. The maximum tissue temperature
was 45.4°C, measured at approximately 5mm radially from the antenna, which is
consistent with that found in the human prostate under microwave heating using the
same T3 system (Larson and Coliin 1995). Throughout the treatment, due to the
convective effect from the water (20°C) running within the catheter, maximum
urethral wall temperatures ranged from 30.0 to 35.9°C. The rectal temperatures
observed were from 26.2 to 39.1°C.

Figure 3 shows typical temperature measurements at selected prostatic tissue sites
as well as at the urethral wall and prostatic boundaries during microwave heating
session. The interstitial prostate temperatures were measured by the thermistor bead
probes, while the prostate boundary and urethral wall temperatures were recorded
by the Luxtron fibre optical thermosensors. When the 5W microwave heating was
turned on, the prostatic tissue temperatures started increasing at different rates
depending on the geometrical locations of probes with respect to the microwave
antenna. Approximately 6 min later, temperatures became stable for all the probe
locations. A similar pattern of temperature rise was found during the 10W heating
except that the time to reach the new steady state temperature was longer. However,
when microwave power was increased to 15W, an oscillatory behaviour was
observed in temperature transients although the rise-time is about the same as
that for the 10W level.

Different forms of temperature responses. observed during microwave heating are
shown in figure 4. As defined in (Roemer e al. 1985), they vary from type I response:
temperatures rise monotonically with time to elevated steady-state values at low
power levels (typically seen at the SW and 10W levels of heating), to type V response:
a series of self-sustaining oscillations in temperature at a high power level (15W).
Table 1 summarizes the experimental results categorized according to the type of
temperature response. It gives the number of each response observed, the power level
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Figure 3. Temperature responses to the microwave heating (W) at various probe locations in
the canine prostate during transurethral hyperthermia treatment. B.C. = Boundary Condition.

as well as the characteristic temperatures (T., T, and AT,) and the rise-time (t,)
associated with it. T, is the critical temperature at which tissue temperature starts to
decrease, and AT, is the magnitude of the first temperature drop. T is the steady
state temperature associated with type I to IV response. t, is the rise-time during
which tissue temperature increased a factor of 67% of the first peak in all five types
of the responses. At is the approximate period of temperature oscillations associated
with types IV and V response.

4. Discussion

The results of temperature response observed in the canine prostate during
microwave heating session suggest that, either a second order self-regulatory system
has been turned on when local temperature is raised to certain level or there is a time
lag between the local blood perfusion response to tissue temperature. Although the
details of the physiological and biochemical bases for this behaviour are unknown,
the integrated effect from the increase of blood perfusion, local tissue temperature,
and temperature gradients which are associated with the heating power level, could
play an important role here.

In a type I response, temperature increases monotonically until it reaches its
steady-state (figure 4), in which the local energy absorption is balanced by the con-
duction and convection due to temperature gradients and blood perfusion, respect-
ively. This kind of response is possible when there is only a moderate timely change
in blood perfusion. In our experiment, most of the temperature responses observed
during the 5 and 10W heating were type I responses. The type II response with an
over-shoot can also be caused by an increase in blood perfusion with a short time
lag. The over-damped responses were previously observed in the canine muscle under
the microwave heating by other investigators (Sekins ez al. 1984, Roemer ez al. 1985).

A third type response has been observed only under the 10W heating. The data
showed that after tissue temperature rose to certain point (39.6°C), it started to drop
for about 0.2°C and then increased again at a slower rate until its steady state. The
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Figure 4. Five different types of tissue temperature response to the microwave heating
observed in the canine prostate during transurethral hyperthermia treatment.

fact that the temporal temperature gradient changed from a negative to positive
value, may suggest that the initial perfusion response was not strong enough to
stabilize the tissue temperature. It therefore continued to increase until the local
absorbed thermal energy was balanced by a larger increase in perfusion later.
Type IV and V responses observed at the 15W heating could be also due to blood
perfusion changes but with much longer time lag. Considering that the higher power
level usually causes a steeper temperature gradient within the prostate, these damped
or self-sustaining oscillations in temperaiure could be closely related to the local
temperature gradient as well. In Roemer et al.’s experimental study of temperature
responses in the canine thigh during microwave heating, higher order responses were
also observed at superficial hotter locations (Roemer et al. 1985). A more detailed
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quantitative analysis will be performed in the near future to explore the individual
effects of these factors on temperature response, especially to explain the theoretical
basis of the difference between type IT and ITI and type IV and V from a heat transfer
point of view.

One of the most interesting responses to local heating found in the prostatic
tissue is an increase in blood perfusion, which plays an important role in local tissue
thermo-regulation. This response to hyperthermia, if sufficient, can result in a
decrease, a steady state, or oscillations in tissue temperature, which has been
observed by many investigators (Sekins er al. 1984, Song 1984, Roemer et al.
1985, Roehrborn et al, 1992, Devonec et al. 1993, Larson and Collins, 1995, Zhu
et al. 1995, Xu et al. 1996). This behaviour is generally attributed to the local
thermally induced vasodilation. From our observation, there seems to be a critical
tissue temperature which simulates an initial increase in local blood perfusion which
in turn reduces the tissue temperature. Data presented in table 1, suggest that the
average value of this critical temperature varies from 38.7°C to 43.5°C, and is asso-
ciated with different types of temperature responses. In skeletal muscle (Sekins er al.
1984, Reomer et al. 1985), the initial measured blood flow response was also char-
acterized by a ‘critical temperature’ behaviour such that rapid increases in blood flow
occur when the tissue temperature exceeds 42°C. To further analyse blood perfusion
as the primary physiological variable for tissue cooling, we expect to study the canine
prostatic blood perfusion rate under both normal and hyperthermic conditions to
provide a starting point for a non-linear theory for local thermo-modulatory
responses.

This work helps to provide a good understanding of how blood flow changes and
then tissue temperatures are related within the canine prostate during transurethral
microwave hyperthermia. Because the dog and man are the only common mammals
in which benign prostatic hyperplasia (BPH) develops spontaneously and the natural
history of this condition in the dog is remarkedly similar to that in the human
(Coffey and Walsh 1990), the dog has been used widely in experimental studies
attempting to induce the disease and examine the effectiveness of microwave
hyperthermia treatment for BPH, which is a common disease among elderly man.
As the average of the US population grows older over the next several decades, the
incidence of this disease can be expected to increase. The use of microwave heating
for hyperthermic treatment of BPH is a novel approach to the problem desired by
high surgical risk patients. To improve treatment efficacy, any increase in the thermal
dose can only be achieved through a better knowledge and more accurate predictions
on the tissue temperature rise resulted from both the natural (blood flow) and man-
imposed (thermal dose) thermoregulation processes.
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Nomenclature

T tissue temperature, °C

AT  magnitude of the first drop in tissue temperature responding to hyperthermia
t time, s

At period of the temperature ocsillation in response to hyperthermia
first temperature drop
c critical temperature
rise-time
ss steady state
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