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ABSTRACT

The purpose of this study was to investigate a possible enhancement
of the effect of X-irradiation by ultrasound-induced hyperthermia on the
tumor growth rate of the murine line 1 lung carcinoma and on host-tumor
interactions as measured by the tumor bed effect (TBE). Initially
experiments were designed to determine (1) the effect of ultrasound-
induced hyperthermia for 60 minutes and 30 minutes on the tumor growth
rate and (2) the effect of combined ultrasound and X-irradiation
treatments on the tumor growth rate.

Pathogen-free Balb/c (14 to 16 weeks old) female mice were injected
with 106 tumor cells in the left thigh. Preliminary experiments were
done to determine the temperature rise and the thermal distribution
within the tumor-bearing thigh. The temperature at the surface of the
femur was assumed to be at least equal to the temperature measured by
the thermocouple inserted at the center of the thigh. The skin
temperature remained a few degrees lower than the temperature of the
tumor.

‘The legs of each group of animals were treated on day seven or day
eight after tumor transplantation with one of the five treatment
modalities: ultrasound for 60 minutes, ultrasound for 30 minutes,

7000 rad X-irradiation, ultrasound for 60 minutes plus 7000 rad, ultra-
sound for 30 minutes plus 7000 rad. The ultrasound treatments were
given immediately prior to the X-irradiation treatments. Ultrasound
alone did not have an effect on tumor growth rate and did not enhance
the effect of 7000 rad on tumor growth.
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To determine the effects of ultrasound-induced hyperthermia and
combined ultrasound-induced hyperthermia and X-irradiation on host-tumor
interactions, experiments were designed to measure inhibition of tumor
growth after pretransplantation treatment of the tumor bed.

The left thighs of the mice were treated with ultrasound for
30 minutes, 500 rad X-irradiation, or the combined treatments. The
treatments were given one day, seven days or 30 days before tumor
transplantation. A TBE was demonstrated with an X-irradiation dose of
500 rad, which persisted for at least 30 days. A TBE was also
demonstrated after ultrasound exposure for 30 minutes. The effect of
the ultrasound exposure was still observable after seven days, but not
after 30 days. Enhancement by ultrasound of the TBE by 500 rad was
only observed when the treatments wefe given one day before tumor
transplant. The results indicate that the damage to the tissue produced
by the ultrasound-induced hyperthermia is different from the damage

produced by the X-irradiation.
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CHAPTER I

INTRODUCTION

Rationale for Use of Hyperthermia in Cancer Therapy

During the last ten years, many radiotherapy centers have developed
experimental treatment programs using hyperthermia combined with ionizing
radiation in the management of advanced malignant diseases. The
rationale for this treatment modality was based on the discovery that
elevated body temperatures of 41.0°C to 42.0°C could have a destructive
effect on cancer (1; 2; 3). Results from human clinical trials have
been encouraging. Also, experimental studies on transplantable tumors
in animals have resulted in significant increases in local tumor control
and survival rates, and in vitro studies have demonstrated that hyper-
thermia could be an effective sensitizing agent when used in combination

with radiotherapy (4; 5; 6).

Induction of Hyperthermia

The induction of whole-body or local hyperthermia has been achiéved
by the use of radiant heat, hot water bath immersion, hot air, exogenous
pyrogens, microwaves, or ultrasound. A1l of the methods have Timitations,
but the most promising techniques at present are the use of microwaves
or ultrasound beams because these techniques can induce temperature rises
at a greater depth in tissue than any of the other methods (4).

Ultrasound has been used in physiotherapy for many years, and was
first applied to cancer therapy in 1934 (4). The energy of an ultra-

sound wave is transferred from the wave to the tissue and is locally
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dissipated as heat. The absorption and, therefore, the induced rise in
temperature is determined by the absorption coefficient of the tissue,
which is Tow in fat, high in muscle, and highest in bone. The reason
for the current interest in the use of ultrasound for the induction of
hyperthermia is that the absorption patterns in tissue can be modified
by proper choice of frequency, which is not possible with microwaves.
It is feasible to focus transducer patterns to deliver concentrated
energy to volumes whose dimensions are of the order of one wavelength.
The patterns of several transducers can thus be made to overlap in the
tumor volume to improve the heat distribution locally. Also, the tem-
perature measurements by thermocouples are not influenced by sound waves
at the intensities that are required for heating, while microwaves
interfere with such temperature measurements (7).

Little information is available regarding the biological effects of
ultrasound on normal and neoplastic tissue and particularly the possible

benefits in cancer therapy. Results from in vitro and in vivo studies,

to be discussed in the following literature review, are conflicting.
Therefore, this study was undertaken to determine the effects of
ultrasound-induced hyperthermia and ultrasound-induced hyperthermia com-
bined with radiotherapy as compared to the effects of radiotherapy alone

on the growth rate of the line 1 lung carcinoma.

The Importance of the Tumor Bed to Radiotherapy

The mode of action of local X-irradiation on neoplasms in vivo is
still a controversial issue. It is generally believed that the direct

action of X-irradiation on the cancer cells is responsible for the
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inhibition of tumor growth and sometimes the disappearance of the tumor,
which is assumed to be dependent on the radiosensitivity of the tumor
and the dose required to kill all tumor cells or the tumor cidal dose
(TCD). However, the response of a given tumor to radiation varies from
one individual to another. The difference in response may be due to a
complex interplay of various factors, such as host-tumor interactions,
and variations in cell populations within a tumor. These factors may
influence the response of the entire organism, which in turn may modify
the response of malignant disease to irradiation (8; 9; 10). Continued
growth of a malignant tumor is dependent upon the characteristics of the
abnormal cells as well as the environmental conditions compatible with
survival (11, pp. 38-39). One is, therefore, not only concerned with
the effects of radiation on the tumor but also with reactions in the
immediate surrounding tissues that supply the stroma, sustain and
nourish the malignant cells, and provide the metabolites for cell -
division and tumor growth. The capillary bed of tumors is known to be
altered by irradiation, both in humans and in animals. Some of the
lethal effects on the tumor cells may be indirectly mediated through the
gradual narrowing and obstruction of the vasculature of the tumor bed
and the resulting ischemia and anoxia. Successful destruction of the
tumor may, therefore, depend mostly on obliteration of the vasculature
of the tumor as a result of the radiation damage to the capillary bed
when the tumor is relatively radioresistant. For a radiosensitive tumor,
however, a preserved vasculature is essential to maintain adequate blood
supply to the_tumor cells, and obliteration of the vasculature may

result in failure to destroy the tumor (12, pp. 894-913).
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It is jmportant for the management of cancer and clinical
radiotherapy to obtain more information regarding the indirect influence
from radiation of the tumor bed on the growth of the tumor. Preoperative
irradiation is frequently applied in the management of breast cancer
and cancers of the head and neck. However, this treatment method is
still a controversial issue (11, p. 146). The bio]ogic basis of
preoperative irradiation is that, following radiation therapy, changes
induced in the normal tissues might be expected to offset the survival
of tumor cells spilled into the operative wound at subsequent surgery
and thereby modify the number of cells that would be able to establish
a focus of tumor growth (13; 14; 15, p. 209).

Therefore, the indirect effects from radiation of the tumor bed on
the growth of the tumor have been investigated using transplantable
experimental animal tumors. The effect of prior irradiation on the
transplantability and growth of experimental animal tumors at the
irradiated site and the net effect of host survival is known as the
tumor bed effect or TBE (15, p. 323). To further investigate a
possible synergism between ultrasound-induced hyperthermia and ionizing
irradiation, experiments were designed to study the effect of prior

treatment on the growth rate of the line 1 lung carcinoma.



CHAPTER 11

LITERATURE REVIEW

A. HUMAN STUDIES

Effects of Hyperthermia

Many reports dn the experimental and clinical aspects of
hyperthermia have been published. These reports have been reviewed and
summarized by Har-Kedar and Bleehen (4). Some of the original findings
and the results of more recent studies will be reviewed here.

The observation that febrile temperatures occasionally resulted in
tumor regression was first made by the German physician Busch. His
observations and those that were made later by others, were reported by
Bruns in 1887 (1). 1In all cases reported, the febrile reaction had been
caused by an erysipelas infection, and Bruns emphasized that, although
the dramatic tumor regressions appeared to be due to the high
temperatures, "other factors" might have been involved. Coley (2)
treated inoperable tumors by repeated inoculations of erysipelas,
"Coley's toxins," and found that significant tumor regression occurred
when a fever lasting several days had been induced. Andrews (15, p. 206)
used the same "Coley's toxins" and "watched patients become febrile
without knowing whethér we were practicing immunology, hyperthermia, or
black magic. Some patients got better." It is possible that these
inoculations induced an immune response in the patients resulting in

stimulation of production of non-specific antibodies.
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In 1935, Warren (3) reported on 32 cases with advanced malignant
disease that he treated by inducing an artificial fever of 41.5°C. The
elevated temperatures were induced locally or whole-body by diathermy or
by radiant heat from carbon filament lamps. No results approaching cure

were obtained, although siginificant tumor regression was observed.

Effects of Hyperthermia and Radiation

A greater interest in hyperthermia for cancer therapy developed
during the 1960s and early 1970s when it was found from animal and
in vitro studies that heat sensitizéd cells and tissues to ionizing
radiations. These data provided the rationale for later clinical trials

in cancer therapy using combined hyperthermia and radiotherapy.

Hartman and Crile (16) treated five patients suffering from osteogenic
sarcoma of the extremities with combined microwave and X-ray irradiation.
Two patients appeared to be tumor-free after five years. Using heat (hot
air or microwave) and X-rays, Brenner and Yerushalmi (17) treated six
patients who had metastatic disease. They found that four of the six
patients were free of metastases at the end of three years. Kim and
co-workers (18) treated 36 patients who had malignant cutaneous lesions,
including mycosis fungoides, Kaposi sarcoma, malignant melanoma, 1ymphoma
cutis and other metastatic skin lesions. The heating methods used
were temperature-regulated water bath immersion, and microwaves of fre-
quency 27.12 MHz. The initial tumor regression rates were faster in
patients treated with X-irradiation plus hyperthermia than in patients
treated with X-irradiation alone, particularly in patients with Kaposi
sarcoma and lymphoma cutis. A1l of these patients showed significant

prolonged benefits achieved by the combined treatments.
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Hornback and co-workers (19) applied diathermy of frequency of
433 MHz because of the increased penetration ability. Patients having
advanced malignancies were treated with shortwave and X-irradiation.
Complete regression of all localized tumors resulted in 80 percent of
the patients who completed the full course of treatments.

Although these clinical reports were very encouraging, most human
studies either lacked controls or had unacceptable controls, and optimum
temperatures, time of exposure, and radiation dose relationships are yet
to be determined. It is known that the temperature range available is
very limited. The temperature needed to obtain a significant thera-
peutic effect exceeds 41.0°C; however, whole-body hyperthermia is
limited to 42.0°C in man and probably most animals (4). The magnitude
of the therapeutic effect of heat is directly related to the duration of
exposure to that temperature. Also, the upper Timit of tolerance of
normal tissue is about 45.0°C for a few hours of exposure, which would
indicate that better results might be obtained with localized hyper-
thermia. A major problem, however, is to achieve uniform heating of the

tumor volume and to continuously monitor the temperature.

Effects of Ultrasound

The first report on the application of ultrasound in the treatment
of human cancer was published in 1944 by Horvath (20), who treated mul-
tiple skin metastases of sarcomas by ultrasound alone. The rationale
for the treatment was based on results from animal experiments obtained
by Japanese investigators in 1931 and 1938, and from histological find-

ings obtained by Auler and Woite (reviewed in 20). The Japanese



investigators found that the growth rate of tumors in animals could
sometimes be rétarded, occasional complete regression could be observed
after ultrasound exposure, or the growth rate could be accelerated. In
addition, ascites tumors in mice treated with ultrasound revealed
histological evidence of heat damage. These results led Horvath to
conclude that the effect of ultrasound on the growth rate of tumors was
mainly dependent upon the intensities of the sound waves. He treated
patients with skin metastases by ultrasound of frequency 800 kHz at an
intensity of 15 watt for 15 minutes. The doses applied varied from
patient to patient because they reacted differently to the pain caused
by the heat. A1l tumors treated had completely regressed six to eight
weeks later, even though the immediate reaction to the treatment showed
severe burns and edema.

Woeber (21) later concluded from experimental animal studies that
ultrasound é]one was ineffective in cancer therapy. However, he was
able to demonstrate that ultrasound of intensities of 0.2-0.3 W/em?
and frequency 1 MHz enhanced the effect of X-irradiation on tumor re-
gression. He applied the combined ultrasound and radiation treatment to
50 patients with primary skin cancers. After a six-year follow-up
period, only one case had recurred. Woeber attributed the success of
the combined treatments to the induction of heat by ultrasound.
Temperature measurements were not done, but the exposure time of the
ultrasound was about five minutes. The radiation dose used was 66 per-
cent of the dose necessary to achieve complete tumor regression with
X-irradiation alone, demonstrating the enhancement of radiation therapy

by ultrasound.
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More recently, Marmor and co-workers (22) used ultrasound-induced
hyperthermia to treat 25 patients with recurrent or metastatic skin
cancers refractory to conventional treatments. The temperatures were
measured during each treatment and ranged from 43.0-45.0°C. Complete
tumor regression was observed in two patients and partial regression was
observed in 11 of the 25 patients who completed a course of six treat-
ments over a period of two weeks. However, the follow-up period was
only six weeks. Therefore, the authors stressed that the results should
be interpreted with caution since the partial response of most of the
tumors could be a transitory effect. Hopefully, more information
regarding the results of this first clinical trial will become available
later.

It is clear from the above that ultrasound may be applied
effectively for the induction of hyperthermia in superficial tumors.
However, the applicability of the thermal effect of ultrasound as a
source of hyperthermia needs further study. The construction of hyper-
thermia equipment utilizing ultrasound for the heating of deep-seated
tumors is still in very early stages. Furthermore, possible immediate
and long-term toxic effects on normal tissues of the ultrasound

treatments need to be further investigated.

B. ANIMAL STUDIES

Effects of Hyperthermia

Much information has been obtained from studies on transplantable
tumors in animals. Due to the smaller volumes involved, uniform heating

is greatly facilitated. Heat can selectively destroy certain cancers
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without causing significant damage to surrounding tissues. This was
shown by Crile (23) in 1962. Tumors implanted on the feet of mice were
heated by immersion in a hot water bath at 44°C for 30 minutes. Crile
found that the destructive effects of heat began at 42°C and that for
each degree rise up to 45°C, the time required to produce the same bio-
logical effect was halved. Selective destruction of tumor cells was
also shown by Overgaard and Overgaard (24). Using microwaves of fre-
quency of 27.12 MHz for the treatment of the mouse mammary carcinoma, a
cure rate of 25 percent of the animals treated was échieved without dam-
age to normal tissue. The temperature ranges in the tumors were 41.5 to
43.5°C.

Thrall, Gillette and Bauman (25) evaluated the effect of heat on
the mammary carcinoma implanted in the hind leg of C3H mice. Immer-
sion of the tumor in a 44.5°C water bath for 15 to 60 minutes did not
result in any cures. It was suggested that this could be due to insuf-
ficient heating of the tumors. Intratumor temperatures stabilized in
three minutes at 44.1°C. Delay in tumor growth was found to be dependent
upon the duration of the heat treatment. Longer heat treatments resulted
in longer delays in tumor growth. Fractionated heat doses were less
effective in producing tumor growth delay than an equivalent single heat
dose. It was suggested that part of the heat damage was repaired during

the interval between the treatments.

Effects of Hyperthermia and Radiation

Robinson, Wizenberg, and Cready (26) also used the in vivo C3H
mammary tumor system. The tumor was implanted subcutaneously in the

flank of the mouse so that it could be retracted slightly from the body




and submerged below the water surface for the hyperthermic treatment.
Heat at 41.0°C was applied to the tumor using a water bath for 30 minutes
before, during, and following X-irradiation. Both skin response using a
scoring system and tumor response using regrowth and tumor cidal dose
(TCD) values were obtained for control and heated animals. The thermal
enhancement ratios (TER) (the ratio between the effect of combined
hyperthermia and radiotherapy and the effect of radiotherapy alone)
were obtained for skin and tumor. At 41.0°C a TER of 1.18 was deter-
mined for skin, and a TER of 1.42 was determined for the tumor. This
resulted in a therapeutic ratio of 1.2 for the 41.0°C temperature,
indicating that the tumor was 1.2 times more sensitive than the skin to
the combined treatments. The sequence of application of heat and radia-
tion showed no difference in the results.

Thrall, Gillette, and Dewey (27) also evaluated the effects of
hyperthermia and X-irradiation on normal tissue (skin) and the C3H
mammary tumor. However, radiation was given under various conditions of
tissue oxygenation and heat was applied either before or after irradia-
tion. The tissue response was measured in terms of DDgg/21 (the dose
required to produce full moist desquamation in 50 percent of the legs in
21 days) and TCDsp/120 (the dose needed to control tumors in 50 per-
cent of the animals as observed at 120 days). For the tumor, the order
of application was found to be significant only when radiation was given
under hypoxic and hyperbaric oxygen conditions, but not under ambient
conditions. Under these condﬁtions, hyperthermia was found to be more
effective after irradiation. In skin, the order of application was

significant only when irradiation was given under ambient conditions,
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in which case hyperthermia was more effective prior to irradiation.
These results would suggest that for the treatment of tumors,
application of heat after irradiation would be more beneficial because
of the improved therapeutic ratio.

Using the same C3H mouse tumor system and tissue response
measurements of DDgg/21 and TCDsg/120, Gillette and Ensley (28)
further examined the effect of heating order on radiation response of
tumor and skin. From the TER for tumor and skin, a therapeutic gain
factor (TGF) was calculated. It was found that the largest TGF of 1.3
was obtained for simultaneous heat treatment for 30 minutes at 42.5°C
and X-irradiation. Also of interest is the finding that TGFs of 1.3
were obtained with 15 minutes of heating two hours prior to irradiation.
The greater TGFs for the shorter heating were attributed to the fact
that there was little or no effect on skin response, while there was a
significant effect on TCDgps.

From the above, it can be seen that the sequence for applying
hyperthermia and X-irradiation, optimum temperature, and duration of

heat exposure need to be further investigated.

Effects of Ultrasound

A11 of the human clinical trials with ultrasound were undertaken
because ‘of the results obtained from animal experiments. As already
mentioned, Horvath based his rationale for ultrasound treatment on the
findings of Japanese investigators (20).

Woeber (21) treated rats inoculated with Walker carcinoma with

350 R X-irradiation and five minutes ultrasound (1 W/cm?) either alone
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or in combination. The combined therapy controlled all the tumors and
the effect was equivalent to the effect of 600 R X-irradiation, while
350 R or ultrasound alone did not have a significant effect on tumor
growth. Temperature measurements were not reported.

Southam, Beyer, and Allen (29) also determined that ultrasound
alone did not have an effect on tumor growth. These investigators
designed a study to determine the relative susceptibility of various
tissues, both neoplastic and normal, to the destructive effects of
ultrasound. Five groups of mice each bearing different tumors were
treated with ultrasound of frequencies of 0.5 MHz and 3.8 MHz at
1-10 W/cmz. The solid tumors were bilateral and one of each pair was
shielded during treatment. No changes in rate of growth or histological
appearance were detected that could be attributed to the ultrasonic
treatment. The authors concluded that their studies gave no reason to
believe that ultrasonic energy alone might be useful in the treatment of
inoperable neoplastic disease in man.

Other investigators, however, obtained more encouraging results
with ultrasonic treatments of animal tumors. Longo and his group (30)
irradiated a subcutaneously implated rat Wilm's tumor in Wistar-Furth
rats with ultrasonic energy of 1 MHz and 1.5 W/cm? for five minutes.

The experiments demonstrated that ultrasound could inhibit the growth of
the tumor and that the inhibition resulted in prolonged survival of the
host animals. Histological assessment exhibited a sharp line of demar-
cation between the necrosed, sonicated portion of the tumor and the
viable intact nonsonicated area of the tumor. Temperature measurements

were not done, and the authors questioned whether the effect was due to
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hyperthermia because of the short sonication time of five minutes.
Utilizing an ultrasound transducer operating at 2.7 MHz and 1-3 W/cm?
to raise the intratumor temperatures to 43.0-44.5°C in transplantable
murine tumors, Marmor and co-workers (31) observed tumor regression and
cures with increasing frequency at longer exposures and at higher tem-
peratures. Cell survival studies on tumors treated in situ showed that
cell inactivation by ultrasound heating was similar to that for heating
by water bath. However, results from experiments using a tissue culture
system showed that direct in vitro cell killing by ultrasound was
considerably less than that expected based on tumor cure rates achieved.
That is, more ultrasonic energy was needed to inactivate tumor cells

in vitro. Following these findings, Marmor (32) treated spontaneous
tumors in cats and dogs applying the same temperature range of
43.0-44.5°C induced by ultrasound with reasonable success. Squamous
cell carcinomas appeared to be most responsive, but there was no
apparent correlation between temperature or duration of treatment and
response rate. From their results it was concluded that ultrasonic
irradiation could have an effect on the tumor growth rate of only
certain types of tumors.

To determine a possible synergism between ultrasound and
X-irradiation, Clarke and Hill (33) designed a study based on Woeber's
work. In the hind leg of Marshall rats, BICR/M1 transplanted tumors
were treated by ultrasound only, X-irradiation only, or the combined
treatments. The results indicated that ultrasound had no significant
effect on the growth of the tumors, either alone or by altering their

response of X-irradiation. However, intratumor temperatures of only
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38.0-39.0°C were reported, and it is known that the temperature required
to obtain a therapeutic effect exceeds 41.0°C (5).

Witcofski and Kremkau (34) found that ultrasound treatment
(1.5 W/cmz, 1.9 MHz) for 15 minutes either before or after X-irradiation
reduced the TCD 50 of the radiosensitive sarcoma-180 by approximately
40 percent, while similar ultrasound treatment for up to 30 minutes
did not reduce the TCD 50 of the C3HBA mammary carcinoma, a radio-
resistant tumor. Water bath heating (44.5°C for 15 minutes) after
X-irradiation reduced the TCD 50 of both tumors. Ultrasound alone
for up to 30 minutes had no effect on growth or cure rate of either
tumor.

In summary, experiments with animal tumors have not shown definitely
that treatment by ultrasound alone is effective in cancer therapy. In
addition, the enhancement of radiotherapy by ultrasound varies with the
frequencies employed and the duration of the ultrasound treatment as
well as the type of tumor treated. It appears that enhancement with
ultrasound occurs with radiation sensitive tumors but not with radio-
resistant tumors, while water bath heating definitely shows a radiation

enhancement effect in a variety of animal tumors.
C. IN VITRO STUDIES

In vitro studies using a variety of cell lines during the last
decade have demonstrated that individual cell lines show different thermal
responses. A discussion on the cellular aspects of hyperthermia and
X-irradiation is beyond the scope of this thesis, but the results of the

in vitro studies have been reviewed by Thrall and co-workers (5) and
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Dewey and co-workers (35). The cellular effects and its significance to
cancer therapy have also been discussed in detail by Bronk (6). Suffice
it here to mention the two most important aspects of the combined
treatment: the reduction of the oxygen enhancement ratio and the
difference in sensitivity of cycling cells to the two agents. Hypoxic
cells are more sensitive to heat than oxygenated cells. Since hypoxic
cells are protected from the effects of radiation, the dramatic response
of tumors to combined heat and radiation treatment could be due to the
increased sensitivity of the hypoxic cells within the tumor to hyper-
thermia. Cells appear to be most sensitive to hyperthermia during the
S phase, which is normally radioresistant. The differences in the cell-
age response to hyperthermia and radiation may also in part explain the
observed synergistic effect of the two agents.

Very few in vitro studies on the application of ultrasound in cancer
therapy have been done. Perhaps one of the reasons for this is the
variety and complexity of effects achieved by interaction of ultrasound

with cells. Cells in suspension can be severely damaged by rupture of
the cell membrane due to a phenomenon called cavitation in which dis-
solved gases in fluid grow to bubbles that may behave as resonant
cavities and vibrate at much higher amplitudes than the incident ultra-
sonic wave. This results in disruption of cell membranes. Cavitation
supposedly does not occur in organized tissues. When exposfng cells in
culture, cavitation can be avoided by placing the cells in a gel suspen-
sion as suggested by Clarke and Hill (33). These investigators found

that when both heating and cavitation effects were deliberately avoided
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ultrasound had no effect on the radiosensitivity of mouse leukemia
cells.

A radiation enhancement effect by ultrasound using an in vitro system
was demonstrated by Todd and Schroy (36). Ultrasound was applied to
Chinese hamster cells after various doses of X-irradiation. A tempera-
ture of 42.0°C was obtained. Ultrasound alone had no effect on the
colony-forming ability of the cells, but enhanced the radiation effect
by a factor of 1.3. A small degree of synergism between ultrasound and
X-irradiation was also observed by Martins, Raju, and Hayes (37) using
Chinese hamster bone-marrow cells. The extent of synergism depended on
the X-irradiation dose applied, the time interval between ultrasound and
X-ray treatment and the order in which the treatments were given. The
synergism increased when Tow doses of X-irradiation were used, when the
time interval between treatments was 30 minutes and when ultrasound
treatment followed X-irradiation. The cell cultures were maintained at
37.0°C, and ultrasound exposure induced a temperature rise of only
1.0°C. Therefore, the effect could not be attributed to hyperthermia.
It was suggested that the synergism might be due to an interaction
between nuclear damage caused by X-rays and the damage to the cell
membrane caused by ultrasound. Ultrasound alone showed a cell-killing
effect that was dose dependent. Lethal effects of ultrasound were also
demonstrated by other investigators (4; 38; 39). The mechanisms

involved, however, are unknown and need further investigation.
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D. TUMOR BED STUDIES

As previously mentioned, several investigators (8; 93 10) suggested
that the variation in-response of a given tumor to radiation is due to
the effect of radiation on host-tumor interactions. The experimental
studies of tumor radiobiology using transplantable animal tumors have
provided unique material because they have allowed investigation of the
direct effects on the tumor cells and the indirect effects of the tumor
bed both separately and concomitantly.

The question whether "X- and -radiations have a direct effect on
tumor growth" or whether their effect "on blood supply and other cells
play a determining role, so that the effect is more indirect," was first
raised by Wasserman in 1944 (40). Using a transplantable mammary tumor
in mice of unknown genetic background, Wasserman demonstrated that the
tumor cells were killed by the direct action of the radiation on the
cells. Tumor homogenates were irradiated before subcutaneous inocula-
tion into the dorsal region of the mice. The irradiated inoculates
failed to develop into tumors, while equivalent nonirradiated inocu-
lates produced rapidly growing tumors that killed the animals within one
month. Although these experiments demonstrated a "direct effect" on
tumor growth, Wasserman emphasized that since no information regarding
the role of the surrounding tissue in supporting tumor growth could be
obtained, different experiments should be designed to investigate a pos-
sible "indirect effect." Wasserman's publication stimulated other
investigators to examine the effect qf irradiation on host-tumor inter-

actions. From these studies information was obtained indicating an
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effect of pretransplantation irradiation on tumor growth. Thus the
importance of host-tumor interactions on tumor growth and the influence
from radiation on these host-tumor interactions was suggested. The
effect of prior irradiation on the transplantability and growth of tumors
at the irradiated site is known as the tumor bed effect (TBE).

A TBE was first demonstrated by Frankl and Kimball (41) who obtained
the transplantable mammary carcinoma from Wasserman and were able
to demonstrate a "powerful influence from irradiation of the tumor bed,
resulting in an indirect influence on the growth of the tumor, indirect
because the tumor transplant was never hit directly by the radiation."”
Two typical experiments were reported in detail. In each experiment six
mice were given an epilation dose expressed as "50X" to the dorsal region
and 0.2 ml of the tumor cell suspension was then injected into the irra-
diated area. The same volume of tumor cells was injected into six non-
irradiated mice and all of them developed rapidly growing tumors that
killed the animals within one month. In the first experiment described,
three of the six irradiated animals failed to develop tumors. Small
tumors appeared in two animals but Tater regressed and became necrotic.
The sixth mouse developed a tumor in the irradiated area, but it grew
slowly until the animal died after two months. In the second experiment
reported, the six nonirradiated animals died also within one month after
tumor transplantation. Five of the irradiated mice developed very small
tumors which became necrotic. The mice survived much Tonger than the
nonirradiated animals. The sixth irradiated mouse failed to develop a

tumor altogether. Five experiments were done on a total of 60 mice,
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and each produced similar results. The authors concluded that besides a
direct effect of radiation on the tumor cells, the effect on the tumor
bed also plays a significant role in tumor growth inhibition. They
suggested that these findings could be important for the treatment of
human cancer since it would justify preoperative and postoperative
irradiation.

The importance of host-tumor interaction also has been shown by
many other investigators. Murphy and co-workers (42) conducted studies
extending over several years, the results of which they interpreted as
suggesting the close relation between lymphocytes and resistance or
susceptibility to cancer growth. One of Murphy's co-workers, Nékahara
(43), demonstrated that small doses of X-irradiation induced an
inflammatory response that resulted in resistance to the tumor transplant
that was effective up to seven days after treatment. Later Nakahara
(44) examined histologically the series of degenerative changes that
took place in the cancer cells implanted in areas of skin previously
exposed to radiation and compared these findings to those that had been
reported previously as the typical changes taking place in cancer cells
following radiation. He concluded that since the changes observed were
the same whether the cancer cells had been directly exposed in situ or
merely implanted in previously irradiated skin, it could be established
that a direct injury from radiation was not the principal factor in the
therapeutic action of X-rays on cancer.

To further examine the fheory of the "indirect action" of X-rays on

tumor growth, Murphy and co-workers (45) replanted autografts from

spontaneous cancers of mice into previously irradiated skin areas of
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these mice. The autografts failed to grow in irradiated areas, while
similar grafts inoculated into nonirradiated areas grew actively.
Murphy also showed that autografts of spontaneous cancers, established
and growing in the skin, disappeared in 76 percent of the animals after
the tumor and the surrounding tissues had been irradiated, whereas other
autografts of similar derivation that had been given an equivalent dose
of radiation outside of the body and had been implanted in the same ani-
mals grew progressively in 96 percent of cases. This result was not due
to a greater susceptibility of the cancer cells to radiation when
treated in situ. To demonstrate this, tumors were irradiated in situ
without irradiating the surrounding tissue. However, these tumors grew
actively when replanted into the nonirradiated skin of the same animal.
The importance of the effect of irradiation of the tissues sur-
rounding a tumor on tumor growth was further emphasized by the experi-
mental results of Russ and Scott (46). Young rats were irradiated with
an epilation dose through a 2-mm-thick lead shield with a cut-out of two
opposing segmental areas each covering about 45° of a circular disc.
The remaining areas of the disc, including the center, were shielded by
the lead. At varying time periods, small pieces of Jensen's rat sarcoma
were inoculated into the nonirradiated center. The tumors grew invari-
ably into the shielded tissues, indicating that malignant tumors tended
to grow more easily in the normal nonirradiated tissues than in the
irradiated tissues. In 1940 Russ and Scott (47) designed experiments to
find out how far it might be bossible to check an actively growing
Jensen's sarcoma by irradiating merely the tissue surrounding the tumor,

while the tumor itself was shielded from radiation. They found that
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tumor growth was considerably slowed down, and 37 percent of the tumors
disappeared. These results again demonstrated the influence of the
irradiated tumor bed on tumor growth.

Lasnitzky (48) determined quantitatively the direct and indirect
action of radiation by comparing the incidence of mitotic and degenerate

cells, in vitro and in vivo, following a larger dose sufficient to

involve the circulatory system. Tumors and tissue cultures of mouse
“adenocarcinoma 63 were subjected to a dose of 2000 R of X-irradiation.
The changes observed for a period of ten days were qualitatively similar

in vivo and in vitro. While the incidence of degeneration on the first

day was of the same order in vivo and in vitro, on the second day and

later a striking rise in the number of degenerate cells in vivo was ob-
served accompanied by a marked vascular reaction. It was concluded that
during the first day after exposure the effect of radiation is mainly a
direct one, that from the second day onwards the additional indirect
effect via a damaged blood circulation comes into play. Cell counts
showed that about one-third of the radiation effect was due to the
direct action and two thirds to the indirect action of radiation on the
tumor bed. Lasnitzky's results clearly demonstrated the importance of
the effect of radiation on host-tumor interactions.

The tumor bed effect has also been studied extensively in mice of
known genetic background using iéo]ogous transplants of mammary adeno-
carcinoma by Vermund and co-workers (493 505 51). The effects of pre-
transplantation irradiation were evaluated in terms of delay in tumor
growth, reduction of rate of tumor growth, and increase in survival time

of the tumor-bearing animals. Pretransplantation irradiation of
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1500 rad delivered locally to one leg 48 hours before subcutaneous
transplant of tumor cells, was found to significantly inhibit the devel-
opment and the growth rate of the mammary carcinoma (49). Quantitative
differences in responses were shown between different tumor lines of the
same type of mammary carcinoma. An optimal dose of 3000 rad was found.

- No further inhibition of growth rate was obgerved when higher doses were
used. A1l animals eventually developed tumors and succumbed (50).

The effects of pre- and posttransplantation irradiation at differ-
ent time intervals on the average survival time and tumor growth rate
were also compared (51). Tumors were found to become very radioresis-
tant when irradiated more than three weeks after transplantation. But
tumor growth could be completely suppressed or greatly delayed if the
treatment was given two weeks after transplantation. Pretransplantation
irradiation of the tumor bed did not prevent tumor growth completely,
but did retard tumor development and increased the survival time of the
animals. It was also found that tumor cells that had been transferred
by serial transplantation over many generations appeared more radio-
resistant to posttransplantation irradiation than tumor cells trans-
ferred only a few times. No explanation was given for this phenomenon.

The tumor bed effect was further studied by Summers and Vermund
(52) using several transplantable tumors, namely gastric adenocar-
cinoma 328, mammary adenocarcinoma 755, the melanoma B-16 in BDFq mice
and the squamous cell carcinoma G8755 in C3H mice. It was found that
in all animals the increase in survival time was proportional to the
dose of local irradiation up to a maximum of 3000 rad. The‘increase in

survival was also found to be related to the growth rate of the tumor.
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That is, preirradiated hosts with slowly growing tumors showed a smaller
survival increment than preirradiated hosts inoculated with rapidly
growing tumors. Results from later experiments (53) using the same
tumor systems showed that a TBE persisted for at least nine months. HNo
TBE could be demonstrated when tumors were implanted into irradiated
brain tissue. Dose response curves were obtained for most of the
tumors, and inhibition of tumor growth was found to increase linearly
with increased dose to a maximum at 3000 rad. However, no TBE could be
demonstrated at doses lower than 500 rad. It was suggested that there
could exist a threshold dose for a TBE. This finding was confirmed by
Hewitt and Blake (54). However, these investigators found no difference
in the magnitude of the TBE over the dose range 1500-4000 rad, for the
CBA/Ht Sarcoma F and the CBA/Ht Sarcoma S in CBA/Ht mice. Experimental
evidence strongly suggested that preirradiation of the transplantation
site had no influence on the latent phase of subsequent tumor growth.
The limitation of the effect to later phases of growth was considered to
be associated with an ability of microtumors to grow independently of
.vascularization, and the authors concluded that from the results of
their experiments no evidence was provided to support the assertion that
"indirect" effects of radiation on the stroma of tumors are of impor-
tance to their radiotherapeutic eradication. Urano and Suit (55)
supported this conclusion based on the results of their experiments.
They evaluated the TBE by determining the TDgq, the number of cells
expected to transplant the tumor into half of the recipients, for the
C3H mouse mammary carcinoma, and the C3H fibrosarcoma in pre-

irradiated and normal tissues of C3H mice. Although tumor growth was
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significantly slowed down, and host survival increased, the TDgp was
found to be independent of the prior radiation history of the trans-
plantation site. The authors concluded that there was no apparent ef-
fect of the changes induced in the irradiated tissue to inactivate or
prevent proliferation of injected tumor cells.

A different point of view was presented by 0'Brien and co-workers
(56). Irradiation with 988 rad to the surface of the abdomen of New
Zealand rabbits prior to implantation of V-2 carcinoma into the colon of
the animals resulted in a demonstrable inhibition of tumor growth and
increased the survival time of the animals significantly as compared to
the non-irradiated animals. It was suggested that the TBE could be
organ specific since no TBE could be demonstrated for tumors trans-
planted into preirradiated brain as was previously shown by Summers and
Vermund (53). These findings may support the theory that the connective
tissue reaction is a necessary component in the complex mechanisms re-
sponsible for the tumor bed response.

The vascular changes following irradiation have been described in
great detail. The literature on this subject has been reviewed and sum-
marized by Rubin and Casarett (12, pp. 1-38), Vermund (8), and more
recently by Clifton and Jirtle (57), and Andrews (15, pp. 51-55). In
summary, irradiation of normal tissue before transplantation not only
"kills" endothelial cells, but also causes morphological changes in the
vessels. The vascular changes caused by preirradiation of the normal
tissue in which a tumor grows'may reduce the bloodsupply to the tumor,

which could thus reduce the tumor growth rate.
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It is clear that preirradiation of the transplantation site
inhibits the growth of a subsequent tumor transplant of many experi-
mental animal tumors. Although pretransplantation irradiation also may
delay development of a tumor after transplantation into the irradiated
tissue and even prolong the host survival time, it does not prevent
eventual development of a tumor that subsequently kills the animal.

It has also been shown that hyperthermic treatment at moderate tem-
peratures can result in local tumor control and that hyperthermia can be
an effective sensitizing agent when applied in combination with radio-
therapy. However, little information is available regarding the effects
of hyperthermia on host-tumor interactions. Information may be obtained
by investigating the indirect influence from hyperthermia of the tumor
bed on the growth of the tumor. It is reasonable to expect that a TBE
with local hyperthermia, as well as an enhancement of the TRE of
X-irradiation by hyperthermia, can be demonstrated.

Yerushalmi (58) found an enhanced resistance to tumor development
in animals pretreated by combined simultaneous local heat and
X-irradiation, as compared to animals only preirradiated, only pre-
heated, or to control untreated tumor-bearing animals. Two tumor sys-
tems were used: the Lewis Lung carcinoma in (C3H/eB/BL)F] mice and
the SV-40 fibrosarcoma in (Balb/c x C57BL/6)F1 mice. The method of
heating was not described. The stimulated resistance was found in ani-
mals inoculated in the pretreated leg as well as in animals inocu-
lated in the contralateral untreated leg. These results led the author
to suggest that the combined treatments trigger or increase an immune

response in the host and support the model of indirect activity of the
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treatments. To further investigate the mechanisms involved, Yerushalmi
and Weinstein (59) tested the contribution of T-lymphocytes to the
stimulation of resistance against local tumor growth. For this purpose
athymic nude mice were selected as hosts. Pretreatment by combined
local heat and X-irradiation resulted in a significant increase in sur-
vival time of the animals. It was concluded that T-lymphocytes are not
involved in the protection against tumor growth. The results demon-
strated a small TBE for X-irradiation but failed to demonstrate a TBE
after hyperthermia. Similar results were obtained by Urano and
Cunningham (60). Isotransplants of a fibrosarcoma in female C3Hf/Sed
mice were used. The tumor was designated FSa-II. Hyperthermia was ap-

plied to the feet by immersion into a hot water bath at 43.5°C. Pre-

transplantation hyperthermia resulted in no retardation of tumor growth.

A dose of 3500 rad -irradiation resulted into a significant TBE. The

effect of the combined treatments was not tested.



CHAPTER II1

MATERIALS AND METHODS

A. MATERIALS

Ultrasound Equipment

The ultrasound equipment was kindly provided by Dr. M. A.
Breazeale, Department of Physics, The University of Tennessee. The
equipment consisted of a quartz crystal transducer 2.5 cm in diameter
driven by a radio frequency generator. Initial experiments showed
variations in tissue temperature from animal to animal. This was traced
to fluctuations in the line voltage. Therefore, the 1ine voltage to the
ultrasonic generator was stabilized by a voltage regulator during all
experiments. The ultrasonic power output was determined by measuring

the radio frequency voltage at the transducer and using the equation:
1=F2U2eff,

where I is the intensity in watts/cm2, F is the frequency in MHz, and
Ueff is the effective voltage. For the experiments to be described,
the frequency was 4 MHz and the ultrasonic intensity was determined to
be 1 watt/cmé. Water was used as the coupling agent. To avoid cavi-
tation the water was degassed by boiling for 30 minutes and stored in
sealed flasks while cooling. Fresh water was used for each experiment,
which was maintained at 37.5°C + 0.3°C in a thermostatically controlled
water bath.

The temperature measurements were done with two copper-constantan
thermocouples using two Leeds and Northrop potentiometers. The

28
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thermocouple readings were calibrated against a National Bureau of

Standards certified thermometer.

X-Ray Equipment

The X-ray equipment was a General Electric Maxitron 300 operated at
250 kVp and 20 mA. The Half Value Layer was 0.5 cm Cu and the dose rate
at a distance of 40 cm was 480 rad/min. Dosimetry was performed using a

Victoreen condenser r-meter.

Animals

Fourteen- to sixteen-week-old pathogen-free Balb/c female mice were
used in all experiments.' The animals were obtained from the breeding
colony at the Oak Ridge National Laboratory, Biology Division, Oak
Ridge, Tennessee, and were maintained at least two weeks in the animal
facilities at The University of Tennessee, Knoxville, prior to experi-
mental use. The mice were housed in plastic cages in groups of eight.
Woodshavings were used for bedding and Purina Laboratory Chow and chlo-

rinated water were given ad 1ibitum.

Tumor
The line 1 Tung carcinoma was originally isolated from a 12-month
old untreated Balb/c female mouse, and was subsequently maintained

in vivo and in vitro for several years by Yuhas and co-workers (61). On

histologic examination, the tumor was classified as an alveolar cell
carcinoma. The tumor is weakly immunogenic and highly metastatic.

For these experiments, the tumor was maintained by serial sub-
cutaneous transplantation of crude homogenates into the dorsal region of

female Balb/c mice. For experimental use, single-cell suspensions of




the tumor were prepared by forcing the tissue mince through a fine wire
mesh. The cells were then washed twice by centrifugation in saline
solution, resuspended, counted, diluted to a concentration of

20 X 106 cells/ml, and 0.05 ml of the suspension (i.e. 106 cells) was
injected into the left thigh. Tumor growth rates were assessed by
measuring the tumors in two dimensions and determining the diameter

every two or three days after injection.

8. METHODS

Induction of Hyperthermia by Ultrasound

For all ultrasound treatments the mice were restrained in a small
plastic container with the left leg exposed. The container was c¢lamped
in a three-prong water bath clamp in such a way that the leg was
immersed while the body remained above the water surface. To immobilize
the leg during the ultrasound exposure, the foot was taped to a string
that was suspended from the container and held taut by a lead weight.
The transducer was placed posteriorly to the leg with the center aimed
at the center of the thigh. A photograph of a mouse leg suspended in an
ultrasonic beam is shown in Figure 1. In this schlieren photograph, the
ultrasonic beam shows up as a light band. Figure 2 shows a mouse in
position before the ultrasonic beam is turned on.

The temperature measurements were done in tumors of 8.0-9.0 mm in
diameter and in normal thighs. To determine the temperature, thermo-
couple tips were inserted difect]y into the thigh at different loca-
tions. After the ultrasound exposure, the mice were sacrificed and the

position of the thermocouple tips was determined. It was not possible




Figure 1. Schlieren Photograph of a Mouse Leg Suspended in
the Ultrasonic Beam.

Figure 2. Mouse Leg in Position Relative to the Transducer.
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to measure the temperature at the surface of the femur due to the fact
that bone as well as the thermocouple have a very high absorption co-

efficient and the interaction of the two would result in exaggerated

temperature readings.

X-irradiation

For all X-irradiation treatments the mice were restrained in the
same plastic container as was used for the ultrasound treatments. While
the thigh remained exposed, the body of the mouse was shielded with
sheets of lead that were moulded to fit the contour of the plastic con-
tainer. The total thickness of the lead shield was 1.2 cm. The dose at
the center of the container was then measured under treatment conditions
and was found to be less than 0.3 percent of the dose in the center of
the treatment field. It was assumed that under these conditions the
dose to the body is less than 0.3 percent of the dose delivered to the
thigh. Mice.were irradiated singly since only one mouse at a time could

be treated with ultrasound.

C. EXPERIMENTAL DESIGN

Effect of Posttransplantation Treatment on Mean Survival Time (MST) and

on Tumor Growth Rate

On the seventh or eighth day after tumor cell transplantation

the animals were divided into groups of four or five, depending on

the number of animals that had a tumor diameter of 8-9 mm. Animals

having a tumor larger or smaller were not included in the experiments.

The average tumor diameter of each group was 8.5 + 0.5 mm at the time
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of treatment. Because of the length of time required to deliver the
ultrasonic treatments, the number of animals per group was kept small
and multiple replicates were done.

Each group of animals was treated with either ultrasound for
60 minutes, ultrasound for 30 minutes, 7000 rad X-irradiation, or with
ultrasound for 60 minutes plus 7000 rad, or ultrasound for 30 minutes
plus 7000 rad. The ultrasound treatments were given immediately
prior to the X-irradiation and the time needed to transfer the
animals from water bath to the X-ray table was 4-5 minutes.

Mean survival times were determined by maintaining daily records of
the death of the animals within each experiment. Complete postmortem
examinations were performed on all animals to verify cause of death and
presence or absence of tumor in the thigh.

Tumor growth rates were assessed by measuring the tumors in two
dimensions and determining the diameters every two or three days after

treatment.

Effect of Pretransplantation Treatment on Tumor Growth Rate

A preliminary experiment to study the tumor bed effect was done to
determine at which dose of X-irradiation a TBE could be demonstrated
using the line 1 Tung carcinoma. Groups of four mice received no treat-
ment, 500 rad, 1000 rad, 2000 rad, and 7000 rad, respectively, to the
left thigh one day before injection of 100 tumor cells. Two groups of
mice were included in this experiment that were treated with ultrasound
only for 60 and 30 minutes. Tumor growth rates were assessed by
determining the average diameter of the tumors within each group every

two or three days after injection of the tumor cells. Based on
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the results obtained from this experiment, further experiments were
designed to determine the effect on tumor growth rate of pretrans-
plantation treatment with ultrasound, X-irradiation and combined ultra-
sound and X-irradiation. Groups of five or six mice were treated with
either 500 rad, ultrasound for 30 minutes, or ultrasound for 30 minutes
immediately prior to 500 rad X-irradiation one day before injection of
106 tumor cells. To examine the duration of possible effects, groups
of animals were treated respectively seven days and 30 days prior to
tumor transplantation. In each experiment a group of control animals was
injected with the same tumor cell suspension on the same day as the
experimental groups.

Mean survival times were determined by maintaining daily records of
the death of the animals within each experiment and complete postmortem
examinations were performed on all animals to verify cause of death and
presence or absence of tumor in the thigh. Tumor growth rates were
determined by obtaining the average tumor diameter within each group

every two or three days after tumor cell transplant.

Statistical Analysis

The effect of both pre- and posttransplantation treatments on the
MST was determined by calculating the mean 1ife span in days after the
day of tumor transplant of the groups of animals exposed to the same
treatment and comparing these to the MST of the group of animals not
treated.

The effectiveness of the different treatment modalities on tumor
growth rate was assessed by a multiple regression analysis, the

methodology of which has been described by Draper and Smith (62) and
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Searle (63). The analysis of the model was performed using the
statistical package as described by Helwig (64).

The equation applied was:
Tumor diameter = (Bg + B1j trmt) + (Bpday + B3jtrmt * day)

in which the parameters are interpreted as follows:

gg = mean tumor diameter for control at time zero (intercept)
g1 = difference between mean tumor diameter for treatment

(trmt;) and control intercepts.

i

8o = mean rate of growth per unit time for control (slope of the

regression line for control).

g3j = difference between mean rate of growth for treatment and
control (difference between slopes).

Differences between the mean rate of growth of the groups of ani-

mals treated and the group of animals not treated were determined by

testing the hypothesis:
Ho: 83; = 0 (for all i) vs Ha: 835 # 0 (for some i)

To examine whether ultrasound enhanced the effect of X-irradiation,
the mean rate of growth of the groups of animals that received the com-
bined treatments was compared to the mean rate of growth of the group
that received X-irradiation only. That is, the above hypothesis was
tested when

B3j = the difference between mean rate of growth for combined
treatments and X-irradiation only.

The results were considered to be significant at the a < 0.02 level

(P £ 0.02).
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The increases in tumor size became nonlinear 20 days after tumor
transplant. Therefore, to determine a treatment effect, the growth
rates were calculated over the period of time in which the tumor

diameter increased Tinearly.



- CHAPTER IV

RESULTS

Induction of Hyperthermia by Ultrasound

Preliminary experiments were done to determine the temperature rise
at the center of the thigh tissue, the length of time required to reach
that temperature, and to establish the amount of variation during the
exposure times of 30 and 60 minutes. It was also of interest to deter-
mine how much of a temperature gradient existed within the tissue. The
results of these measurements are shown in Figure 3. A typical temper-
ature reading is demonstrated for tumor-bearing Timbs and normal limbs.
In a tumor-bearing limb, a temperature of 42.5°C was obtained within
3 minutes from the beginning of the ultrasound exposure as measured with
a thermocouple inserted into the tumor at a distance of 1.0 mm from the
femur. During an exposure of 60 minutes, the temperature varied
s1ightly between a maximum of 42.8°C and a minimum of 42.2°C. The skin
temperature remained fairly constant at 39.9°C. This lower temperature
was presumably due to cooling by the water. The temperature profiles
were similar when one thermocouple was inserted at distances of
2.0-3.0 mm from the femur. The distribution of the temperature induced
by the ultrasonic irradiation was found to be similar in normal thighs;
however, the maximum temperature obtained never exceeded 42.25°C. Posi-
tioning of the leg of the animal with respect to the ultrasound beam was
extremely critical. A s]ight'variation in position could produce a very
different temperature profile. However, the exact positioning of the

mouse leg and the transducer were found to be reproducible after some
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Figure 3. Temperature Profiles Measured Simultaneously at the
Center of the Tumor and on the Skin During Ultrasound Exposure for
60 Minutes and at the Center of the Normal Thigh During Ultrasound
Exposure for 30 Minutes.
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practice, and the results of the temperature measurements remained

consistent.

Effect of Posttransplantation Treatment on MST

The effectiveness of the different treatment modalities was first
assessed by comparing the MST of the groups of animals exposed to the
same treatment. Since no differences were observed within the replicate
groups, the data were pooled. These results are shown in Table I. Sur-
prisingly, no differences in MST among the groups exposed to the differ-
ent treatment modalities were observed. Even treatment of 7000 rad did

not have an effect on the MST, and no cures were observed.

TABLE 1
EFFECT OF POSTTRANSPLANTATION TREATMENT ON MEAN SURVIVAL TIME

Treatment Total number of animals MST + S.E.*
Control 44 27.70 + 0.43
UTtrasound - 60 minutes 18 27.40 + 0.54
Ultrasound - 30 minutes 20 27.90 + 1.30
7000 rad 38 28.20 + 0.92
Ultrasound - 60 minutes + 7000 rad 12 26.90 + 1.50
Ultrasound - 30 minutes + 7000 rad 12 28.50 + 1.40

*Mean Survival Time in days + Standard Error.
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About three weeks after tumor transplantation the animals showed
signs of increasing dyspnea. Postmortem examination revealed that all
animals had extensive pulmonary metastases, and many also had liver
metastases. It was assumed that the animals died due to the pulmonary
metastases that caused the dyspnea. Local tumor control was difficult
to assess since at the time of death most animals had lost the tumor-

bearing leg due to cannibalism.

Effect of Posttransplantation Treatment on Tumor Growth Rate

As before, all data from this series of experiments were pooled
since no significant differences within the replicate groups of animals
exposed to the same treatment were observed. The effect of the dif-
ferent treatment modalities on tumor growth rate is demonstrated in
Figure 4. These data on growth represent the calculated mean increase
in tumor diameter in mm per day for each group within a treatment.

Regression analysis revealed significant differences in growth rate
for some of the groups treated. These results are shown in Table II.
Ultrasound treatment for 60 minutes alone enhanced the tumor growth
rate; that is, the mean increase in tumor diameter per day was sig-
nificantly different from the mean increase of the control group at the
o = 0.02 level. X-irradiation with 7000 rad alone, as well as the
combined treatments of ultrasound and X-irradiation, decreased tumor
growth rate. The growth rates of these groups were significantly
different from the growth rate of the control group at the a = 0.01
level. The growth rate of the group treated with ultrasound for 30
minutes alone was not significantly different from that of the control

group.
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TABLE II
EFFECT OF POSTTRANSPLANTATION TREATMENT ON TUMOR GROWTH RATE

Treatment Mean increase in tumor diameter
in mm/day *+ S.E.

Control 0.66 + 0.034
Ultrasound - 60 minutes 0.77 + 0.073,b
Ultrasound - 30 minutes 0.65 + 0.072
7000 rad 0.26 + 0.06P
Ultrasound - 60 minutes + 7000 rad 0.33 + 0.07P
Ultrasound - 30 minutes + 7000 rad 0.35 + 0.07b

asignificantly different from 7000 rad at « < 0.02 Tevel.

bSignificantly different from controls at a < 0.02 Tevel.

To examine a possible enhancement or diminution of X-irradiation
effect by ultrasound, the rates of growth of all groups were compared to
the growth rate of the group treated with 7000 rad. The growth rate of
the control and both groups treated with ultrasound alone were
significantly different. The combined ultrasound and X-irradiation

treatments did not alter the effect of 7000 rad alone.

Effect of Pretransplantation Treatment on Mean Survival Time

The effect of pretransp]éntation treatment on MST was evaluated as
previously described. The MSTs of all groups of animals were between 27

and 28 days, which indicated that there is no difference between
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pre- and posttransplantation treatment on MST. Postmortem examination

was performed on all animals and revealed extensive pulmonary metastases
often invading the mediastinum and pleura. Most of the animals also had
many large metastases in the liver. Presence or absence of tumor in the
thigh could not be determined since most animals had lost the leg at the

time of death.

Effect of Pretransp]antatidn Treatment on Tumor Growth Rate

Results of the preliminary TBE study. As discussed in Chapter III,

a preliminary study on the TBE was performed to determine the appro-
priate doses. The results of this study are shown in Figure 5. The
growth curves represent the mean increase in tumor diameter in mm per
day over the period of time in which tumor sizes increased Tinearly.

The curves were obtained by calculating a linear regression using
Y =mx + b

and clearly demonstrate the effect of pretransplantation treatments on
the tumor growth rate. A TBE was demonstrated with a dose as low as

500 rad. Higher X-ray doses showed a greater effect; that is, tumor
growth rates were further diminished with increasing dose as compared to
the rate of tumor growth in the control group. However, the radiation
doses of 1000 rad, 2000 rad ahd particularly a dose of 7000 rad,
resulted in radiation reactions that caused the legs of the animals to
be so sensitive to touch, that it was not possible to inject the tumor
cells. Ultrasound exposure of 60 minutes caused severe edema, which

lasted more than a week and therefore made evaluation of tumor growth
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rate difficult to assess. A 30-minute exposure to ultrasound still
resulted in some edema, but this had mostly disappeared within 24 hours.
The difference in the slopes of the lines for the group of animals
treated with ultrasound for 30 minutes and the control group suggested
that this treatment also has an inhibitory effect on tumor growth rate.

Since the purpose of the following experiments was to investigate a
possible synergism between ultrasound and X-irradiation, it was felt
that this could best be demonstrated by using 500 rad and ultrasound for
30 minutes, thus eliminating complications of edema and radiation re-
actions. |

In all further TBE experiments, the effectiveness of the different
treatment modalities on tumor growth rate was evaluated by a regression
analysis using the general linear model as previously discussed. Since
no differences were observed between the replicate groups of animals
exposed to the same treatment on the same day before transplantation of

the tumor, the data of each series of experiments were pooled.

Effect of treatment one day before transplant. When the treatment

was given one day before the tumor transplant, the tumor growth rates

for all groups of animals treated were retarded. As shown in Table III
and Figure 6, the growth rate of all groups of animals treated was
significantly different from the untreated group of animals at the

o = 0.01 level, clearly demonstrating an enhancement of the X-irradiation
effect by ultrasound. The average size of the normal thigh was

4.5-5.0 mm, and tumor growth was not observable by measuring the diameter
until after the fifth day following the transplantation of the tumor.

Therefore, differences between the intercept of the curves for the
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treated groups of animals as demonstrated in Fiqure 6 could be due to
residual edema that was induced by the ultrasound treatment, or other
factors that will be discussed later. To illustrate graphically that
ultrasound enhanced the effect of X-irradiation, it was necessary to
normalize the growth curves (Figure 6) (that is, the mean tumor diameter
for each group was assumed to be equal to the mean tumor diameter of the

control group on the fifth day after transplant).

TABLE III
EFFECT OF TUMOR BED TREATMENT ONE DAY BEFORE TRANSPLANTATION

Mean increase in tumor diameter 1in

Treatment mm/day + S.E.
Control ‘ 0.86 + 0.029
Ultrasound - 30 minutes 0.70 + 0.053,b
Ultrasound - 30 minutes + 500 rad 0.43 + 0.053,D
500 rad 0.64 + 0.05P

agignificantly different from 500 rad at o < 0.02 level.

bSignificant]y different from controls at a < 0.02 level.
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Figure 6. Growth Curves of Tumors Transplanted One Day After
Treatment of the Tumor Bed with Ultrasound, Ultrasound Plus X-irradiation
and X-irradiation Only.
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Effect of treatment seven days before transplant. When the

treatments were given seven days before tumor transplantation, the tumor
growth rates were still decreased in all treated groups as shown in
Table IV and Figure 7. Three experiments were conducted on a total of
18 mice per treatment group. The rate of growth for the animals treated
by ultrasound only was still significantly different from that for the
untreated group at the a = 0.02 level. The growth rates for the groups
treated with 500 rad and the combined ultrasound and radiation treat-
ments were also still different from the control group at the a = 0.01
significance level. As before, the growth curves were normalized to

illustrate the difference.

TABLE IV
EFFECT OF TUMOR BED TREATMENT SEVEN DAYS BEFORE TRANSPLANTATION

Mean increase in tumor diameter in

Treatment mm/day + S.E.
Control 0.90 + 0.029
Ultrasound - 30 minutes 0.80 + 0.053sb
Ultrasound - 30 minutes + 500 rad 0.61 + 0.06b
500 rad 0.67 + 0.06D

asignificantly different from 500 rad at a < 0.02 level.

bSignificantly different from controls at a < 0.02 level.

A comparison between the growth rate of the tumors in the animals

treated with the combined treatment and those of the animals treated
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with only 500 rad proved no longer significant. Although the
differences between the intercepts of the growth curves for the groups
treated with ultrasound and the control and X-irradiated groups appeared
to become smaller, a significant difference was still observed as
demonstrated in Figure 7. Those results indicate that after seven days
ultrasound by itself was still effective, but did not enhance the effect

of X-irradiation.

Effect of treatment 30 days before transplant. The persistence of

the TBE was tested in one experiment with eight mice in each group. As
shown in Table V and Figure 8, a TBE could still be demonstrated by

500 rad when animals were treated 30 days befofe tumor transplantation.
Regression analysis revealed a significant difference only for the
groups of animals treated with 500 rad and the combined treatments.
UTtrasound exposure for 30 minutes had no effect on tumor growth rate.
However, a TBE could be observed for the combined ultrasound and
X-irradiation treatments. Differences between the intercepts of the
curves for the treated groups and the intercept of the curve for the
control group were no longer discernable as demonstrated in Figure 8.
The slopes of the regression lines are equal for the ultrasound treated
and the control group and for the X-irradiated group and the combined
ultrasound and X-irradiated groups. These results indicate that for
this treatment the TBE is solely due to the X-irradiation and that the

effect of ultrasound is no longer observable.
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TABLE V
EFFECT OF TUMOR BED TREATMENT 30 DAYS BEFORE TRANSPLANTATION

Mean increase in tumor diameter in

Treatment mm/day + S.F.

Control 0.88 + 0.022
Ultrasound - 30 minutes n.85 + 0.052
Ultrasound - 30 minutes + 500 rad 0.66 + 0.05b
500 rad 0.67 + 0.05D

asignificantly different from 500 rad at « < 0.02 level.

bSignificantly different from controls at a < 0.02 level.
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CHAPTER V

DISCUSSION

Induction of Hyperthermia by Ultrasound

The results of this study have shown that ultrasound is an effective
method for producing local hyperthermia in normal and in tumor-
bearing thighs of mice. The temperature profiles were similar to those
published by Marmor and co-workers (22). These investigators treated
superficial human neoplasms with higher temperatures (43-45°C) than
those used for this study (42.5°C). Marmor considered 43°C a satisfac-
tory treatment temperature, but this could not always be achieved as
many patients experienced significant pain during the ultrasound expo-
sure. Most of these patients had tumors Tocated near a bone, and the
pain was probably caused by excessive heat created by the reflection of
the ultrasound by the bone. The purpose of this study was to investi-
gate a possible enhancement of the X-irradiation effect by ultrasbund on
tumor growth. Significant enhancement has been demonstrated using tem-
peratures of 41.0-42.5°C (26; 27; 28). Therefore, a temperature of
42.5°C was considered sufficient for this study. The thermal distri-
bution within the thigh tissue was almost uniform. Because of the high
absorption coefficient of bone, the temperature at the surface of the
femur was assumed to be at least equal to the temperature measured by
the thermocouple inserted at the center of the thigh. Marmor's studies
showed that heating was not uniform in most tumors. Frequencies of 1-3 MHz
and transducers of 2 cm and 4 cm in. diameter were used, and the

incident power required to give the desired temperatures varied from

53
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0.5-1.2 W/cm2. The reason for these variations is that the conditions
for the induction of hyperthermia vary with the requirements of the
experimental system. That is, the radiofrequency, the intensity, and
the size of the transducer used are dependent upon the type of tissue,
anatomical location, and the volume of tissue as well as the desired
temperature increase. Many of the variables were eliminated in this
study by using a transplantable murine tumor. The tissue volume to be
heated was constant, as were the size, shape, and position of bone
within the volume. The proper frequency, intensity, and the temperature
of the water bath used to obtain uniform heating within the volume of
the thigh (approximately 1 em3 for tumor-bearing legs) were determined
experimentally by trial and error. For the normal thighs the conditions
for ultrasound heating were found to be the same except that the dis-
tance between transducer and the mouse leg was slightly increased. The
skin temperature remained several degrees lower than the tumor temper-
ature during ultrasound exposure. This is a major advantage in clinical
radiotherapy when ultrasound heating is combined with X-irradiation to
treat deep-seated tumors because the lower skin temperature increases
the therapeutic ratio. Obviously, the trial-and-error method to deter-
mine the proper conditions for ultrasound heating cannot be applied to
humans. Also the volume and shape of a mouse leg does not resemble any
part of the human anatomy, and the heating conditions are probably not
applicable. It is essential, therefore, that further studies be done
using an experimental system in which conditions resemblihg those in
clinical radiotherapy can be-simulated. This could be done by using

larger experimental animals --for example, pigs.
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Effect of Treatment on MST

None of the treatment modalities had an effect on the mean survival
time of the animals. Surprisingly, even treatment with 7000 rad at
seven days after tumor transplantation had no effect, while Ullrich and
Adams (65) previously found 37.5 percent of the animals to be tumor-free
after 120 days. No cures were observed in this study. The different
animal environments in the two studies may partly explain the different
results. However, Ullrich and Adams later also observed no cures (per-
sonal communication). It is possible that after serial transplantation
over several generations the line 1 lung carcinoma became more malignant
and more radioresistant. Vermund and co-workers (51) found that the
mammary carcinoma that had been transferred by serial transplantation
over many generations became more resistant to posttransplantation ir-
radiation than tumor cells transferred only a few times. The results of
these studies indicate that the antigenicity of tumor cells may be
altered after serial transplantation.

There was no difference between pre- and posttransplantation
treatments on MST. Other investigators have found that pretransplan-
tation X-irradiation increased the survival time of the hosts (41; 49;
50; 51; 52). .Most of the tumors, however, were transplanted subcu-
taneously, while the line 1 Tung carcinoma was transplanted into the thigh

muscle. Differences in type of tissue and vascularization of the trans-
plantation site may account for the different results obtained in this
study. Because all the animals died from pulmonary metastases, it is
clear that prior irradiation of the thigh did not prevent the tumor

cells from entering the blood stream.

S
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Effect of Posttransplantation Treatment on Tumor Growth Rate

Ultrasound treatment for 60 minutes significantly enhanced tumor
growth rate, but treatment by ultrasound for 30 minutes did not show an
effect. The apparent enhancement by the 60-minute treatment could be an
artifact. This treatment was later found to produce severe edema that
lasted more than a week in normal mouse legs, and it is probable that
ultrasound for 60 minutes produced a long-lasting edema within the
tumors resulting in the apparent increase in tumor growth. However,
ultrasound for 30 minutes produced an edema which was no longer apparent
after 24 hours.

In conclusion, ultrasound alone does not appear to have an effect
on the growth rate of the line 1 lung carcinoma. That ultrasound alone
does not inhibit tumor growth has been reported previously by Woeber (21)
and Southam, Beyer, and Allen (29). As was expected, treatment with
7000 rad significantly decreased the growth rate of the tumor; however,
ultrasound did not enhance the effect of the X-irradiation. These re-
sults are similar to those reported by Clarke and Hill (33). These
investigators, however, reported intratumor temperatures of only

38.0-39.0°C. In vitro and in vivo studies have shown that, to obtain a

significant enhancement of the effect of X-irradiation by hyperthermia,
a temperature of at least 41.0°C is required (5). It is, therefore, not
surprising that an enhancement by ultrasound was not observed by Clarke
and Hi1l. In contrast, Woeber (21) found significant enhancement by
ultrasound. Temperature meaﬁurements were not reported in Woeber's
study, and it is possible that higher temperatures were induced. It is

interesting to note that the tumor used in Woeber's study was curable by
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radiation alone. Witcofski and Kremkau (34) observed enhancement of the
effect of X-irradiation by ultrasound for the sarcoma-180, also a radio-
sensitive tumor. No enhancementvwas observed for the radioresistant

C.HBA mammary carcinoma, while water bath heating after X-irradiation

3
was effective for both tumors. The line 1 lung carcinoma is very
radioresistant and no enhancement of the effect of X-irradiation by
ultrasound was observed. These findings may indicate that enhancement

by ultrasound occurs with radiosensitive tumors but not with

radioresistant tumors.

Effect of Pretransplantation Treatment on Tumor Growth Rate

The results from the TBE studies are important for clinical radio-
therapy. Current cancer therapy includes pre- and postoperative treat-
ment with radiotherapy. The rationale for preoperative irradiation is
that, following radiation therapy, changes induced in the normal tis-
sues surrounding the tumor reduce the survival of tumor cells spilled
into the operative wound at subsequent surgery. The purpose of post-
operative irradiation is to destroy any tumor cells that might have been
left and to reduce the possibility for survival by irradiating the tumor
bed, and thus avoid local recurrence. The value of pre- and post-
operative irradiation has been the subject of controversy for many
years. Limited clinical trials have shown that pre- and postoperative
irradiation sometimes improved'1oca1 tumor control; however, survival
rates did not significantly increase (11, pp. 1109-1113; 14; 66; 67).
Similarly, results from pretransplantation irradiation studies have
shown that, although tumor growth was significantly delayed, dissemi-
nation of the tumor cells into the bloodstream was not prevented be-

cause all animals died of metastases. This indicates that X-irradiation
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of the tumor bed suppresses rather than stimulates an immune response in
the host as was previously suggested (58; 59).

In this study, pretransplantation irradiation with 500 rad
significantly decreased the growth rate of the Tine 1 lung carcinoma.

The effect persisted for at least 30 days. A TBE at 500 rad was also
demonstrated with other tumors by Summers and Vermund (53) and Hewitt and
Blake (54). However, Hewitt and Blake found no difference in magnitude of
the TBE over the dose range of 1500-4000 rad, while Summers and Vermund
found that inhibition of tumor growth increased Tinearly with increased
dose to a maximum of 3000 rad. A linear relationship in growth inhibition
could not be demonstrated for the 1ine 1 lung carcinoma over the dose
range of 500-2000 rad. The reason for the differences in the results of
these studies is unknown.

Application of pretransplantation hyperthermia using hot air or hot
water bath immersion have so far failed to demonstrate a TBE (58; 59;
60). In this study a significant TBE was demonstrated when a tissue
temperature of 42.2°C was induced by ultrasound for 30 minutes. The TBE
persisted for at least seven days, but for a treatment given 30 days
before transplantation the effect was no longer observable. This study
appears to be the first one in which a significant TBE has been observed
after hyperthermia alone. Urano and Cunningham (60) were unable to
demonstrate a TBE with a temperature of 43.5°C for 120 minutes. These
investigators suggested that if hyperthermia induced a TBE, it is dose
dependent and possibly exhibits a large threshold dose. However, the
results obtained in this study have shown that a smaller temperature

dose is capable of producing a hyperthermia TBE. The magnitude of a




59
threshold for the production of a TBE cannot be determined from the
present study. It is possible that a different threshold dose exists
for different methods of induction of hyperthermia. Experiments should
be designed to determine and compare thresholds for the different methods
of producing hyperthermia in a particular experimental animal system.
No TBE could be detected after ultrasound-induced hyperthermia at 42.2°C
for 60 minutes, and in the studies of Urano and Cunningham no TBE was
observed after higher temperatures. The findings. suggest that a TBE
induced by hyperthermia does not exhibit a large threshold dose. It is
possible that any TBE could go undetected at temperature doses that
produce severe damage, edema and swelling.

It has also been shown in the present study that ultrasound
significantly enhanced the TBE after 500 rad, but after seven days the
TBE was no longer enhanced. Yerushalmi and Weinstein (59) also
demonstrated enhancement of the X-irradiation effect on the tumor bed
by hyperthermia, but the persistence of the effect was not tested.

The data obtained from this study suggest that a different type of

damage results from the ultrasound-induced hyperthermia and the
X-irradiation. The damage due to the ultrasound treatment was

completely repaired after 30 days, but not the damage by 500 rad.

The initial response of the normal tissue to the ultrasound treatment
might be an inflammatory response accompanied by edema that is

observable for 24 hours. It is possible that some residual edema and
inflammation were present muéh longer, which could explain the differences
in the intercepts of the growth curves in Figure 6 (page 47) and

Figure 7 (page 49). Inflammatory reactions to hyperthermia have not

been reported. The response of normal tissues to moderate heat
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(42.0-42.5°C) need to be further investigated, particularly when the
method of heating is by ultrasound. Possible mechanical damage, such as
rupture of cell membranes and the development of edema could be studied
by the application of ultrasound-induced hyperthermia over a range of
temperatures and for various durations of time. Changes in normal
tissue could be evaluated by examining early and late responses using
histological and, perhaps, biochemical techniques.

Yerushalmi (58) has also suggested that combined hyperthermia and
X-irradiation treatments increase an immune response in the host. How-
ever, some observations were made during this study that indicate a pos-
sible suppression of an immune response in the host by the hyperthermia
and the combined hyperthermia and X-irradiation treatments. The post-
mortem examinations showed that the groups of animals exposed to the
different treatment modalities had larger and more metastases as com-
pared to the animals not treated. Particularly the groups of animals
treated with ultrasound alone and the groups treated with ultrasound and
X-irradiation appeared to have more metastases in the liver. Obviously,
much more information about the mechanisms involved in host-tumor inter-
actions and the effect of various treatments on the local immune re-
sponse is required. There may be a critical threshold dose that could
trigger or suppress a local immune response for X-irradiation as well as
for hyperthermia. Further studies on the TBE using transplantable ani-
mal tumors may provide such information. For example, experiments could
be designed to determine the effects of pretransplantation treat-
ments on the rate of dissemination of tumor cells. Using a quickly

metastasizing tumor such as the line 1 lung carcinoma, the influence of
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pretransplantation treatments could be studied by determining both
number and size of lung and liver metastases in the animals at different
times after tumor transplantation.

The major problem with the management of highly malignant tumors is
how to prevent these tumors from metastasizing. X-irradiation of the
tumor bed may stimulate and hyperthermia may increase an immune response
in the host, but the response is apparently only local and temporary.
Local hyperthermia in combination with X-irradiation has been used only
in the treatment of advanced malignancies when all conventional treat-
ments have failed (17; 18; 19). While the clinical reports are encour-
aging, they do not provide information regarding the effect of the
treatments on host-tumor interactions. A better understanding of the
host-tumor interactions is essential so that methods can be devised to
prevent malignant tumors from metastasizing. This information can only
be obtained with transplantable animal tumors.

Some superficial human cancers have been treated with ultrasound
alone (22). The major problems were nonuniform heating of the tumor
volume, blisters at the site of the thermocouple, and pain. Clearly,
techniques of ultrasound heating should be properly developed and tested
on animals before application to humans. Also, the effects on normal
tissues of mild hyperthermia (42.2°C) induced by ultrasound are not

understood and should be further investigated.
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Conclusions

1.

5.

6.

Ultrasound can be used effectively to induce constant and
uniform heating in the thigh tissue of normal and tumor-
bearing mouse legs.

Posttransplantation hyperthermia of 42.5°C induced by ultra-
sound had no effect on the growth rate of the line 1 lung car-
cinoma implanted into the thigh of Balb/c mice.
Posttransplantation X-irradiation of 7000 rad significantly
reduced the growth rate of the tumor.

Ultrasound-induced hyperthermia did not alter the effect of
X-irradiation on the tumor growth rate.

Pretransplantation treatment with 500 rad X-irradiation
resulted in a significant TBE, which persisted for at least 30
days.

Pretransplantation treatment with ultrasound-induced hyper-
thermia (42.2°C) for 30 minutes resulted in a significant TRE,
which persisted for seven days.

Ultrasound exposure for 30 minutes enhanced the TBE after

500 rad only for one day.

The results indicate that a different type of damage to the
normal tissue is produced by the ultrasound and the

X-irradiation.
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