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GLOSSARY

TGD Tumour growth delay: the delay in the growth of a tumour,
usually defined as the difference in the time required for treated
and untreated tumours to reach a certain volume (see Chapter II)

TCDSO Tumour cure dose 50%: the dose of radiation needed to cure
50% of the animals carrying a tumour (see also Chapter II)

DMF Dose modifying factor: the quotient of the dose of radiation
necessary to obtain a certain effect and the dose which gives the
same effect if some factor is added to the radiation

TER Thermal enhancement ratio: a specific case of the DMF; the
factor is heat treatment

SER Sensitizer enhancement ratio: another specific case of the DMF;
the factor is administration of an (hypoxic) sensitizer

TGF Therapeutic gain factor: the quotient of the DMF in tumours and
the DMF in skin (Stewart and Denekamp, 1978), in this study
mainly used as the quotient of the TERs

OER Oxygen enhancement ratio: the degree by which biological sys-

tems are sensitized to ionizing radiation by oxygen

RNA Ribonucleic acid

DNA Deoxyribonucleic acid



GENERAL INTRODUCTION

Hyperthermia, i.e., heating to temperatures between 40°C and 45°C, has been
suggested as a modality which when applied alone or in combination with chem-
otherapy and radiotherapy might be used with favourable results in cancer
therapy. Studies on effects of hyperthermia were initiated in the Laboratory
for Radiobiology and in the Laboratory of the Department of Radiotherapy of
the University of Amsterdam due to the interest of Dr. D. S. Joshi of the
Bhahba Atomical Research Centre in Bombay. As a fellow of the IAEA under
the direction of Prof. Dr. G. W. Barendsen in 1974, he started investigations on
the effects of hyperthermia and hyperthermia in combination with ionizing
radiation on normal and malignant cells in vitro. This line of research has been
followed up in both institutes and the present study describes experiments on a
normal tissue and a malignant tumour in vivo. The normal tissue was the skin
of mouse legs and the malignant tissue the M8013X tumour growing in the legs
of mice. Both studies had the same objective: to obtain data on the action of

: hyperthermia in biological systems and to compare the effects of heat in
models for normal and malignant tissues to determine whether hyperthermia
might be of value in the treatment of human malignant tumours and what are
the side effects of such therapy.



Chapter I

EFFECTS OF HYPERTHERMIA IN BIOLOGICAL SYSTEMS: A SURVEY
OF THE LITERATURE

I.I Introduction

The literature on the application of hyperthermia in cancer therapy is exten-
sive. A recent review (Dietzel, 1975), although not exhaustive, lists more than
900 references to papers published over a period of more than a hundred years.
Excellent reviews were recently published in the Proceedings of the Second
International Symposium on Cancer Therapy by Hyperthermia and Radiation
at Essen (Streffer, 1977).
Hyperthermia as presently used in medical and biological sciences means tem-
peratures in the range of between 40°C and 46°C. The word 'heat' is generally
used in the same sense. However, 'heat' in the older literature was also used for
procedures such as fulguration and cauterization (Percy, 1916). In accordance
with common use in recent literature, 'heat' and 'hyperthermia' are used in this
study interchangeably to indicate exposure to temperatures between 40°C and
46°C.
In the next section of this chapter, the literature on ihe effects of heat alone on
tumours and normal tissues is reviewed. Effects observed in vitro will be in-
cluded. The interaction between heat and other agents such as ionizing radia-
tion and a number of chemotherapeutic drugs will be subsequently discussed.

1.2 Effects of hyperthermia alone

1.2.1 Clinical applications

Spontaneous regression of tumours, though rarely seen in daily practice, has
been reported in a number of cases during the last century. Rohdenburg (1917)
reviewed 302 cases. Among possible causes of this phenomenon, he mentioned
acute infection. The first description was that of Busch (1866), who reported
regression of sarcomatous tumours in three patients who were affected by
erysipeloid fever. More than 20 years later, Bruns (1887) reviewed all cases of
tumour regression after fever reported in literature. He found only about
20 case reports, some of which were rejected as unconvincing due to lack of
evidence. Krukenberg (1889) reported a relationship between postoperative
infection and the cure rate of gynaecological cancers. He concluded that the
infection might have been beneficial.
It was again Busch who was the first to investigate this effect clinically by
artificially inducting erysipelas in a patient. Coley (1893) induced artificial fever
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by injections of extracts from bacterial cultures. He claimed success for his
treatment and a list of long-term survivors was published many years later
(Nauts et al., 1953). Most of these were patients with histologically proven
sarcomas. However, though the treatment was apparently successful, there was
no clear understanding of the mechanism for the effect obtained. Later batches
of the extract proved to be less pyrogenic and also less successful (Nauts et al.,
1953). This suggests that the tumour-killing properties of these extracts were
related to the fever which occurred after administration.
The next step in this development was artificial total body hyperthermia.
Warren (1953) used 'radiant energy' from carbon filament bulbs. He reported
the disappearance of tumours in patients by use of heat alone. In about 1965,
several groups started this type of treatment again, by total body heating of
patients (Pettigrew, 1971; Dickson et al., 1975). The treatment consisted of
heating to a temperature of 41.0°C-41.8°C for 4 to 6 hours. The results ap-
peared promising.
Heat was also applied locally. Crile (1961) used immersion in hot water in the
treatment of a number of tumours. Regional hyperthermic arterial perfusion
for 2 hours at a temperature of 43.0°C (Cavaliere et al., 1975) proved to be
effective against melanosarcomas and osteosarcomas. Perfusion of the bladder
lumen produced necrosis of transitional cell carcinomas (Hall et al., 1975;
Ludgate et al., 1976) without long-lasting damage to the mucosa. The latter
authors heated the bladder perfusate to a temperature of 44° C. Continuous
epidural anesthesia allowed complete relaxation of the bladder. Three or 4
hours of this treatment was enough to stop hematuria in 6 of 6 patients with a
recurrence of bladder cancer after radiotherapy (Ludgate et al., 1979). Stern-
hagen et al. (1977) achieved good palliation in oral cancer by 'localized current
field hyperthermia' (500 kHz, electromagnetic waves).
These results show that heat can cause regression of some tumours in man with-
out causing serious damage to the patient.

1.2.2 Effects of heat treatment on experimental tumours

Animal tumours can also be made to regress or even be cured after heat treat-
ment. A large number of authors have appiied heat to animals using various
techniques. A review has been given by Overgaard (1978). Tumour-bearing
mice were heated either locally or totally. Usually temperatures below 40°C
had no effect. Temperatures between 40°C and 43°C sometimes caused tumour
regression. Higher temperatures, if applied for an appreciable time, did have an
effect but sometimes also caused damage to normal tissues. In a number of
cases, however, the tumour was destroyed without severe damage to the
normal tissue. Tumour cures were reported in mice after radiofrequency heat-
ing at a temperature of 42.5°C for 90 min (Overgaard and Overgaard, 1972a)
and after immersion in hot water for 60 min at a temperature of 42.0°C, meas-
ured inside the tumour (Dickson and Muckle, 1972).
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The numerous published results of heat treatments of experimental animals
are difficult to compare. This is due to variations in the technique of heating:
electromagnetic, ultrasound or hot water, each with its problems. Each of these
methods only seldom produces a homogeneous temperature throughout the
heated area. Thermometry is often difficult, which is astonishing in this era of
technology. Biological factors may also influence the outcome of heat treat-
ment.

In general, local cure of tumours can be obtained at different temperatures,
but, at low temperatures, the duration of heat treatment has to be relatively
long. For heat treatments which cause the same effect, there is a direct relation
between the two parameters temperature and duration of heating. This rela-
tionship can be expressed as a compensation factor for the duration of heat
treatment for a decrease of 1°C in temperature. Overgaard and Suit (1979)
reported values of about 2.0/°C for curing tumours, if temperatures above
42.0°C were used. This means that, if a temperature of 43.0°C instead of a
temperature of 44°C was used, the duration of treatment had to be doubled in
time. At temperatures below 42.0°C, the same author reports a much higher
compensation factor (about 4.0/°C).
A serious complication of hyperthermic treatments could be an increased prob-
ability of metastases, which was reported by Dickson and Ellis (1976) and by
Yerushalmi et al. (1976). However, this was contradicted by authors who
found no increase of the metastatic spread (Hahn et al., 1979).
Structural changes in tumours after hyperthermic treatment were studied by
many authors. Overgaard and Overgaard (1972a) heated C3H tumours in mice by
means of an ultrashort-wave emitter to temperatures of between 41.0°C and
43.5°C. Microscopically, they distinguished reactions after 'light' treatments,
those after 'potentially curative' treatments and an 'intermediate' reaction.
After a 'light' treatment, many irregular metaphases were seen in tumour cells,
while no damage was observed in the tumour stroma. A few days after treat-
ment, the usual microscopic aspect of an actively growing tumour was restored.
Immediately after a 'potentially curative' heat dose {e.g., 42.5°C for 60 min),
extensive destruction was seen in most tumour cells. Again apart from some
hyperemia, the stroma appeared unchanged. This lack of damage to the stroma
is in contradiction to the observation of Reinhold et al. (1977), who reported
that the vasculature of 'sandwich' tumours became totally disrupted after
prolonged heating (140 min at a temperature of 42.5°C). With regard to these
apparently contradictory results, it has to be remarked that the heating and the
geographical position of the tumours differed considerably in these cases. Also,
the effect described by Reinhold occurred after a heat treatment which could
have caused serious damage to normal tissues in vivo.
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1.2.3 Effects of heating on normal tissues

Extensive damage to parenchymatous organs, especially to brain, may be
observed in humans after prolonged exposure to temperatures of around 42.0°C,
as in patients with heat stroke (Malamud etal., 1946; quoted in Anderson and
Kissane, 1977).
As the skin was chosen as the model for a normal tissue in the experiments to
be described here, more attention is paid to the literature on the skin reaction.
An extensive study on the heat resistance of the skin of humans and pigs was
performed by Moritz (1947). After a light treatment, the only symptom was
erythema. Longer treatments ateo caused edema and bluish discoloration.
Histologically, stasis of erythrocyte conglomerates in extended vessels was seen.
After more intensive treatments, extravasation of blood was observed. Only
then did damage to the epidermis occur. The occurrence of damage to the
vasculature along with damage to the epithelium was also found by Ludgate et
al. (1976) in patients who had undergone a therapeutic bladder perfusion with
heated fluid.
In the same way as shown for tumours, a compensation factor in duration for a
change in temperature could be calculated for the damage inflicted on the
normal tissues. The values found are similar to those for tumours: about 2.0/°C
for temperatures above 42.0°C. The tissues which were investigated were the
skin of rats (Okumura and Reinhold, 1975), the skin of the ears of mice (Lav/et
al., 1978) and the cartilage of the tails of baby rats (Morris et al., 1977). Morris et
al. (1977) heated baby rat tails both with intact circulation and in a stage of hy-
poxia due to clamping. The compensation factor was similar in both cases, but the
tails became much more sensitive to hyperthermia under hypoxic conditions. The
degree of enhancement by hypoxia was a factor 3 in the duration of heating.
A phenomenon of acquired thermal tolerance was reported for normal tissues
by Law et al. (1979). They found that a first heat treatment protected mouse
legs against the effects of a second heating.

1.2.4 The value of hyperthermic therapy in animals

Hyperthermia would naturally be of therapeutic value if tumours could be
cured with an acceptable low degree of damage to normal tissues. The experi-
ments of Crile (1961) led to interesting results. He cured tumours, the sarcoma
180 and the melanoma S-91, in the feet of mice by immersion in hot water.
The tumours necrotized and dropped off, while the feet were preserved. Other
authors also describe selective therapeutic effects of heat alone on tumours
(Overgaard and Overgaard, 1972; Dickson and Muckle, 1972). However, other
types of tumours could not be cured by heat without serious damage to normal
tissues (Overgaard and Overgaard, 1975). From these data it can be concluded
that heat may cure at least some animal tumours without producing more than
acceptable damage to normal tissues.
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1.2.5 Effects of hyperthermia on cells cultured in vitro

The most commonly used parameter for the reproductive capacity of cell
populations is the clonogenicity, i.e., the capacity of cells to multiply in vitro
from a single cell to a colony (clone) (Puck and Marcus, 1956). The clono-
genicity of exponentially growing cells after hyperthermic treatment under
normal tissue culture conditions has been studied by many authors (Westra,
1971; Westra and Dewey, 1972; Palzer and Heidelberger, 1973; Joshi et ah,
1977). The survival of cells is usually plotted on a logarithmic scale as a func-
tion of the duration of exposure to heat on a linear scale. The typical survival
curve after heating first has a 'shoulder', indicating that little cell kill occurs
during the initial period of heating, e.g., 30 min at 42.5°C. With increasing
duration an exponential decrease in the surviving fraction occurs: for each
additional unit of time, a constant fraction of cells is killed. After 3 or 4 hours
heating at 42.5°C, the killing rate may decrease probably because of cells
becoming heat resistant (Kase and Hahn, 1976; Dewey et ah, 1977). This
typical form of survival curve is not always seen. The survival curve sometimes
lackes a shoulder part. Also the heat-resistant phase is often not reported.
When a first heat application was followed after an interval by a second applica-
tion, the second application seemed less effective (Henle and Leeper, 1976).
Thermal tolerance, as this phenomenon has been named, was also seen after a
heat treatment which does not ca..se cell death by itself, e.g., 40°C for a period
of 4 hours (Henle and Leeper, 1976).
One of the characteristics of a biochemical process is the reaction rate. This
reaction rate is usually dependent upon temperature in a specific relationship
which can be graphically represented by means of the so-called Arrhenius plot,
in which the logarithm of the reaction rate is shown to be a function of the
inverse of the absolute temperature (Westra, 1971). This curve is a straight line
for many reactions. However, if the rate of cell killing was plotted in this way,
it showed a biphasic curve, which indicates that, for different temperatures,
different processes are limiting the cell survival (Dewey et al, 1977). Below a
temperature of 42.0°C, the heat-killing process was characterized by an in-
activation energy of 1533 kJ.mole"1, above the temperature of 42.5°C by an
inactivation energy of 622 kJ.mole"1 which agrees with compensation factors in
duration of 5.8/°C and 2.15/°C, respectively. These values are very similar to
those found for tumour cure and tissue necrosis, which makes it probable that
an identical process causes in vitro cell kill and in vivo tumour cure and tissue
necrosis.
Experiments with synchronized cells have shown differences in sensitivity to
hyperthermia in different phases of the cell cycle. Cells in S phase and cells in
mitosis were relatively sensitive, while cells in G! phase were relatively resistant
to heating (Harris, 1969; Westra and Dewey, 1972; Gerweck et ah, 1975).
Plateau phase cells were more sensitive to heating than exponentially growing
cells (Schulman and Hall, 1974). Hahn (1974) concluded that this difference is
due to nutritional problems occurring in a dense cell population in vitro.
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Leith et al. (1977) found no difference in sensitivity between plateau phase
cells and exponentially growing cells after exposure to a temperature of 43.0° C
for up to 3 hours. However, after longer treatments, the exponentially growing
cells became resistant, while the plateau phase cells were still sensitive to hyper-
thermia.
The influence of nutritional factors has been studied by Hahn (1974), who
reported that the presence or absence of glucose, serum and some other sub-
stances strongly influenced the clonogenicity after hyperthermia. Acute
hypoxia did not change the response of previously well-oxygenated cells but,
after prolonged {e.g., 24 hours) hypoxic conditions, cells were more sensitive
than well-aerated cells (Gerweck and Burlett, 1978). An even greater effect was
observed when the pH of the surrounding cell culture medium was low (Over-
gaard, 1976; Freeman et al., 1977; Overgaard and Bichel, 1977; Gerweck and
Burlett, 1978). A decrease in the pH from 7.4 to 6.4 dramatically increased the
effect of hyperthermia.

1.2.6 Biochemical mechanisms in the killing of cells by hyperthermia

a. Depression of energy metabolism
In vitro, both anaerobic glycolysis and oxygen uptake were depressed by heat
(Westermark, 1927; Burger and Fuhrman, 1964; Muckle and Dickson, 1971).
Recently, Kim et al. (1978) showed that an inhibitor of anaerobic glycolysis,
5-thio-D-glucose, can greatly increase the effect of hyperthermia on hypoxic
cells.in vitro. This observation seems to suggest that energy metabolism plays a
role in the heat-induced cell death.

b. Inhibition of the synthesis of proteins and nucleic acids
The synthesis of proteins, RNA and DNA was inhibited after heat treatment
(Mondovi et al., 1969). Not all three processes were inhibited at the same time;
RNA synthesis appeared to be inhibited by less severe treatment than were
DNA and protein synthesis (Dickson and Shah, 1972). Some inhibitors of
protein synthesis protected against the effects of heat, while all RNA-synthesis
inhibitors proved to increase the effects of heat (Palzer and Heidelberger, 1973;
Fuhr, 1974). From these results, it can be concluded that primarily RNA syn-
thesis is inhibited before DNA and protein synthesis are decreased.

c. Membranes
Membranes have many important functions in the cell. Apart from separating
several intracellular compartments, a role in many enzymatic processes has
been reported (for a review, see Harrison and Lunt, 1975). T. Alper (1976)
suggested that they play a role in the repair process after irradiation.
Wallach (1977) has reviewed reports on the possible involvement of membranes
in the effects of hyperthermia. He suggests that the sudden change in slope of
the Arrhenius plot which was found for heat-induced cell death (Dewey et al.,
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1977) is probably caused by the influence of a decreased viscosity of the lipid
contents of the membrane on the stability of the protein content. A number of
membrane active agents may change the heat sensitivity of cells. Examples are
procaine (Yatvin et al., 1977; Joshi et al., in press), amphotericin B (Hahn,
1977), and alcohol (Hahn and Li, 1978).
Several membrane functions such as the maintenance of the membrane poten-
tial (MikkeJs and Wallach, 1977), the adenylcyclase activity, the uptake and
efflux of a-aminoisobutyrate (Lin et al., in press) and the possibility of main-
taining pH homeostasis inside cells (Haveman, 1979) have also been shown to
be influenced by hyperthermia. Lin et al. (1963) found a change in the con-
figuration of the membranes of lymphocytes. In addition, the capacity of
cells to attach to culture vessels was decreased (Lin et al., 1977). This last
observation may explain the increased rate of metastasis observed by Dickson
and Ellis (1976) and Yerushalmi et al (1976).

d. Lysosomes
Lysosomes are small cytoplasmic granules which contain hydrolytic enzymes.
The pH inside the lysosome is about 6.0, which is relatively low compared to
the pH of the cytoplasm. Also the pK of the hydrolytic, destructive enzymes,
e.g., acid phosphatase, inside the lysosomes is low. The function of these
granules is the destruction of intracellular materials. The lysosomes disrupt and
spread their destructive content inside the cell under certain conditions (Reijn-
goud and Tager, 1977). Strong activity of lysosomal enzymes was observed by
histochemical means in cells in heated tumours (Overgaard and Overgaard,
1972a) and in the spleen cells of animals after total body heating (Hume et al.,
1978). However, it is not clear whether this activity has any relation to the
heat-induced cell death or whether the activity of hydrolytic enzymes occurs
only after cell death (Overgaard, 1977). Evidence for the second possibility was
given by Turano et al. (1966). These authors tried to imitate the hyperthermic
effect by artificial lysis of lysosomes by exposure of cells which were previous-
ly vitally stained by phenolphtalein (neutral red) to visible light. It proved im-
possible to mimic the hyperthermic cell kill in this way.

Even if heat does not kill cells directly by action on their own lysosomes, the
contents of heat-killed cells were capable of inactivating cytochrome c (Over-
gaard and Bichel, 1976) or even killing newly added cells (Von Ardenne, 1972).

1.2.7 Possible causes for selective heat sensitivity of tumours

a. In vitro heat sensitivity of in vitro cultured cells of normal or malignant ori-
gin

In the past years, the hypothesis that malignant cells are intrinsically more
sensitive to hyperthermia than normal cells has been tested. For that purpose
the sensitivity of in vitro cultured cells of normal or malignant origin to heat
has been compared. A number of authors found tumour cell lines to be more
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sensitive (Auersperg, 1966; Kim et al, 1974; Bhuyan et al., 1977). Harisiadis
et al. (1975) reported a similar heat sensitivity for both types of cell lines.
However, cell lines derived from different organs and different species were
often compared in these publications. This objection cannot be made against
another group of experiments, which compares tumourigenic and nontumour-
igenic cell lines from the same tissue of origin. Malignant transformation of
these cell lines was achieved in vitro by chemicals (Chen and Heidelberger,
1969;Giovanella etai, 1973) or by viruses (Kase and Hahn, 1975). In both log
phase and plateau phase, the tumourigenic cells proved to be more heat sensi-
tive than normal cells. Analysis of the possible causes for the increased heat
sensitivity of transformed, tumourigenic cells showed that it was not due to
differences in ploidy or cell cycle time (Giovanella et al., 1973). Kase and Hahn
(1976), analyzing cell growth curves, concluded that the relative heat sensitiv-
ity of malignant cells in plateau phase, compared to normal cells in plateau
phase was due to cell density and growth pattern, and not to the noncycling
state. Verma et al. (1977) found that the increase in heat sensitivity in SV-40
transformed cells was related to differences in the membrane properties.
Finally, cell lines derived from human tumours proved to be more sensitive to
heat than cell lines derived from their normal counterparts (Stehlin, 1975).
As discussed earlier, heat-induced cell kill might be the result of an effect on a
membrane-related cell function (1.2.6.c). Differences in membrane properties
between malignant and normal ceils (for a review, see Martinez-Palamo, 1979)
might for this reason cause a selective heat sensitivity of malignant over normal
cells. However, the evidence that heat indeed affects malignant cells more than
'normal' cells is not yet conclusive. Also the model of in vitro cultured cell lines
may not be a good one for cells in vivo.

b. Heat sensitivity in vitro of cells derived from normal and malignant tissues in
vivo

A second possible cause for a selective heat sensitivity of tumour cells is the
difference between the environment of the cells in a tumour and of that of cells
in a normal tissue. Much research has been done to compare the properties of
cells from liver tumours (Novikoff hepatoma, Morris minima] deviation
hepatoma) to those of cells derived from normal or regenerating liver. When
these cells were kept in vitro as cell lines, hardly any difference in heat sensitiv-
ity was found (Harisiadis et al., 1975). However, when the cells were treated
immediately after making cell suspensions from freshly dissected liver and
hepatoma tissue, the malignant cells proved to be much more susceptible to
heat damage, which was expressed by a decrease in respiration, in protein
synthesis, in RNA synthesis and in DNA synthesis. Isolated lysosomes from the
Novikoff hepatoma were more labile than lysosomes from normal liver cells.
Cells from Ehrlich ascites tumours and cells from a human osteosarcoma fol-
lowed the pattern of the liver tumour cells (Mondovi et al., 1969a; Mondovi £/
al., 1969b; Mondovi et al., 1970a). Bhuyan et al. (1977) reported that the in
vitro heat sensitivity of Ehrlich ascites cells increased with the time interval
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betv. een inoculation of the animals and heating. On this basis it seems that
selective heat sensitivity of tumour cells may be partly acquired by these cells
during their presence in the tumourous tissue.

c. Evidence for the influence of environmental factors on the heat sensitivity of
tumour cells in vivo

After heat treatment, the environment may continue to influence the resulting
degree of heat damage. If material from tumours heated in vivo was transplant-
ed into syngeneic animals immediately after heating or a few hours thereafter,
fewer tumours grew in the second group (Crile, 1963;Overgaard; cited in Over-
gaard and Poulsen, 1977).
A relatively large fraction of the cells from tumours heated in vivo when tested
in vitro for clonogenicity immediately after heating, proved to have survived
the treatment. The same treatment resulted in a tumour growth delay, which
indicated a much greater effect at the cellular level (Marmor etal., 1977). This
suggests that the cell kill in tumours after hyperthermic treatment is not com-
plete at the end of the heat treatment and that the environment may still
enhance the effect of hyperthennia after the treatment.

d. Indications for the influence of immunological factors
Several observations suggest that hyperthermia can also influence tumour
growth through an immunological mechanism. Injection of heat-treated cells
inhibited the percentage takes of transplanted tumour material much more
strongly than did the injection of irradiated cells (Mondovi etal., 1972; Castillo
and Goldsmith, 1973).
Moreover, evidence has been reported that heat can change the function of the
immune apparatus. In tumour-bearing rabbits, several immunologic parameters
were enhanced after local heat treatment (Dickson and Shah, 1977). The effect
of hyperthermia on tumours in mice and rats was increased by the application
of substances which potentiate the immune defence (Szmiglielski etal., 1977).
In contrast to this, total body hyperthermia seemed to depress immunological
reactions in rabbits (Dickson and Shah, 1977), rats (Williams and Gait, 1977),
and humans (Gee etal., 1977).

e. Biochemical factors
Considerable research has been done to establish biochemical differences be-
tween normal tissues and tumours. Well-known are the observations of Warburg
(1923). He described malignant cells as having a higher rate of anaerobic glyco-
lysis, i.e., the conversion of glucose to lactate, than normal cells. In later years,
this conclusion has been contradicted by other investigators but recently Burk
et al. (1967) came to the same conclusion. They described this type of glyco-
lysis in fragments of a large number of rat hepatomas, with different degrees of
malignancy. In all of these tumours, anaerobic glycolysis occurred at a higher
rate than in normal hepatic tissue; the shorter the doubling time, the higher the
rate of anaerobic glycolysis.
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Conversion of glucose to lactate occurs under conditions of low oxygen pres-
sure. Such conditions are supposed to be present in many tumours, due to the
fact that growth of the vascular system cannot always keep pace with a growing
tumour volume. Some tumour areas may be localized at such a distance from
the nearest vessel that insufficient oxygen and nutrients can reach the cells.
Thomlinson and Gray (1965) reported a clear correlation between the distance
of tumour cells from the nearest blood vessels and the condition of tumour
cells. They found areas of necrotic cells at a distance of about 90 jum from the
vasculature. These observations were later extended by Tannock (1968) to
mouse tumours. He was able to show the limiting role of oxygen by varying the
distance of the border of necrosis to the vessel by changing the oxygen con-
centration of the inhaled gas mixture.
Probably as a consequence of enhanced glycolysis, lower interstitial pH levels
were measured in tumours in vivo than in normal tissues. After the administra-
tion of glucose, the difference became even greater (Voegtlin et al., 1935). This
low pH was correlated with a very high lactate concentration (Gullino et al.,
1965). Glycolysis was also reported to lower the intracellular pH of Ehrlich
ascites tumour cells (Poole, 1967). After combination of these data, the follow-
ing theory seemed to be attractive (Von Ardenne, 1972; Overgaard and Over-
gaard, 1972): possibly due to a continuous lack in the oxygen supply, the rate
of anaerobic glycolysis is high in many tumours. The accumulated lactate
causes acidification of tumour areas. Because of the low pH the tumour cells
would become selectively more sensitive to hyperthermia (Overgaard, 1976).
This theory probably places too much stress on the importance of the pH.
Hahn (1974) showed that, in general, a state of poor nutrition makes a cell very
sensitive to heat.

f. Selectivity of heat application
By the previously described mechanisms, tumour cells could become selectively
more sensitive to hyperthermia. However, a relatively stronger effect of heating
on insufficiently vascularized tumour areas may be obtained by a completely
different factor. Some heating techniques deposit energy throughout the tissues
by means of ultrasound or electromagnetic waves (Westermark, 1927; Over-
gaard and Overgaard, 1972a; Doss et al., 1976; Mendecki et al., 1976;Marmor
and Hahn, 1977). In insufficiently vascularized tumour areas, the cooling
action of blood will be relatively slow and the temperature in those areas will
become higher than in well-vascularized ones (Leveen, 1976; Von Ardenne,
1977, personal communication).
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1.3 The influence of heating on the effects of ionizing radiation on mammalian
systems

1.3.1 Introduction

Hyperthermia may quantitatively change the reaction of cells or tissues to irra-
diation. The degree of enhancement is usually given as the thermal enhance-
ment ratio (TER). This is equa! to the dose of radiation necessary to obtain a
specific effect if only radiation is used divided by the radiation dose which is
necessary to achieve the same effect in combination with hyperthermia.
The influence of hyperthermia on the radiation reaction of mammalian systems
is described in this section. Clinical results, observations on cells in vitro, and
on tumours and normal tissues in vivo are dealt with consecutively.

1.3.2 Clinical data

The literature on the clinical use of hyperthermia in combination with irradia-
tion has been reviewed by Selawry etal. (1958). Referring to 34 papers contain-
ing data on the treatment of 600 patients, it proved possible to only make a
few tentative conclusions, as most authors supplied insufficient data for a com-
parison of the results of different research projects. The most important con-
clusion was that heat increased the effect of radiation on human tumours.
Some but not all authors felt that this enhancement was greater in sarcomas
than in carcinomas.
Also more recent reports on clinical treatments with heat and radiation have
been published. Brenner and Yerushalmi (1975) achieved interesting palliative
results. They report even the disappearance of a recurrence of a laryngeal carci-
noma treated by radiotherapy after another 600 rad and intensive heat treat-
ment. Kim, Kim and Hahn (1978) report a greatly increased number of local
cures of cutaneous localizations of metastatic melanosarcoma by irradiation
when heat was added to the irradiation.
These observations indicate that, also in humans, heat may make the tumour
cells more sensitive to irradiation. However, the set-up of these experiments on
humans allows no conclusions as yet about the use of heat in the treatment of
these tumours.

1.3.3 Interaction of heat and radiation in vitro

Experiments in vitro have shown that heat may increase the radiation-induced
cell death if it is given simultaneously or almost simultaneously to irradiation.
Even a heat treatment which does not cause cell death by itself may greatly
decrease the number of cells which survive irradiation. The degree of enhance-
ment of the radiation effect is dependent on a large number of factors which
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are briefly discussed below.
The total effect of combined treatment is determined to a large extent by the
sequence of the treatments and by the time interval between the two compo-
nents. Heating simultaneously with irradiation seems to be more efficient than
heat before or after irradiation. Furthermore, light heat treatments which cause
no damage by themselves are more efficient after irradiation than before; in
contrast to this, heat treatments which do cause some cell kill if applied alone
are more efficient before irradiation than after (Joshi et al., 1978; Sapareto et
al., 1978). The interval between heat and radiation influences the degree of the
enhancement. If heat is applied more than 4 hours after irradiation, no en-
hancement is seen. Especially if it is applied during the first minutes after irra-
diation, important changes in the TER are seen (Joshi et al., 1978; Sapareto et
al., 1978). If hyperthermia is given before irradiation, a much longer interval is
needed between the two agents to prevent enhancement. Durations of 6 to 18
hours have been reported (Henle and Leeper, 1976; Gerweck et al., 1975).
The sensitivity of cells to ionizing radiation varies according to the environ-
mental situation and to the phase of the cell cycle. These variations in the
radiosensitivity are decreased by simultaneous or almost simultaneous heating.
Under normal tissue culture conditions, hypoxic cells are relatively radio-
resistant as compared to well-oxygenated cells (Hall, 1979). The degree of
protection by hypoxia is expressed by the oxygen enhancement ratio (OER).
There are two ways of obtaining hypoxic cells under normal laboratory condi-
tions. The first method is to replace the oxygen in the tissue culture medium
by nitrogen. Cells irradiated under such conditions have the same OER with or
without hyperthermia (Power and Harris, 1977). Hypoxia can also be establish-
ed by placing many cells in a small volume of tissue culture medium and letting
them exhaust the oxygen in the medium by their metabolism. In that case, the
OER is markedly decreased if hyperthermia is added to irradiation (Robinson
et al., 1974; Kim et al., 1975). The explanation for this difference may be that
the effect of heat is determined by the coexisting nutritional problems of the
cells in the small volume of medium (Hahn, 1?74).
The degree of interaction between heat and radiation changes with the cell
cycle phase. Normally, late S phase cells are much more sensitive to irradiation
than G, phase cells. However, cells in both Gi and S phases proved equally
sensitive to combinations of heat and radiation: the interaction between heat
and radiation was strongest in the S phase (Ben Hur et al., 1975; Kim et al.,
1976; Sapareto etal, 1978).
Not all radiation-induced lesions cause cell death. Some damage can be repaired
by the cell if conditions are favourable. Two types of repair processes have
been defined: repair of sublethal damage (Elkind et al., 1965) and repair of
potentially lethal damage (Hahn and Little, 1972). A light hyperthermic treat-
ment (60 min at a temperature of 41.0°C) may temporarily delay the repair of
sublethal damage, but does not completely inhibit it. This was found in expo-
nentially growing cells (Ben Hur et al., 1974) and in plateau phase cells (Harris
et al., 1977). The repair of potentially lethal damage was also not inhibited (Li
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et al., 1976). Nevertheless, the surviving fraction of cells after irradiation was
further decreased by heating in a way which suggests an increase in the amount
of lethal radiation damage.

1.3.4 Treatment with combinations of irradiation and hyperthermia in the
animal model

a. Effects on tumours in animals
Heat treatments which alone caused little or no effect on tumour growth were
found to increase the effect of radiation on experimental tumours. Some
investigators observed that the percentage of animals which were cured in-
creased considerably after the addition of hyperthermia to irradiation (Crile,
1963; Overgaard and Overgaard, 1972). Others reported that a much lower
dose of radiation was required to cure 50% of the animals (Robinson et al.,
1974; Thrall et al., 1975; Suit et al., 1975). Also the delay in tumour growth
(TGD) induced by a given radiation dose was increased (Robinson et al., 1974;
Stewart and Denekamp, 1978).
Contradictory evidence has been reported on the influence of the time interval
between the application of the two agents and the sequence on the occurrence
of thermal enhancement. Some authors reported that, similar to the reports on
tissue culture, heat has to be applied within a limited period before or after
irradiation to obtain an enhancement of the effect of irradiation (Stewart et al.,
1978). In contrast to this, Overgaard and Overgaard (1972b) reported that, in
their experimental set-up, the enhancement was independent of the sequence
and of an interval of up to 24 hours. The conflict in the evidence may be due to
difference in set-up of the treatments. Possibly both groups of experiments
provide data on different types of interaction between hyperthermia and irra-
diation. The major difference in the method of treatment seems to be the
method of heating. The latter authors used electromagnetic heating, while the
former group applied heat by means of hot water.

b. Damage to normal tissues
Not only the effect of radiation on tumours, but also the radiation-induced
damage to normal tissues was increased by hyperthermia. The radiation reac-
tion of human skin (Barth and Wachsman, 1948) and the radiation fibrosis of
the bladder wall of dogs (Cocket et al., 1967) were increased by heat.
Quantitative information has been obtained in rodents. The skin reactions of
mice (Robinson etal, 1975; Thrall etal, 1975; Stewart and Denekamp, 1977),
growth inhibition of the baby rat tail (Myers and Field, 1977), mucosal damage
of the intestine (Field et al., 1978; Merino et al., 1978), and the effects on the
central nervous system (Miller et al., 1976; Goffinet et al., 1977) were all
enhanced by heating after irradiation.
The occurrence of thermal enhancement in normal tissues depended strongly
on the sequence of and the time interval between the two components of the
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combination treatment. Almost no enhancement was found if heat was applied
more than 4 hours after irradiation or more than 12 hours before.
Law et al. (1978) made a study of the thermal enhancement of the radiation
damage in mouse ears. They quantified the hyperthermic enhancement for a
large number of different heat treatments. From these data, they calculated
from the Arrhenius equation an activation energy of 1200 kJ.mole"1 for the
process which causes the thermal enhancement of radiation damage. This value
was much higher than those found by them for the damage caused by heat
alone. Their conclusion was that damage by heat alone is caused by a process
which is completely different from that which causes thermal enhancement of
the radiation reaction.

c. Therapeutic gain
There are also discrepancies with regard to therapeutic gain among reports in
which the TER in mouse tumours and in mouse skin was compared. Some
authors reported a distinct therapeutic gain by the addition of hyperthermia
to irradiation (Robinson et al., 1978). However, another group found no gain,
as the TER for tumours in their experiments was similar to the TER for skin
(Stewart and Denekamp, 1978). One group noted a gain only under certain
conditions (Thrall et al., 1975). A further discussion on this important point
can be found in Chapter VII.

1.4 The interaction of heat and cytostatic drugs

Combinations of hyperthermia and cytostatic drugs have been used clinically
for more than 15 years. Regional arterial perfusion in the head (Woodhall et al.,
1960) and extremities (Stehlin et al., 1975) were performed with heated per-
fusion fluid. The latter group reported an important improvement in the cure
rate resulting from the addition of heat to regional chemotherapy for malignant
melanomas.
Data from in vitro experiments on the interaction of heat and cytostatic drugs
are rather scarce. They were reviewed by Hahn (1977). Three types of inter-
action between hyperthermia and drugs can be distinguished. Firstly, the
activity of many drugs increases slightly with temperature. Arrhenius plots of
these processes show only slight slopes and the activation energy is low, about
80 kJ.mole"1. No special effects are observed above 42.0°C. Examples of drugs
which show a similar pattern are the hypoxic sensitizer Ro-07-0582 (Stratford
and Adams, 1977) and the alkylating agents thioTEPA (Johnson and Pavelec,
1973), BCNU, CCNU and Me-CCNU (Hahn, 1977).
A second type of mechanism is seen with cytotoxic drugs which exhibit greatly
increased effectiveness at temperatures above 42.0°C. For example, the uptake
of adriamycin in the nucleus of cells was greater when hyperthermia was
applied, while, for bleomycin, heating inhibited the repair of potentially lethal
damage (Hahn et al., 1975).
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The third type of interaction involves drugs which are not active at normal
temperatures but become efficient once a temperature of 42.0°C is reached.
Amphotericin B and various alcohols belong to this group. Their effect is
attributed to an influence on the viscosity of the membranes.
The pharmacological properties of drugs may be influenced by heat, e.g., the
excretion (Block and Zubrod, 1973) or the decomposition (Hahn, 1977) may
be changed.
The application of heat may help to localize the field of action of a drug.
Shingleton et al. (1962) cooled the major part of the body of dogs to about
32°C and heated the target area to 41°C and 43°C. The uptake of labelled
nitrogen mustard was much higher in the heated area. The same procedure was
applied to patients (Shingleton et al., 1961). A similar effect was reported by
Overgaard (1976). Local heat after intraperitoneal injection of adriamycin
increased the number of cures in tumour-bearing mice and decreased the side
effects in the rest of the body.

(.5 Conclusion

Hyperthermia has proved to be a method which affects some human tumours,
e.g., bladder carcinomas. The mechanism of action is not clear.
Also tumours in animals are sensitive to hyperthermia. It is not known why
some tumours are cured and some not after superficially identical heat treat-
ments.
Hyperthermia has been suggested as an adjuvant to radiotherapy. Indeed, it has
been shown that the effect of irradiation is enhanced by heating. However, the
effect of irradiation was increased in both tumours and normal tissues and it is
not clear whether it occurs to the same extent in both normal and malignant
tissue (in such a case nothing would be gained by the addition of hyperthermia)
or whether the effect in tumours is increased to a greater extent. This would be
favourable, as it would result in a larger effect on the tumour with the same
side effects.
This thesis contains the results of experiments on the mechanism of action of
hyperthermia on animal tissues. The possible modes of interaction between
heat and ionizing radiation were investigated. The results obtained for mouse
skin and for mouse tumours are compared to determine whether the addition
of hyperthermia to radiation increases or decreases the selectivity of irradia-
tion.
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Chapter II

EXPERIMENTAL TECHNIQUES AND PROCEDURES

II. 1 Introduction

The selection of experimental systems for investigations on the therapeutic
efficacy of cancer treatments always presents a number of problems since
responses of animal models can never adequately simulate responses of tumours
and normal tissues in patients unless large animals with spontaneous tumours are
used. These are extremely expensive and cannot be obtained in large series.
Most studies in animals have been performed with transplantable tumours in mice
and rats, which provide systems that can ensure adequate reproducibility with
sufficient numbers of animals to analyze results for statistical accuracy.
As a parameter of the side effects of the treatments, it seemed logical to study
a normal tissue in the same type of animal as in which the tumours grow. Due
to its superficial position, the skin is an easily observable tissue and it can also
be easily heated by hot water. Furthermore it is a well-studied tissue due to its
dose-limiting properties in radiotherapy. For these reasons, the skin reaction
was chosen as a parameter for the side effects of the treatments.

11.2 Materials

Centraal Proefdierbedrijf TNO, Zeist, The Netherlands, supplied 11 to 12
weeks old DBA2xC57bl10 mice. Between 4 and 12 animals were kept in one
cage. Each individual mouse could be identified by means of earmarks. Each
type of treatment was applied to animals in different cages in all experiments.
The observer did not know which treatment each individual animal had
received. Different groups of animals were used for tumour and skin reaction
experiments.
A small batch of the hypoxic cell sensitizer Ro-07-0582, produced by Roche
Ltd., Welwyn Garden City, Herts., England, was obtained from Dr. G. E.
Adams, at that time at the Gray Laboratory, Northwood, London. Before
treatment, this compound was dissolved in sterile distilled water at 35-40°C to
obtain a concentration of 0.05 gjnl"1. This solution was kept warm in a water-
bath to prevent crystallization.
A sterile mixture of 7.2 ml water, 2 ml propylene glycol and 0.8 ml of a solu-
tion which contained 60 mgjmr1 of sodium pentobarbitone (Nembutal®) was
prepared in the pharmacy of the Wilhelmina Gasthuis (Head P. E. Kamp). It
was stored at refrigerator temperature. Sterile solutions for injection of various
concentrations of glucose or mannitol were used.
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II .3 Tumours

The M8013 tumour originated as a mammary adenocarcinoma in a castrated
oestron-stimulated Cs7bl mouse at the Netherlands Cancer Institute (Van
Dongen, 1961; Van Peperzeel, 1970). From a cell line derived from this
tumour, we obtained the M8013X tumour which was maintained by serial
transplantation. This tumour proved to be slightly antigenic. About 103 cells
produced tumours in a majority of he animals. Previous total body irradiation
with 4 Gy or previous immunization with radiation-killed tumour cells did not
influence the growth time of the tumours from the inoculation with 3000
tumour cells to a volume of 1 cm3 or the number of takes.
For the preparation of cell suspensions to be used for inoculation, a tumour
was cut with scissors into pieces of less than I mm3 and suspended in Eagle's
minimal essential medium with Hank's salts. The larger pieces sedimented in
5 min and were separated from the supernatant. After centrifugation, the single
cells and small clumps in the last fraction were used to obtain a suspension. The
viable tumour cells were counted using lyssamine green exclusion as a test for
viability. About 10s dye-excluding cells in 0.03 ml were injected into the
shaved right lower hind leg of mice. From the 6th day after inoculation, the
legs were inspected and tumours were measured with calipers five times a week.

103
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Figure il.l. Tumour volume as a function of the time after treatment. At the level of 1 cm3

or 2 cm3, the tumour growth delay was calculated by subtracting from the time treated
tumours required to reach this volume the time required for untreated tumours to do so.
N.T.: indicates the curve of an untreated animal; H: the curve of an animal which was treat-
ed at a temperature of 43.0°C for 60 min; X: an animal which was irradiated to a dose of
15 Gy; X-4h-H: an animal which had the same heat treatment 4 hours after irradiation;
X-H: an animal which was heated immediately after irradiation.
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Figure II-2. Tumour growth delay after irradiation as a function of the dose of irradiation.
Average values from all important experiments performed during this study are plotted.
There were experiments started on 27.09.76 (•), 18.01.77 (•), 29.03.77 (•), 14.07.77 (o),
05.10.77 (V) and 05.12.77 (*). Irradiation was performed in set-up B in the first two experi-
ments and in set-up C in the last three. Each point represents the average of 5 -15 animals.

The tumour volume (V) was calculated using the formule V = y2 abc, where a, b
and c are mutually orthogonal diameters of the tumour. Tumours were in-
cluded in the experiment at a volume of between 75 and 200 mm3.
The untreated tumours grew almost exponentially with a volume doubling time
of 1.6-1.8 day (see Fig. II-l). A volume of 1 cm3 was reached after five days.
After another two days, the volume was about 2 cm3. Irradiated and/or heated
tumours attained these volumes later, with delays depending on the treatment.
The tumour growth delay (TGD) was usually calculated at a tumour volume of
1 cm3 but at a volume of 2 cm3 in one experiment.
A tumour was assumed to be eliminated if it did not reappear within 100 days
after treatment. The average tumour growth delays due to irradiation only are
shown in Figure II-2. A considerable spread in the results over subsequent
experiments is observed. Often, however, the agreement within one experiment
was good. The hypoxic sensitizer Ro-07-0582 when injected before irradiation
decreased the radioresistance of the tumours (Fig. II-3). Without irradiation the
drug had no effect on tumour growth.
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Figure II-3. Tumour growth delay after irradiation as a function of the dose of irradiation.
The open circles represent animals which were injected with 0.5 mg.g-' Ro-07-0582 intra-
peritoneally 45 min before the irradiation started. The solid circles represent animals which
were irradiated only. All except one point (see figure) which is a median value, represent the
mean of about 6 animals. Error bars show the standard error of the mean.

II .4 Skin reactions

A scoring system for quantifying the reactions of mouse skin to irradiation has
been extensively described by Douglas and Fowler (1976). The same system
was used in the present study in a slightly modified version, which is shown in
Table II-l. The following signs contributed to the score.
Slight but distinct (±) or intensive (+) redness was recorded. The observation of
very slight degrees of redness presented difficulties due to the pigmentation of
the skin. Four degrees of edema were distinguished by the disappearance of
small skin folds (±), the disappearance of the concavity between the callosities
of the foot, a severe edema over a larger area and a very severe edema which
gave an inflated aspect to the foot. Neither redness nor edema were used for
the score after the 20th day after treatment. Dry desquamation was distinguish-
ed in two degrees: slight with a cracked appearance of the skin and full with a
scaly appearance. Initially, a late sign, 'shiny skin', was distinguished, but this
was omitted later as its recognition proved to vary among different observers.
A number of degrees was distinguished for moist desquamation, which varied
from a very small spot (score 1.37) to a very severe state with a completely
crusty foot stuck to the abdomen of the animal (score 3.5). The degree of
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Table H-l. Survey of a scoring system for reactions of the skin of mouse feet to ionizing
radiation.

Score

0.0
0.25
0.5
0.75
0.87
1.0
1.12
1.25
1.37
1.5
2.0
2.5
3.0

1.25
1.0
0.75
0.5
0.25

Reaction of the skin of mouse feet

normal
somewhat abnormal, not easy to specify
clearly abnormal, not easy to specify
redness ± or edema ±
redness ± and edema ±
redness + or edema +
edema +± / light dry desquamation
edema ++ / full dry desquamation
1% moist desquamation
2-6%
20-24%
46-55%
81-90%

no hair
very little hair
little hair
patchy
thin hair / discoloration

moist desquamation was quantified by the fraction of the area of the foot
below the ankle (including the heel) which was affected. The dorsal skin was
assumed to be 40% of this area, the palmar skin 40% and the rest, the sides
and the areas between the toes, 20%. Epilation usually occurred at a late stage
of the severe reactions. In those cases, the skin remained hairless to some
extent after the moist desquamation had healed. Regrowth of hair in epilated
spots proved to be dependent on the dose. In slight reactions, progressive epila-
tion developed slowly. The degree of epilation was described as thin hair
(0.25), patchy aspect, 75-25% of the dorsal surface bald, (0.5), scarce hair
(0.75), more than 90% epilated (1.0) and no hair at all (1.25). Again only the
foot and not the lower leg was inspected.
In Figure II-4, the scores of mouse feet after different doses of radiation are
plotted as functions of time. The observations on the feet were usually made
3 times a week from about the 8th day until the 30th day after irradiation.
After a latent period, the score starts to increase at about the 10th day after
treatment due to increasing redness and edema. If the dose of radiation is large
enough, the dry or wet desquamation develops thereafter. The peak is usually
reached around the 20th day. The score then decreases as the moist desquama-
tion and other symptoms decrease.
Reactions after irradiation only and those after irradiation followed by a heat
treatment of 60 min at a temperature of 43.0°C showed this pattern. The
average of 9 scores between days 10 and 30 after treatment was used as a
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Figure II-4. The average of the scores of the skin reaction of mouse feet as a function of the
time after treatment. Solid lines represent groups of animals which were only irradiated with
20, 25 or 30 Gy. The dashed line represents the animals which were heated for 60 min at a
temperature of 43.0°C immediately after irradiation with 15 Gy. Each point represents the
average of 4-5 animals.

cumulative value for each reaction in the dose-response curves. The pattern of
the dose-response curves for irradiation varied during the course of the experi-
ments, probably due to changes in the set-up (see later).

II.5 Experimental set-up and treatments

Anesthesia. About 15 min before treatment, 50 mgJcg'1 sodium pentobarbitone
(Nembutal®) was injected intraperitoneally. If necessary, 20-30 mg.kg"' extra
was given during treatment. Another full dose of 50 mg.kg"1 was given after a
3-hour interval to those animals which required further treatment. The animals
were kept at an environmental temperature of 32°C while recovering from
narcosis to prevent cooling and death. In set-up C (see later) it was possible to
also keep the animals at a similar environmental temperature before and during
irradiation.

Containers. During treatment, the animals were kept in small perspex contain-
ers. A piece of foam plastic pressed the pelvic area of the animal gently to the
base. The right hind leg protruded through an aperture in the base (30 x 9
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mm2), without further traction externally. The same containers were used in
both the heating and radiation set-ups, making the change to the other treat-
ment modality possible within 1 min.

Irradiation in air. During irradiation, the animals were placed on their sides in
small perspex containers. The legs to be treated protruded into the vertical
beam from a 250 kV therapy X-ray generator and were held in place by surgical
tape on top of 22 cm perspex. Lead of a thickness of 2 mm was used to shield
the other parts of the body. Set-ups A, B and C differed in the following
points. In set-up A, the focus to skin distance (FSD) was 40 cm, the field
10 x 10 cm and the dose rate 1.34 Gy.min"1. The shielding lead was simple and
did not touch the animals. In set-up B, the FSD and the field were the same,
but the dose rate was higher, 1.89 Gy.min"1. The shielding lead had only
narrow holes through which the legs protruded into the beam. The dose rate
was higher due to the installation of another machine. In set-up C, the FSD
was 35 cm, the field 8 x 8 cm and the dose rate 1.89 Gy-min"1. The holes in the
lead were larger than in set-up B. In all cases, the filter was 0.5 mm Cu. The
half-value layer was approximately 1.5 mm Cu.

Irradiation in water. The treated leg was immersed in water of 37.0°C or
43.0°C which was traversed by a horizontal X-ray beam. The body of the
animals was shielded by lead of a thickness of 4 mm. The FSD was about
30 cm, the field was 8 x 8 cm, the filter 0.5 mm Cu and the dose rate 240
Gy.min"'. This set-up was designated D.

Differences in radiosensitivity correlated with the irradiation set-up. The radio-
sensitivity of the skin proved to vary considerably with the irradiation set-up.
In Figure II-5 the dose-response curves obtained under the 4 irradiation condi-
tions described are shown. The curves of set-ups A, B and C differ considerably.
The difference between set-ups A and C is explained by differences in the
recognition of the sign 'shiny skin' in the scoring system; this influenced
especially the 20 Gy point. However, the B curve is much lower than the A or
C curve over the whole range of doses used. The D curve obtained in set-up D
is fundamentally different as the leg is in water at 37.0°C during irradiation.
The resultant dose-response curve is also very different.

Heating. All heat treatments were performed by immersion of the leg in hot
water. Simple water vessels were used initially. Later large perspex water baths
with a capacity for 22 mouse containers were constructed. A very constant
water level was obtained by adding a small amount of water every half hour
while an overflow arrangement drained superfluous water. The bath was placed
exactly horizontally by aid of adjustable screws. An electric heating coil
connected to a thermostat kept the temperature accurate to within ± 0.05°C.
The water was stirred by two propellors. A thermometer was installed and read
regularly. Extensive measurements showed that the temperature distribution in
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Figure II-S. The skin reaction after irradiation as a function of the dose. Mouse legs were
irradiated in 4 different set-ups during the two years of the experiments included in this
study. The set-ups, A, B, C and D, are described in Chapter II. For each set-up, all data were
plotted and a line was fitted by eye. These lines are shown in this figure.

the baths was very homogeneous. Heat treatment was started by placing the
base of the containers on the water surface. The leg was thus deeply immersed
in the water.
The depth of immersion, which proved to determine to an important extent
the survival or the death of the animals during the heat treatment, was almost
identical for all animals. The transparency of the perspex walls allowed inspec-
tion of the treated leg. The heads of the mice were positioned on small pieces
of perspex to prevent the animals from aspirating small drops of water. The tail
was kept out of the water by a piece of surgical tape. The head of the mouse
was cooled by air which entered through a large opening in the top of the
container. A small experiment showed that the application of warm water at a
temperature of 37.0°C for a time duration of 60 min after irradiation in set-up
C did not influence the score of the radiation reaction which developed after-
wards.

Thermometry during heating. Temperatures in both healthy and tumour-
bearing animals during waterbath heating were measured by using a thermo-
couple and a microvoltmeter. In healthy animals, the intraperitoneal and intra-
muscular temperatures and the subcutaneous temperatures in the foot and the
lower leg were investigated. In tumour-bearing animals, the temperature in a
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Table II-2. Temperature differences in the immersed mouse leg relative to the temperature
of the waterbath.

Localization

foot s.c.
lower leg s.c.
lower leg i.m.
intraperitoneal
tumour

Temperature difference to
water (43.0°C)

0.4,0.4,0.7
0.3,0.5,0.4,0.7,0.5,0.3
0.6,1.0,1.0,0.4
1.4,4.3,4.9
0.4,0.3,0.2,0.3,0.5

X*

0.5
0.5
0.8
3.5
0.3

s.e.m.*

0.1
0.1
0.2
1.1
0.05

*The average (x) and the standard error of the mean (s.e.m.).

deep-seated part of the tumour was determined. The results are presented in
Table II-2. Temperature differences between the waterbath and subcutis or
tumours are around 0.4°C. Intramuscularly the temperature difference was
greater. It was concluded from these experiments that, if the legs were heated
in water of 43.0°C, the temperature in the tumours must have been around
42.6°C, except for some deeply intramuscular parts which may have been only
42.0°C.

11.6 Discussion

a. A scoring system for radiation reactions
The scoring system described for the radiation reaction of mouse skin has been
used successfully by many authors (Fowler et al, 1968; Brown et al., 1971;
Robinson et al., 1974; Stewart and Denekamp, 1977). Nevertheless, objections
have been raised against the use of scoring systems which combine signs of a
different origin (Hogeweg, 1978). This does not apply to this system, as, in the
skin reaction of mice, the signs are far from independent. A leg which is scored
relatively high on day 12 usually shows the same on day 20 and on day 30 (see
Fig. II-4). The use of multiple scores for the final average score improves the
chance for differentiation between legs which may be indistinguishable one
day, but have nevertheless been damaged to a different degree. This may be
expressed in a different rate of cure, which can be established only if observa-
tion is continued. Thus, the severity of a radiation skin reaction is expressed by
the average score.
Reactions after heat treatment differ from those after irradiation. Reactions
after a severe heat treatment are characterized by an extensive edema immedi-
ately after treatment, which is followed by lesions in the skin within a few days
(see Chapter HI). In contrast to this, radiation reactions develop more slowly
after a latent phase of about 10 days and also heal slowly. The reactions after a
combination of a certain dose of radiation and a light heat treatment were
similar to the reactions after a higher dose of radiation. We conclude that these
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combinations produce radiation reactions which are enhanced by heat. For this
reason, it seems justified to also apply a scoring system developed for radiation
reactions to combination treatments and to make similar calculations as for
radiation reactions (Robinson era/., 1974; Stewart and Denekamp, 1977).

b. Dependence of the radiosensitivity on the treatment set-up
A few important changes in the set-up of irradiation occurred during this study.
Firstly, the simple lead shielding was replaced by precisely cut lead with narrow
holes for the irradiated legs. Later, this lead was in turn replaced by lead with
holes twice as wide.
The effect on the radiosensitivity of the skin proved to be considerable in both
cases (Fig. II-5). After the introduction of the narrow holes in set-up B, the
skin reactions decreased. When the lead with narrow holes was replaced by lead
with large holes, the skin reaction again increased. The most probable cause of
these effects is hypoxia due to vascular obstruction which was caused by the
narrowness of the holes in set-up B. This hypoxia probably was not complete.
The OER which is obtained by comparing curve B with curve D in Figure II-5
is not more than 1.8. The hypoxia is probably dependent on minor differences
in the method of application of the lead, which also explains the very good
reproducibility of the curves of the C-type (see Fig. IV-4); investigations using
set-up B showed a larger variation within and between experiments.
No similar effect was evident for tumours, but the same problem may very well
have contributed to the large spread in the sensitivity of the tumour to irradia-
tion, within and between experiments. These variations in set-up led us to
decide not to combine the results of different experiments, with either tumours
or skin, but to interpret each experiment by means of the reference curve for
irradiation alone which was included in almost all experiments.
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Chapter III

HEAT-INDUCED DAMAGE IN THE SKIN OF MICE

III. 1 Introduction

To study the influence of heat on the radiation reaction of mouse tissues we
wished to select a heat treatment which was as effective as possible against
tumour tissue without itself causing evident damage to the skin. For this
purpose we evaluated the effect of treatments for various time periods at a
temperature of 43.0°C on the skin. Severe macroscopically observable lesions
to the mouse skin occurred mainly after heat treatments lasting for more than
90 min. However, vascular obstruction, which was reported in the literature to
be an early phenomenon in the development of heat damage (Moritz, 1947),
may occur after treatments of just over 60 min.
To evaluate this phenomenon of vascular obstruction, a study was made of the
effects of longer hyperthermic treatments on the subsequent radiosensitivity of
the skin. The hypothesis was that such vascular obstruction and the resulting
hypoxia in the heated tissues would lead to decreased radiosensitivity. For
these experiments, the interval between heating and radiation was made long
enough to exclude thermal enhancement of the radiation effects and short
enough to cause hypoxia at the time of irradiation.
The treatment chosen for further experimentation was 60 min at a temperature
of 43.0°C. Still, this treatment proved to cause local necrosis of the skin over-
lying tumours. To test whether the increased heat sensitivity of the skin in this
situation was due simply to the presence of a subcutaneous mass, we attempted
to mimic the presence of a tumour by implanting glass spheroids subcutaneous-
ly before heating.

III.2 Experiments and results

a. Description of the macroscopically observable damage to the mouse foot
after heat treatments at 43.0° C

The right hind legs of mice were heated in a waterbath at a temperature of
43.0°C, for various time durations from 30 min to 150 min. The experimental
set-up has been described in Chapter II.
The macroscopic signs observed on the mouse feet after these heat treatments
are summarized in Table III-l. The degree of reaction to heat depends strongly
on the length of the heating time period. The most frequent signs were edema
and redness, which disappeared in 2 to 3 days after treatments of 30,60 or 90
min. Very severe edema and a bluish discoloration of the foot occurred after
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Table IH.l Macroscopic signs on the foot after heat exposure.

Heat treatment
at 43.0°C

60min

90min

120 min

150 min

Edema

some edema and
redness
(day 0-2)
extensive edema
(day 0-3)

very severe edema
with bluish dis-
coloration
(day 0-5)

very severe edema
with bluish dis-
coloration
(long lasting)

Skin necrosis

none

none or minimal

5-25% of the dorsal
side of the foot
(day 4-7)

50% or more of the
dorsal side of the
foot
(long lasting,
day 4-17)

Hairless
spots

none

none

some

up to 90%

Depigmenta-
tionofhair

absent

absent

present

present

heating for 120 or 150 min. Lesions of the skin of the dorsal side of the foot
were then observed from about the 4th day after treatment. Most of these
lesions had healed by the 8th day after treatment. The hairless skin which
remained was again covered by unpigmented hair around the 30th day after
treatment.

b. Decreased radiosensitivity after heat treatments
The mouse legs were first treated by heat for 60 min, 75 min or 90 min at a
temperature of 43.0°C. Radiation was administered 20 h later in a dose of 15,
25 of 35 Gy in set-up C which has been described in Chapter II. The developing
skin reactions were quantified by the scoring system for radiation damage
(Chapter II, Section 4).
The results of the first experiment are shown in Figure III-l. Each point
represents the average score of five animals. Sixty min of heat hardly in-
fluenced the radiation response. Only after a dose of 35 Gy the reaction was
slightly enhanced by this heat treatment.
A different pattern is shown in Figure III-2: heatings for 75 or 90 min de-
creased the radiosensitivity of the mouse skin considerably. The severe
desquamation reactions which are normally seen after 25 or 35 Gy were not
observed. At a damage level characterized by an average score of 1.4, a dose
modifying factor (DMF) of 0.7 was calculated.

c. Heat-induced necrosis in the skin overlying tumours
Tumour-bearing legs which were treated in a waterbath at a temperature of
43.0°C for 60 min showed a small brown or black spot (2 to 3 mm across) near
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Figure III-l. Skin reaction as a function of the dose of irradiation. Circles represent mouse
legs which were irradiated only. Triangles show the results of legs which were heated for
60 min at a temperature of 43.0°C followed by irradiation after an interval of 20 h. Error
bars show the standard error of the mean of 5 animals.

the top of the tumour 3-4 days later. After longer heat treatments, necrosis of
the skin occurred at these spots at a later stage, resulting in an ulceration. These
lesions occurred with heat treatments causing no lesions in a normal mouse leg.
To evaluate the possible role of pressure of the tumour on the skin, we implant-
ed sterile glass balls of about 3 mm in diameter subcutaneously in the lower leg
of mice at the place where the tumours were usually implanted. No incision
was made in the skin of the leg, as the spheroids were introduced subcutaneous-
ly in the back of the animal. After a few days adaptation, the animals received
the normal heat treatment of 60 min at 43.0°C. A local skin necrosis was
observed 4 days after this in 5 of 6 animals treated this way.

d. Fractionated heat treatments
Except for a small amount of edema and redness, when heat treatments of 45
or 60 min at 43.0°C were applied on three consecutive days no damage to the
legs was observed.
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Figure III-2. Skin reaction as a function of the dose of irradiation. Closed circles represent
mice legs which were irradiated only. Open circles and squares show the results of legs which
were heated at a temperature of 43.0°C for 75 and 90 min respectively, followed by an
irradiation of 15, 25 or 35 Gy after an interval of 20 h. Bars show the standard error of the
mean of about 5 animals.

Ill .3 Discussion

At 43.0°C, the longest period of heat treatment without damage to the normal
skin appears to be 60 min. No skin lesions were observed after this treatment,
not even after repeated exposure. We also found no evidence of vascular
obstruction which would have caused a decrease in radiosensitivity after this
heating regimen. In addition, the radiation reaction of mouse skin was not
changed, providing the treatment was applied at a sufficiently long interval
after irradiation.
A few observations still need a brief discussion. The redness seen after the heat
treatment chosen is obviously an effect of vasodilataiion, which may have been
caused by released histamine. High levels of histamine have been found by
Kellaway and Rawlinson (1944) after heating the legs of cats and guinea pigs.
This vasodilatation may also have improved the state of oxygenation, which
may explain the slightly increased radiosensitivity to 35 Gy at 20 hours after
the heat treatment; an increase in radiosensitivity due to intracellular inter-
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action between heat and radiation is not very probable when irradiation is
administered at so long an interval after heating. This has been discussed in
Chapter I.
Epithelial cell death and tissue necrosis have been reported to be preceded by
vascular obstruction (Moritz, 1947; Ludgate et al., 1976). We detected this
initial phase in the development of heat damage by another consequence of
vascular obstruction: decreased radiosensitivity. It is a well-known fact in radio-
biology that low oxygen levels reduce the sensitivity of cells to irradiation by a
dose modifying factor of up to about 0.33. Treatments of 75 and of 90 min at
a temperature of 43.0°C resulted in considerable radioprotection. We assume
that the tissues treated for that long reached the phase of vasoobstruction.
Possibly, the extensive edema noted in Table III-l is also an expression of this
vascular obstruction.
The presence of a subcutaneous mass in combination with hyperthermia facil-
itated skin necrosis. This phenomenon, first observed in tumour-bearing mLe,
was confirmed by the experiments in which a glass spheroid was implanted
subcutaneously. We think that local pressure was induced by the presence of a
mass in the limited space beneath the skin of the mouse leg, while edema due
to hyperthermia may also have contributed. Such an increase in pressure may
have caused hypoxia. Hypoxia has been reported by Morris et al. (1977) to
sensitize tissues to hyperthermia by a factor 3 in the duration of exposure. As
the results on the skin reactions presented in the next chapter were obtained
from animals without tumours, they are not influenced by this effect of
tumours on skin.
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Chapter IV

THE EFFECT OF COMBINATIONS OF IRRADIATION AND HEATING ON
THE MOUSE SKIN

IV. 1 Introduction

It has been previously reported that hyperthermia treatments which do not
themselves cause damage to tissues, can nevertheless enhance the reaction to a
simultaneous or almost simultaneous irradiation of the same tissue. For mouse
skin, this was shown by Robinson et al. (1974), Thrall et al. (1975), Stewart
and Denekamp (1977) and Law et al. (1978). In this chapter, we report some
experiments in which the influence of some parameters of the heat treatment
on the thermal enhancement of the radiation reaction were studied. These
experiments were devised not only to obtain a better understanding of the
processes induced by hyperthermia in general but also with the intention of
enabling a comparison of the results of these skin experiments with the results
of tumour experiments.

IV.2 Experiments, results and calculations

a. Thermal enhancement as a function of the duration and temperature of heat-
ing

For the following experiments, irradiation of mouse legs was done in set-up C.
Immediately after a dose of 15 Gy, the legs were immersed in a hot-waterbath
at a temperature of 42.0°C, 43.0°C or 44.0°C in one experiment and at
41.5°C, 42.5°C, 43.5°C or 44.5°C in another for various time durations up to
240 min. The skin reactions in the two experiments are shown in Figure IV-1 and
Figure IV-2 as a function of the duration of heating at various temperatures.
We concluded from the experiments described in Chapter III, and from the
publications of Law et al. (1977, 1978) t!iat, except for the longest time
periods, these heat treatments would not cause damage to the normal mouse
skin. Results from combination treatments in which the heating alone would
lead to visible damage have been encircled in the diagrams.
All temperatures between 42.0°C and 44.5°C enhanced the radiation reaction
after 15 Gy to an average score of 1.2 or higher if heating was given for a

Figure IV-1 and IV-2. The skin reaction after 15 Gy as a function of the duration of heat
exposure starting immediately after irradiation. The dashed lines represent the damage levels
at which TER 1.45 and TER 1.58 were attained. Results from heat treatments which might
also have themselves caused damage have been encircled. Bars represent the standard error of
the mean. —»-
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Figure IV-3. The thermal enhancement ratio of the skin reaction after 15 Gy as a function
of the compensated duration of heat exposure. The data were obtained from the experi-
ments of Figures IV-1 and IV-2. All durations have been compensated by a factor of 2.25 x/
°C. At the bottom, the time scales of all different temperatures are shown. TERs were
obtained by means of the reference curves shown in Figure IV-4. Encircled values represent
heat treatments that probably would have caused skin damage without preceding irradiation.
The line was fitted by eye. The value of this graph is limited by a lack in knowledge of the
exact course of the reference curve.

sufficiently long time. A higher temperature or a longer exposure time usually
resulted in a larger enhancement factor. Prolongation of heating by about a
factor 2 compensated for a one degree centigrade lower temperature. This
factor will be discussed later.
The degree of enhancement was dependent on the length of the heat treat-
ment, which is illustrated in Figures IV-1 and IV-2. However, after an initial
phase with rapidly increasing enhancement of the effects, the rate tends to
decrease with still longer treatments.
As will be explained in the next section of this chapter, a factor 2.25 has to be ap-
plied to the duration of the heat treatment for each degree of lower temperature
to obtain a same effect. The data from Figures IV-1 and IV-2 were replotted in
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Figure IV-3 after correction of the duration of heating with the compensation
factor 2.25 x/°C. The effects were expressed as thermal enhancement ratios
(TERs, see Glossary). These TERs were obtained by comparing these effects with
the reference curves (Fig. IV-4) for the effect of irradiation without heating. The
curve, fitted by eye, in Figure IV-3 again indicates a gradually slower increase in
enhancement by heat with prolongation of the duration of the treatment.
A few points in Figure IV-3 suggest a second steep phase after more prolonged
heating. However, these are also the points which were encircled in Figure IV-1
and Figure IV-2 as effects of heat treatments that alone could have caused
damage to the normal tissues.

b. Thermodynamic properties of the heat-radiation interaction
The durations of exposure times which were required at various temperatures
to achieve the same degree of enhancement of the radiation reaction were
compared. For this purpose isoeffect lines were drawn at two arbitrarily chosen
enhancement levels in Figure IV-1 and in Figure IV-2. The upper line in both
figures represents a damage level of 1.2 where a TER equal to 1.58 is obtained
in both experiments. The lower line has been drawn at an average score of 0.79

_ 3 . 0

R
o

a

a>
52.0
u
(A

8.
2
at

I ro-1
o
«_
_c
IA

0 10 20 30 40
dose of radiation (Gy)

Figure IV-4. The skin reaction of unheated mouse feet as a function of the dose of radia-
tion. The circles represent the data obtained in the experiment shown in Figure IV-1; the
squares represent the data obtained in the experiment shown in Figure IV-2. Bars represent
the standard error of the mean. Each point represents 5 or 6 animals.
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Figure IV-5. The logarithm of the time duration of heating immediately after 15 Gy re-
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ment. To demonstrate the similarity of this plot and the so-called Arrhenius plot, the inverse
of the absolute temperature is indicated (top) and the reaction rate is given on the right. The
value shown for 41.5°C is only an estimate.

in Figure IV-1 and of 0.97 in Figure IV-2. A TER of 1.45 is obtained for these
levels. The difference is due to a variation between two observers in recognition
of nonspecific signs in the scoring system. This is also expressed in the
points in the reference curves in Figure IV-4.
The heating period required to obtain a TER 1.45 or 1.58 at various tempera-
tures was determined in Figure IV-1 and in Figure IV-2. In Figure IV-5, the
logarithm of these durations was plotted as a function of the temperature. For
both damage levels, a line was fitted by eye. The slope of these lines can be
expressed as a compensation factor in the duration of a heat treatment for each
degree difference in lower temperature. Using this factor, we can calculate how
a heat treatment must be adapted to compensate for a change in temperature if
the same degree of enhancement is to be obtained. The slope of the upper line
agrees with a compensation factor of 2.3/°C and the lower line with a factor of
2.1/°C.

At 41.5°C even 4 hours heating was insufficient to give a TER of 1.45. For this
reason, 240 min is represented in Figure IV-5 by a point with a question mark.
The relationship between temperature and duration found for temperatures
from 42.0°C to 44.5°C seems not to be valid for 41.5°C.
Figure IV-5 can also be interpreted as an Arrhenius plot. In the Arrhenius plot,
the reaction rate is plotted as a function of the inverse of the absolute tempera-
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ture. The time duration to a certain effect is probably very similar to the
inverse of the reaction rate. The relationship between the inverse of the abso-
lute temperature and the temperature is almost linear in the narrow range of
temperatures used. By means of the Arrhenius equation, an activation energy
of about 680 kJ-mole"1 was calculated for the heat radiation interaction in the
range between 42.0°C and 44.5°C.

c. The TER of heat after irradiation
In the experiments which were designed to compare tumour results with skin
reactions, one heat treatment was applied: 60 min at a temperature of 43.0°C.
The dose-response curves for irradiation of skin with and without afterheating
are represented in Figure IV-6. In these experiments, heating for 60 min at
43.0°C was done immediately after irradiation in set-up C (see Chapter II). At
the damage level of an average score of 1.2 and higher, TERs of 1.4-1.5 were
calculated.
The TERs for all separate experiments in which a heat treatment of 60 min at a
temperature of 43.0°C was applied immediately after irradiation are presented
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Figure IV-6. The skin reaction as a function of the dose of irradiation in both unheated
animals (closed symbols) and animals which were heated for 60 min at a temperature of
43.0°C immediately after irradiation (open symbols). At a level of 1.4, a TER 1.5 was calcu-
lated. Results from two different experiments are shown. Each point represents 4-6 animals.
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TableIV-1. Thermal enhancement ratios for 43.0°C x 60 min applied immediately after
irradiation.

Experiment Set-up of
irradiation

Level of damage
(av. score day
10-30)

Dose of X com-
bined with heat
(Gy)

Dose of X with-
out heat
(Gy)

TER

140476
010976
091176

231176
040777
310178

A
B
B

B
C
C

1.62
1.34
0.83
1.38
1.50
1.28
1.16
1.58

17.9
15.0
15.0
20.0
18.0
15.0
15.0
20.0

28.0
>30
29.5
36.0
32.5
24.0
22.7
28.8

1.57
>2.0
1.91
1.80
1.81
1.60
1.51
1.44

X. H (37°C x 60 min)

dose of radiation (Gy)

Figure IV-7. Skin reactions of mice as a function of the dose of irradiation. Closed symbols
represent animals whose legs were irradiated during a sham-heating at a temperature of
37.0cC for 60 min. Open symbols represent legs which were irradiated during a heat treat-
ment of 60 min at a temperature of 43.0°C. At a damage level of 1.4, a TER of 2.1 was
calculated. Bars represent the standard error of the mean of 6 animals.
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in Table IV-1. In all except the first, the reference curve was established in the
same experiment in which the combined treatments were administered. TERs
in the range of 1.8 were found if irradiation took place under slightly hypoxic
conditions in set-up B as described in Chapter II. The values were between 1.4
and 1.6 if irradiation was done in set-up C. A single value from an experiment
in which irradiation was performed as in set-up A was also in this second range.

d. The TER of heat during irradiation
Heat and radiation were also applied simultaneously. During irradiation, mouse
legs were immersed in the small waterbath in front of the 250 kV machine (set-
up D). For hyperthermic treatments, the bath was kept at a temperature of
43.0°C. Controls were irradiated at a water temperature of 37.0°C. Heating or
sham-heating was started in a large waterbath and, a short time before the start
of irradiation, the animals were placed in the small bath in front of the tube.
After irradiation, heating or sham-heating was continued in the large waterbath
until a total time of 60 min had elapsed. The interval between the start of heat-
ing or sham-heating and the start of irradiation was 15 min. The average score
as a function of the dose of radiation is shown in Figure IV-7. At a damage
level of 1.4, a TER of 2.1 was calculated.

3,0

2,0

BC

N, *
I

0 1 2 3 U
INTERVAL BETWEEN XAND H (h)

Figure IV-8. Skin reactions after combination treatments consisting of irradiation followed
by heating. The dose of irradiation was 15 Gy (a), 25 Gy (o) or 35 Gy (v). The heat treat-
ment was 60 min at a temperature of 43.0°C. It was given immediately or at an interval after
irradiation. The effect of these radiation doses without heating, 15 Gy (•), 25 Gy (•) or
35 Gy (*>) is represented by the closed symbols on the tight. Bars represent the standard
error of the mean of about 4 animals.
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e. The influence of the interval between irradiation and heating
The TERs which were calculated as above are for heating immediately after
irradiation. The next experiment demonstrated what would happen if heat was
not given immediately, but at an interval after the irradiation. Doses of 15, 25
or 35 Gy were administered under slightly hypoxic conditions in irradiation
set-up B. The interval varied between 20 min and 4 h. Heating was performed
at a temperature of 43.0°C for 60 min.
Figure IV-8 shows the average score as a function of the interval between
irradiation and heating. The interaction between the two agents decreased as
the interval increased. If the interval was 3 hours or more, the radiation reac-
tion was no longer influenced by heating. These results were confirmed in a
second experiment. This time irradiation with 15, 25 or 35 Gy was done under
ambient conditions in set-up C as described in Chapter II. No influence of
heating was observed if the interval was 4 to 6 hours.

IV .3 Discussion

a. Thermal enhancement of the radiation reaction
The damage to the skin of mouse feet which is seen after a relatively light heat
treatment (60 min at a temperature of 43.0°C) and X-irradiation has the
aspects of a radiation lesion and is similar to the effect which is seen after a
higher dose of radiation without heating. The same heat treatment when
applied alone did not cause apparent damage to the mouse skin. The character-
istics of heat damage seen after more intensive heat treatments were not found
after this combination treatment. We had already concluded in Chapter II that,
in the skin, this heating does not appear to produce an effect which is additive
to the effect of irradiation, but seems to potentiate the effect of irradiation.

b. The influence of the interval between irradiation and subsequent heating
It was found that heat applied simultaneously or immediately after irradiation
produces an enhancement of the radiation reaction. However, if heating is
performed four hours later, enhancement is no longer found. This offers inter-
esting possibilities for further experiments. By choosing a treatment in which
heat is applied immediately after irradiation, one could determine the best
possibilities which interaction of the two agents would offer in tumour ther-
apy. By choosing a scheme with a four-hour interval between irradiation and
subsequent heating, we could discover how both agents act on tumours without
an interaction of the type studied in this chapter.

c. The TER of heating during and immediately after irradiation
The TER found for heat immediately after irradiation was somewhat lower
than that obtained for heat during irradiation. This is in good agreement with
data from the literature (Joshi et al, 1976; Sapareto et al, 1977). The radia-
tion damage with which heat can interfere is possibly repaired very quickly;
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even at the end of an irradiation lasting for about 10 min, some of the damage
inflicted during the exposure is already repaired. Nevertheless, clear enhance-
ment of the radiation reaction is found in both cases.

d. The influence of temperature and duration of the heat treatment on the
degree of thermal enhancement of the radiation reaction

The curve found for the thermal enhancement ratio as a function of the dura-
tion of exposure showed an initial rapid increase, after which the increase was
more gradual: this was expressed in a decrease of the slope (Fig. IV-3). This
possibility cannot be excluded. However, Robinson et al. (1975) reported a
similar curve in an in vitro system. If their result is an analogy, the shapes of
our curves are probably not due to an artifact.
We can estimate from this curve what the consequence of a slight decrease in
the duration of heating would be for the thermal enhancement of the radia-
tion reaction. A reduction of 10 min in the duration of heating only slightly
reduces the TER of 60 min at 43.0° C, while the TER of 40 min at 43.0°C is
reduced from about 1.55 to 1.40. It must be concluded that the effect of heat
treatment for 60 min at 43.0°C is less diminished by small variations in the
effective duration of heating than is a treatment of 40 min at 43.0°C. Such a
reduction in the duration may be observed in treating deep seated tissues by
waterbath hyperthermia because of the time needed for equilibration of the
temperature.
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Figure IV-9. Thermal enhancement ratios as a function of the duration of heat exposure.
The curve obtained in Figure IV-3 is replotted for different temperatures. The dashed line
is drawn at a duration of 60 min. If instead of 43.0°C only 42.5°C was maintained during
this period the TER decreased only from 1.6 to 1.55. However, if the temperature during
this same period was 42.0 instead of 42.5°C, the TER decreased from 1.55 to 1.4.
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In a similar way, one can estimate the influence of a small heat gradient in a
treated tissue: in the literature, gradients of 0.2°C to 0.5°C are reported in
pentobarbitone-anesthetized mice. We replotted the curve from Figure IV-3 to
give the curve in Figure IV-9, but this time no corrections were applied in the
time scale. We can now see how greatly the vertical distance between these
curves varies with the duration of heating. As a consequence, a treatment which
is situated in the almost horizontal part of the curve is less influenced by a heat
gradient giving a slightly lower temperature than planned, than a treatment
which is situated in the initial steep portion. For example, the outcome of
a treatment of 60 min at a temperature of 43.0°C is less influenced by a loss
of 0.5°C than a treatment of 60 min at 42.5°C, as, in the first case, the TER
will be reduced from 1.60 to about 1.55, while it will change from 1.55 to 1.40
in the second case. From this deduction, it is clear that it is very important to
select for animal experiments in which heat gradients may occur a treatment
which is relatively little influenced by small heat gradients or by a slightly
shorter duration of the heat treatment due to the equilibration time needed to
warm up the deeply seated tissue to the planned temperature. For this reason,
it seems wise to plan a hyperthermic treatment which corresponds to the slow-
ly increasing part of the TER curve.

e. Thermodynamic aspects of the interaction between heat and radiation
The slope of the Arrhenius plot is about the same as the compensation factor in
the relationship of temperature and duration. It is also related to the activation
energy which is a characteristic of a chemical process by a simple formula.
The relationship between the duration and temperature of a heat treatment to
its enhancing effect on the radiation reaction was expressed in a compensation
factor of 2.1/°C or 2.3/°C. This means that, to obtain the same degree of
enhancement at a 1°C lower temperature, the duration of the heat treatment
iias to be multiplied by about 2.2. This factor proved to be valid in the range
between 42.0°C and 44.5°C. By means of the Arrhenius equation, we cal-
culated from this compensation factor an activation energy of about 680
kJ .mole'1.
Compensation factors for heat-induced damage of different types from the
literature are summarized in Table IV-2. In the temperature range of 42-44° C,
all values are about 2.0, similar to the value we found for the heat-radiation
interaction. Law et al. (1978) had previously suggested that the heat-radiation
interaction has a much higher compensation factor and, for this reason, also a
higher activation energy. It was concluded that this was an indication that
completely different processes were responsible for the heat-radiation inter-
action and the heat-induced damage. However, from the present data, we have
to conclude that the compensation factor and the activation energies of the
two processes are similar and that there is no reason to assume different under-
lying processes. Even the same biochemical mechanism is possibly responsible
for three phenomena: the macroscopically visible heat-induced damage in
tissues, the heat-induced cell kill in vitro and the heat-radiation interaction.
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Table IV-2. Factors to compensate in the duration of a heat treatment for a lower tempera-
ture to obtain the same effect. All factors concern effects of hyperthermia alone.

Author

Cells in vitro
Westra and Dewey, 1971
Dewey et al. ,1977
Johnson and Pavelec, 1972
Jansen, unpublished

Murine tissues
Crile, 1963
Overgaard and Overgaard,

1972
J. Overgaard, 1978
Law etal., 1978
Robinson etal., 1975
Rat tissues
Westermark, 1927

Okumuraand Reinhold, 1975
Morris etal., 1977
Human tissues
Moritz and Henriquez, 1947

41-42°C

5.8
4*
5.1*

2.2*

4.0*
4.0

42-44°C

2.2
2.2
1.7*
2.3*

2.2*

2.1-2.2*
2.0
2.0
2.4

2.0
2.1

44-46c

2.0

2.0

2.0*
1.9*
1.8*
2.0
2.1

2.4*
2.1*

'C End point

} survival of CHO cells

survival of V cells
survival of RUC cells

tumour cure; loss of foot

tumour cure
tumour cure and skin necrosis
necrosis of mouse ear skin
tumour cure

stop of spermatogenesis
necrosis of skin
cure of tumour
various degrees of skin damage
necrosis of baby rat tails

redness etc. in the skin
skin necrosis in man and pig

•Calculated by us.

The similarity of the relationship between the temperature used and the time
duration necessary to achieve a certain effect by heat alone or to obtain a
certain degree of enhancement of the radiation reaction goes even further. The
Arrhenius plot of Dewey et al. (1977) which was constructed for the cell killing
effect of hyperthermia in vitro, is shown in Figure IV-10. Below 42.0°C, it is
much steeper than above this temperature. In our data in Figure IV-5, the
single point at 41.5° C suggests that this same pattern holds in the plot of the
heat-radiation interaction. What does such a change in slope mean? The possi-
bility has been previously suggested that heat might cause damage by two
different processes: one above 42° C and the other below 42° C. An example of
such a situation was given by Johnson and Pavelec (1973) for the interaction
between heat and thioTEPA, which is shown in Figure IV-11. In that case, the
cellular survival below 44° C was determined by the effect of thioTEPA and
above 44°C by the effect of hyperthermia. However, in the case of heat alone
(Fig. IV-10) or heat in combination with irradiation (Fig. IV-5), the angle in
the curve points in another direction, as the steep slope in this case occurs at
low temperature, while the slight slope occurs at high temperature. As it is very
unlikely that, while the reaction rate is increasing, the most rapidly increasing
process would be surpassed by the least rapidly increasing one, these processes
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Figure IV-10. An Arrhenius plot for heat inactivation of CHO cells in vitro. This curve was
replotted from an Arrhenius plot published by Dewey et al (1977) to make an easy com-
parison with our curve possible. An inactivation energy of 148 kcal.mole-1 = 620 kJjnole-1

was calculated in the temperature range between 43.0°C and 45.0°C.

Figure IV-11. The Arrhenius plot of the interaction between heat and thioTEPA. This figure
was replotted from an Arrhenius plot published by Johnson and Pavelec (1973) to make
possible an easy comparison with our curve for the heat-radiation interaction.

cannot be independent. Both the action of heat alone and the effect of heat on
the radiation reaction are probably limited by two related biochemical proc-
esses. The most simple explanation seems to be that in the range of low tem-
peratures, some of the damage of the type which occurs at high temperatures
is repaired. This same repair process is in turn altered and inhibited by heat-
ing.
Wallach et al. (1977) argued that the damage by heat with a high activation
energy of about 680 kLmole'1 was most probably due to a lesion in the junc-
tion between membrane-bound proteins and the membranes. The same seems
to be true for the heat-radiation interaction. As a consequence, these same
junctions between protein and membrane may play a role in the mechanism of
radiation-induced cell kill.
In another of our experiments (not included in this thesis), it was shown that
the TER of mouse skin is independent of fractionation of the irradiation; this
suggests that it is not the repair of sublethal radiation damage which is in-
hibited, but that part of the nonlethal radiation damage is made lethal before it
can be repaired. Li etal. (1976) came to the same conclusion by experiments in
vitro. Combination of this conclusion with the previous one seems to link the
membrane protein junction closely to an intracellular target for irradiation.

f. Variation in TER correlated with set-up
Heat applied immediately after irradiation in set-up C resulted in TERs around
1.5, while TERs around 1.8 were found if the irradiation was performed in
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set-up B. Set-up B is assumed to have caused hypoxia in the mouse leg. It has
been previously reported that TER values were higher under hypoxic condi-
tions and that, as a consequence, the oxygen enhancement ratio, i.e., the
extent to which hypoxic cells are sensitized to radiation by oxygen, was
reduced by hyperthermia (Robinson et al, 1974; Kim et al., 1975). However,
evidence for the opposite was also published. Thrall et al. (1975) reported no
influence of oxygenation on the TER in mouse skin. Power and Harris (1978)
reached the same conclusion on heating nitrogen-gassed cells in vitro. It is not
clear whether this dependency of TER on the state of oxygenation exists in our
experiments and whether it may have influenced our results.
A second possible cause for differences in TER is the body temperature before,
during and after irradiation. When set-up B was used, the facilities for keeping
animals warm during treatment were less perfect than in later experiments
when set-up C was established in a separate room. It was recently shown in our
laboratory that a short stay at room temperature lowered the body tempera-
ture of anesthetized mice for a long time to temperatures as low as 25° C (Van
Dijk, personal communication). The lower temperature may be the same for all
animals during irradiation. However, the heat-treated animals were soon warm-
ed up, while this process was much slower in the control animals. Hahn and
Little (1972) reported that repair of potentially lethal damage may be in-
creased by low temperature. This repair may have been the reason for the larger
TERs resulting from these experiments.
It is noi clear whether the new set-up C and the special attention paid to
environmental temperature, did in fact produce an optimal state of oxygena-
tion and a normal body temperature. For a heat treatment of 45 min at a
temperature of 43.0°C, Li et al. (1976) found a TER of 1.25 immediately after
irradiation. Even the low TERs of 1.5 are still possibly influenced in an upward
direction by lack of oxygen, cold or some other unknown factor.

g. The D type dose-response curve
The remarkable differences between the dose-response curves after irradiation
have already been discussed in Chapter II; there, we concluded that the most
important differences were due to the state of oxygenation during irradiation.
Here, we want to discuss another discrepancy. The A, B and C curves (see
Fig. II-5) all increased with the dose of radiation over the full range of doses
investigated. However, the D curve first increased to a maximum and no longer
increased after a further increase in dose. This is the level of a very severe
reaction, about 2.25. Remarkably enough, the curve for irradiation with heat
also reaches a plateau, but at an even higher level. We think that the latter
phenomenon can be partly explained as the consequence of the slightly earlier
onset of the radiation reaction in these mice, as described by Stewart and
Denekamp (1977). This is supported by the observation that, when curve D
was calculated with the exclusion of the initial part of the skin reaction (the
part between the 10th and the 20th day), a slight decrease, from 2.1 to 2.0,
was seen in the TERs.
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Chapter V

THE EFFECT OF HYPERTHERMIA ALONE ON TUMOURS

V. 1 Introduction

The interference of moderate treatments with hyperthermia with tumour
growth has been attributed to damage to malignant cells under metabolically
unfavourable environmental conditions inside tumours. Conditions which
have been indicated are chronic hypoxia (Dewey et al., 1976), low pH due to
anaerobic glycolysis (Von Ardenne, 1972; Overgaard, 1977) and others (Hahn,
1974). As the effect of nominally identical hyperthermic treatments on tu-
mours varies greatly between different experimental set-ups (Overgaard and
Overgaard, 1972a; Stewart and Denekamp, 1977), it is necessary to first look at
the effect hyperthermic treatments in our set-up may have on the tumours
which we used and to afterwards study the effect of combinations of irradia-
tion and heating on the same.
Intraperitoneal injection of glucose has been reported to decrease the pH inside
tumours more than the pH inside the normal tissues (Eden et al., 1966), and a
low pH of the tissue culture medium was reported to increase the effect of
hyperthermia. Glucose administered intraperitoneally was tried as an agent to
increase the effect of hyperthermia.

V.2 Experiments and results

a. The effect of heating on tumours implanted in various sites of the animal
The temperature in all parts of the body is influenced by the blood circulation.
The result can be heating or cooling of the tissues by convection of heat. In this
way, the blood flow may seriously interfere with the temperature in tumours
during heat treatment. For this reason, we initially attempted to implant the
tumours as peripherally as possible with regard to the main vasculature to
reduce the influence of the central temperature regulation on the temperature
of the tumour.
Several sites were explored for the tumour transplants. The tail and the dorsum
of the foot proved to be unsatisfactory. The tail tumours grew in a very un-
predictable way and simple heating for 60 min at a temperature of 43.0°C
caused extensive necrosis of both the tumour and the overlying skin. The same
problems were encountered with the implants in the feet. After this, more
proximal sites were explored: the lower hind leg (also used by Robinson etal,
1974, and by Thrall et al., 1975) and the frontal thoracic wall (George et al.,
1976; Stewart and Denekamp, 1978). In both sites it proved possible to obtain
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a distinct tumour growth delay after 60 min at a temperature of 43.0°C, with-
out extensive necrosis of the skin. The damage to the skin was limited to the
small black spots, described in Chapter HI. There were no indications that these
necrotic skin patches interfered with the structure of the tumour. The tumours
in the thoracic wall showed no specific advantages over the tumours in the leg;
in fact, they reacted in a very similar way. As heating of tumours in the leg is
easier to perform, we chose to implant the tumours in the lower hind leg.

b. Tumour growth delay due to various heat treatments
Heat treatments at a temperature of 43.0°C for up to '50 min and for up to
4 h at a temperature of 42.0°C delayed tumour growth (Fig. V-l). The delay
varied with the duration and the temperature of the heat treatment. A factor of
2 in duration compensated for a 1.0°C temperature difference. However, the
effective heat treatments also caused damage to the skin overlying the tumours
which consisted of small brown or black spots after the relatively light heat treat-
ments of 60 min at a temperature of 43.0°C or 120 min at 42.0°C. The ulcera-
tion of similar more extensive lesions extended to the tumours after the longer
treatments. In Chapter III, we reported that these spots could also be induced
by heating legs in which glass spheroids were implanted subcutaneously. This

60 120 180
duration of heat exposure (min)

Figure V-l. Tumour growth delay after heat treatments at a temperature of 42.0°C or
43.0°C as a function of the duration of heating. The squares indicate heat treatments which
caused necrosis in the skin overlying the tumour to an extent which may have interfered
with regrowth of the tumour. Bars represent the standard error of the mean of about 6
animals.
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Table V-l. Average tumour growth delay (d) after 60 min at a temperature of 43.0°C.

No.

II
III
IV
V
VI
VIII
X
XVII
XIX
XXIII
7811
78IX

Date

130876
270976
051076****
201276
180177
150277
290377
220677
140777
051077
050178
280278

Average over all mice

TGT* after
43°C x 60 min***

X

9.1
11.2
4.8

10.5
8.8

10.2
9.7
9.3
8.1
9.5
6.2
7.7

8.6

s.ejn.

2.1
1.5
0.3
1.1
0.7
1.2
0.9
0.9
0.6
0.9
0.7
0.7

n

9
5
6
6
6
5
5
7

12
6
6

11
(84)

TGT* without
treatment***

X

5.2
5.7
3.8
5.2
3.7
4.8
4.8
5.7
3.7
4.5
4.2

4.6

s.e.m.

0.5
1.1
0.6
0.3
0.4
0.7
0.7
0.2
0.3
0.2
3.4

n

4
6
3

10
5
6
5
7

13
9
7

(75)

TGD**

= 3.9
= 5.5
= 1.0
= 5.3
= 5.1
= 5.4
= 4.9
= 3.6
= 4.4
= 5.0
= 2.0

= 4.0

*Tumour growth time: the time interval in which a tumour increased from a small vol-
ume of between 75 and 200 mm3 to 1 cm3.

**Tumour growth delay, see Glossary.
***The average (x), the standard error of the mean (s.ejn.) and the number of animals (n)

are given.
****A different set-up was used for heating in this experiment.

implies that this necrosis is possibly caused by hypoxia due to pressure on the
skin in combination with heat.
Tumours were only seldom cured by hyperthermia in these experiments; if cure
occurred, extensive necrosis of the surrounding normal tissue was also found.

c. Variation in heat sensitivity oftheM8013X tumours
The heat treatment used in most of the experiments described in this study was
60 min at a temperature of 43.0°C. In Table V-l, the variation in the average
results of this treatment during 2 years of experimentation is shown. Untreated
tumours required 4-6 days to reach a volume of 1 cm3, heated tumours 5-11
days. The average tumour growth delay after 60 min at a temperature of
43.0°C varied between 1 and 6 days, usually 4 to 6 days. A wide spread in the
individual growth times until 1 cm3 volume was reached was found for heated
tumours within all experiments.

d. The influence of intraperitoneal glucose administration on the response to
hyperthermia

Mice were injected intraperitoneally with a 20% glucose solution in a dose of
8 mg.g"1. Drinking water was available to the animals ad lib. The heat treatment
at 43.0°C was started four hours after this injection.
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Figure V-2. Average tumour growth delay after heat treatment as a function of the duration
of heating at a temperature of 43.0°C. Open circles represent animals injected intraperitone-
ally with glucose (8 gJcg-1 in a 20% solution) 4 hours before the start of heating. Bars
represent the standard error of the mean of about 6 animals.

In the interval between glucose administration and heat treatment the animals
appeared to be rather ill and inactive, but none died. However, mortality was
high during local heat treatment. Immersion of the hind leg in water at a
temperature of 43.0°C for 120 min killed 70% of the mice. Necropsy of some
of these animals showed extensive ascites.
The tumour growth delay as a function of duration of heat exposure is shown
in Figure V-2. Glucose administration alone did not influence the tumour
growth, but the effect of hyperthermia was clearly enhanced. The same was
observed in another experiment at 43.0°C and one at 42.0°C. Recently Van
Dijk (to be published) in our laboratory obtained results which show that no
enhancement of the effect of hyperthermia is obtained if the glucose is admin-
istered intravenously instead of intraperitoneally.

V.3 Discussion

In our model, hyperthermia treatments caused a tumour growth delay (TGD).
After a heat treatment of 60 min at a temperature of 43.0°C, the delay was
about 4 days, which is considerable for a rapidly growing experimental tumour.
Such an effect is equivalent to the effect of a radiation dose of 5-10 Gy. This
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effect of hyperthermia as a single agent is important for the evaluation of its
effects in combination with irradiation.
The mechanism for the effect of heat on tumour growth is still unclear. The
following explanation? must be considered.
1. Hyperthermia is assumed to cause the death of cells which are starving and/
or are hypoxic. Both can occur as a result of the fact that, in many tumours,
the vascularization cannot keep pace with the growth of the tumour tissue.
However, these insufficiently oxygenated cells are considered to represent only
a small fraction of the total number of cells in most tumours (Hall, 1978) and a
tumour growth delay equivalent to the effect of 5-10 Gy is supposed to be
induced by more than the reproductive death of 10 or 20% of the cells, espe-
cially if those hypoxic cells are not actively contributing to tumour growth.
The number of hypoxic cells may have been increased by an increase in the
oxygen consumption due to an increase in temperature. However, it may also
have been decreased due to inhibition of the energy metabolism by heat
(Durand, 1979). We do not know whether these factors indeed really influ-
enced the number of hypoxic cells.
2. As a second explanation we would suggest that the tumour growth creates a
situation which makes all of the tissues in the tumour area, the normal and the
malignant, very sensitive to hyperthermia. We found that 60 min at a temper-
ature of 43.0°C does not change the skin of the foot of healthy mice but never-
theless changes the skin overlying the tumour. This may be due to insufficient
oxygenation or nutrition in those areas in which the growth of the tumour or
edema due to hyperthermia causes an increase in tissue pressure. Possibly, a
decrease in blood pressure due to anesthesia by sodium pentobarbitone also
plays a role (Johnson et al., 1976). In this situation, some blood vessels in the
area of the tumour may be completely constricted. An obstruction of the
blood flow has been reported as increasing tissue sensitivity to hyperthermia
(Morris et al., 1977) and this may possibly also explain the relatively great
effect of hyperthermia on our tumours.
3. A third possibility, supported by experiments of Overgaard (1977), has been
advanced by M. von Ardenne (1972). He suggested that the pH inside tumours
was low because of anaerobic glycolysis and that, after the administration of
glucose, the pH would drop even further; this would make the cells more
sensitive to hyperthermia. It was also suggested that the heat-killed cells might
go into lysis and that the free hydrolytic enzymes would increase the process
by killing the neighbouring cells. In this way, a chain reaction which may clear
the entire tumour area of malignant cells is started. In our experiments, glucose
did enhance the effect of hyperthermia and this seems to support the hypoth-
esis of Von Ardenne. However, the glucose was administered intraperitoneally
in these experiments. Van Dijk (to be published) found that intravenously
administered glucose did not increase the effect of heat on tumours. For this
reason, the effect observed is probably not due to anaerobic glycolysis in the
tumour, but to some factor related to the method of administration.
4. The TGD might have been caused by an increase in the immune response of
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the mouse against the tumour. However, this M8013X tumour is only slightly
antigenic. The tumour growth after injection of 3000 cells was not at all affect-
ed by a previous injection of 106 heavily irradiated tumour cells. Also, a syn-
geneic tumour, MOS, growing in the Balb/c mouse, from the Radiobiological
Institute TNO at Rijswijk, The Netherlands, was treated in our set-up. Again a
considerable TGD of about 4 days was found.
Of these four possibilities, the first seems not very likely. As anaerobic glyco-
lysis appears to be unimportant, the third possibility is also improbable. The
immune system is responsible at most for a part of TGD, which eliminates
possibility 4.
We have no evidence to the contrary for the second possibility and that avail-
able seems to be consistent with it. The glucose experiment can be interpreted
as follows: the intraperitoneal glucose administration caused serious changes in
the general condition of the animal, which were expressed in the amount of
fluid found in the peritoneal cavity and the high mortality during heat treat-
ment. The same disturbances were produced by mannitol administered in the
same way (unpublished). The results of experiments done in our laboratory
with the objective of providing evidence for a role of anaerobic glycolysis
gave the impression that the effect of hyperthermia may be changed by many
factors which influence the general condition of the animal, possibly by causing
a change in the peripheral blood flow. Further research will be needed to
evaluate these factors and the role of anesthesia by sodium pentobarbitone.
The most important lesson for human medicine seems to be that heating is a
very unpredictable modality which should be used only with great care.
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Chapter VI

THE EFFECT OF COMBINATIONS OF IRRADIATION AND HEATING ON
TUMOURS

VI-. 1 Introduction

Hyperthermia has been reported to selectively kill cells which have been under
hypoxic conditions for some time. On the other hand, hypoxic cells are far less
radiosensitive than well-oxygenated cells. Their presence is supposed to make
tumours more resistant to irradiation. Combination of the two agents seems to
offer the possibility of curing tumours with a low dose of radiation, as the
hypoxic cells which make high doses of radiation necessary would be selective-
ly eliminated by heating. This might result in a high thermal enhancement ratio
(TER).
The results of treating mouse tumours with heat and radiation will be presented
in this chapter. Experiments on the role of the time interval between irradia-
tion and subsequent heating will be presented under Section 2.a. From those
experiments, it was possible to select a treatment in which heat and radiation
interacted with each other and another in which no interaction was observed.
For both types of treatment, the TCDSO was established by experiments which
will be presented under Section 2.b. The TERs which were obtained for these
two types of combination treatment during the period of experimentation are
summarized under Section 2.c. The values found were lower than those found
by others (Robinson et al., 1974) for heat during irradiation. For this reason,
we also applied heat during irradiation. The results will be discussed under
Section 2.d.
Another way to overcome the problem of the radioresistance of the hypoxic
cells in tumours is the application of drugs which sensitize these cells to radia-
tion due to their electron affinity. Misonidazole (Ro-07-0582), a nitroimidaz-
ole has been investigated very thoroughly and presently seems to be the most
potent compound in this category. A review on its properties was published by
Fowler et al. (1976). For hypoxic cells, a sensitizer enhancement ratio (SER)
of up to 2.5 was found. A second effect of this drug is selective cytotoxicity,
again mainly for hypoxic cells. This cytotoxicity could be greatly enhanced by
hyperthermia (Stratford and Adams, 1977). We applied Ro-07-0582 as an
agent to determine the proportion of hypoxic cells which survive in tumours
after treatment with heat and radiation. If no extra effect resulted from the
addition of the drug to that combination, this would indicate that heat had
killed all or almost all of the hypoxic cells. However, if some extra effect
should be noted, this would mean that an important number of hypoxic cells
survived heating and irradiation.
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VI.2 Experiments and results

a. Tumour growth delay as a function of the time interval between irradiation
and subsequent heating

The following experiment was performed to study the interaction of heat and
radiation in tumours and the role of the time interval therein. M8013X
tumours were treated by a combination of radiation and heat. Irradiation in a
dose of 15 Gy was administered and this was followed immediately or after an
interval by heating for 60 min at a temperature of 43.0°C. The time intervals
investigated in the treatments were 0 min, 30 min, 1 h, 2 h, 3 h, and 4 h. To
obtain reference data, the effects of various doses without heating and the
effect of heating alone were determined. The endpoint used was tumour
growth delay (TGD).
The results are shown in Figure VI-1. Heat given immediately after irradiation
clearly prolonged the radiation-induced tumour growth delay. A TER of 2.3
was calculated for this schedule. If heat was given 0.5-4 h after radiation instead
of immediately after, the growth delay was much less. The values found for
the second regimen of treatment are all very similar to the sum of the growth
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Figure VI-1. Tumour growth delay (TGD) after combination treatments of heat and radia-
tion as a function of the interval between the application of the two agents. Irradiation,
15 Gy, was performed first. The heat treatment, 60 min at a temperature of 43.0°C, was
given immediately or at an interval thereafter. On the right side are given the tumour growth
delays caused by heat alone and radiation alone. 'Independent* represents the sum of the
effects of the two agents. Error bars show the standard error of the mean. Five or 6 animals
contributed to each point.
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Table VI-1. Thermal enhancement ratios for tumours after 15 Gy followed immediately or
after an interval by heat for 60 min at a temperature of 43.0°C.

Interval

0
30 min

l h
2h
3h
4h

Thermal enhancement
ratios

2.3
1.4
1.5
1.3
1.3
1.2

Thermal enhancement ratio after
correction for effect of hyperthermia
alone (4-6 days)

1.8
1.1
1.2
1.0
1.0
0.9

-2 20 J

X done

X-Ah-H

X-H

10 20 30
dose of radiation (Gy)

Figure VI-2. Tumour growth delay (TGD) after various treatments as a function of the dose
of radiation. The squares represent the effect of irradiation only, the closed circles the effect
of irradiation followed immediately by heating for 60 min at a temperature of 43.0°C. The
open circles represent tumours which were heated 4 hours after irradiation. Median values of
about 8 animals are given. Data from this experiment are also shown in Figure VI-3.
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delay due to irradiation alone and that due to heat alone. This sum has been
designated as 'independent' in Figure VI-1. TERs of about 1.3 were calculated
for these treatments (Table VI-1).
The effect of the treatment by irradiation followed by hyperthermia is the sum
of two or three terms: the effect of radiation by itself, the effect of hyper-
thermia by itself and the effect of a possible interaction. As the calculation of
the TER only takes account of the first and the last terms, we have to add a
correction to the calculation of the TER: we subtracted the growth delay due
to heat alone from the result of the combination treatment. We then calculated
the corrected TERs using the same reference curves. Both types of TERs are
shown in Table VI-1. The new values are lower than those calculated without
correction. The corrected TERs of combination treatments with an interval of
1-4 hours were around 1.0. The new value for treatments in which heat was
given immediately after irradiation in set-up B is 1.8, similar to that obtained
for the skin reaction. The conclusion seems justified that interaction occurs if
heat is given immediately after irradiation. If heat is given a few hours after
irradiation, all results can be explained as additive effects.
The influence of the time interval is further illustrated by Figure VI-2. The
tumour growth delay after combinations of heat and radiation is plotted here
as a function of the dose of radiation. The median values are shown, as cures
occurred in almost all groups because the experiment was designed to study
tumour cure. Again, heat immediately after irradiation in set-up C increased the
radiation reaction to an important extent. A TER of 1.8 was calculated at a
damage level of 27 days growth delay. The enhancement was much less 4 h
after irradiation; now, a TER of 1.3 was found at the same damage level.

b. Tumour cure experiments with irradiation with and without heating
M8013X tumours were treated in 3 ways: by irradiation only, by heating at a
temperature of 43.0°C for 60 min immediately after irradiation and by heating
4 h after irradiation. The radiation doses were chosen to make it possible to
estimate a TCD50 for each treatment regimen.
Tumour cure as a function of the dose of radiation is shown in Figure VI-3.
Each point represents the mean value for about 14 animals. The curve for
irradiation immediately followed by heating is roughly parallel to the curve for
irradiation only. The TCD50 calculated for irradiation only was 38 Gy; for
irradiation immediately followed by heat, it was 23 Gy. This agrees with a TER
of 1.7 (Table VI-2).
The curve for heating 4 h after irradiation shows a different pattern: the slope
is far less steep. Cures are already observed after relatively low doses of radia-
tion and their number only slowly increases with the dose of radiation. The
pattern was confirmed in two separate experiments. Due to this pattern, the
TER for this treatment regimen decreases when a higher level of damage is
chosen for comparison, from TER 1.3 for a TGD of 27 days to TER 1.1 for
TCDso (Table VI-3).
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Figure VI-3. The fraction of tumours cured after treatment as a function of the dose of
radiation. Squares represent the effect of irradiation only. Closed circles represent tumours
which were treated for 60 min at a temperature of 43.0°C immediately after irradiation.
Open circles symbolize tumours which were heated 4 hours after irradiation. About 14
animals were used for each point. Data from the same experiment are also shown in Figure
VI-2.

Table VI-2. Thermal enhancement ratios for tumours after irradiation immediately followed
by heating for 60 min at a temperature of 43.0°C.

Experiment

270976
180177
170277
290377
140777

Set-up

B
B
B
C
C

Level of effect

TGD 22 d
TGD 24 d
TCDso
TCDso
TGD 27 d
TCDso

X-H

15.0 Gy
15.0 Gy
20.5 Gy
22.0 Gy
16.5 Gy
23.0 Gy

X alone

30.0 Gy
35.0 Gy
41.0Gy
36.5 Gy
29.0Gy
38.0 Gy

TER

2.0
2.3
2.0
1.7
1.8
1.7

Table VI-3. Thermal enhancement ratios for tumours after irradiation followed 4 hours later
by heating for 60 min at a temperature of 43.0°C.

Experiment Set-up Level of effect X-4h-H X alone TER

270976
180177
290377
140777

B
B
C
C

TGD 15 d
TGD 10d
TCDso
TGD 27 d
TCD30

TCDso

15.0 Gy
15.0 Gy
30 Gy
22 Gy
31 Gy
35.5 Gy

20
18.5
36.5
29
36
38

Gy
Gy
Gy
Gy
Gy
Gy

1.3
1.2
1.2
1.3
1.2
1.1
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c. Variation in TER after irradiation with differences in experimental set-up
The TERs established by the experiments in which a heat treatment of 60 min
at a temperature of 43.0°C was applied immediately after irradiation varied
during the period of experimentation. The values obtained are shown in Table
VI-2. High TERs, around 2.0, for tumour growth delay and tumour cure are
seen in the period before March, 1977, when set-up C was introduced. There-
after, lower values in the range of 1.7 were found. We earlier discussed similar
changes in the skin which also seemed to be related to changes in radiation
set-up.

d. Heating during irradiation
In two experiments, heat was applied simultaneously with radiation. Set-up D
was designed for this purpose (see Chapter II). Irradiation started 30 min after
the start of heating, which consisted of immersion in water at a temperature of
43.0°C for 60 min. The experiments included mouse legs which were irradiated
during a sham-heating at a temperature of 37.0°C.
The TER calculated for a tumour growth delay of 17 days was 2.1 (Table
VI-4). In another experiment which will be described in the next section, a
TER of 1.8 was found at the TCD50 level for a similar treatment.

Table VI-4. Thermal enhancement ratios for tumours for irradiation during heating for 60
min at a temperature of 43.0° C.

Experiment

051077
140378

Set-up

D
D

Level of effect

TGD17d
TCDSO

X,H

10.0 Gy
17.6 Gy

X alone

20.5 Gy
32.0 Gy

TER

2.1
1.8

e. Combinations of heat, radiation and the hypoxic cell sensitizer Ro-07-0582
In the following experiments, the hypoxic cell sensitizer Ro-07-0582 was
applied to test the influence of this drug when it is applied together with heat
and radiation. Three types of treatment were applied: irradiation with sham-
heating at a temperature of 37.0°C, irradiation with heating at a temperature of
43.0°C and irradiation with heating at a temperature of 43.0°C in combina-
tion with Ro-07-0582. The drug was injected intraperitoneally in a dose of
0.5 mg.g'1 45 min before the start of irradiation, which was performed simulta-
neously with heating or sham-heating in set-up D. The irradiation was started
15 min after the beginning of heating. The radiation doses were chosen to make
an estimation of the TCDS0 in each regimen possible.
The clear radiosensitization of the M8013X tumours by the administration of
Ro-07-0582 has already been shown in Figure H-3. From that figure, a sensi-
tizer enhancement ratio (SER) of 1.8 was calculated.
The fraction of tumours cured as a function of the dose of radiation is shown
in Figure VI-4. The values from a previous experiment are presented with
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Figure VI-4. The fraction of tumours cured after various treatments as a function of the
dose of radiation. Circles show the effect of an irradiation during a heating for 60 min at a
temperature of 37.0°C. Squares represent tumours which were irradiated during a heating
for 60 min at a temperature of 43.0° C. Triangles symbolize animals which were irradiated
during heating and to which was also administered intraperitoneally 0.5 mg.g-2 of the
hypoxic sensitizer Ro-07-0582 injected 45 min before the beginning of irradiation. The
irradiation was started 15 min after the start of heating or sham-heating. For each point
about 7 animals were included. Open symbols are from a different experiment. They repre-
sent similar treatments.

open symbols. Lines were drawn using both sets of these data. The enhance-
ment ratio for Ro-07-0582 and heating was 3.9 at the level of TCDS0. A dose
of 8 Gy was sufficient to cure 50% of the tumours if heat and Ro-07-0582
were included in the treatment; without the sensitizer and the hypertherrnia
treatment, this was 32 Gy. With hyperthermia without sensitizer the TCDSO was
18 Gy.

VT.3 Discussion: a population of heat-resistant hypoxic cells

In the introduction to this chapter, we proposed the hypothesis that radiation
and hyperthermia might act as complements to each other. Heating was
assumed to kill the hypoxic cells and irradiation the well-oxygenated ones. An
appreciable TER for tumours might be the result. We thought that this com-
bined treatment might prove to be a very efficient way of eliminating the
tumour. This hypothesis proved not to be valid for our tumours. Treatments
with an interval between heat and radiation provided hardly any or no enhance-
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ment, while treatments without interval caused an enhancement which was
similar to that which was observed in normal tissues, where this effect was
considered to be caused by intracellular interaction of heat and radiation.
Evidently, the hypoxic fraction is not as heat sensitive as was supposed and
perhaps does not even exist in these tumours. The second possibility seems to
be improbable, if we take into account the Di0 of 2.7 Gy found in vitro for
cells of a line derived from this tumour (Haveman, 1980) and the fact that the
tumour is probably slightly antigenic. We must conclude that the TCDS0 of the
tumour is too high for a small tumour containing about 108 cells if it consisted
of only well-oxygenated cells: there must be a considerable hypoxic fraction in
our tumour. This is expressed in the increased radiosensitivity after the admin-
istration of Ro-07-0582 (see Fig. II-3). Also, historically, small necrotic areas
were seen in many tumours. However, in the experiments described, we found
no evidence for a selective heat sensitivity of these hypoxic cells which must be
determining the regrowth of the tumour after irradiation only.
The enhancement ratio after addition of a combination of Ro-07-0582 and
hyperthermia to radiation was 3.9; this was much higher than the enhancement
due to heat. For the interpretation of this observation, the following data
must be taken into account. Ro-07-0582 proved to be noncytotoxic to well-
oxygenated cells under normothermic or hyperthermic conditions (Strat-
ford and Adams, 1976). Furthermore, an unpublished experiment in our
laboratory showed no influence of Ro-07-0582 administration on the effect of
the simultaneous application of heat and radiation on mouse skin. This suggests
that Ro-07-0582 has no effect on a well-oxygenated population, even when the
same cells are also irradiated and heated.
The strong enhancement by Ro-07-0582 of the combined action of heat and
radiation, therefore, must have been due to an effect of the drug on hypoxic
cells that otherwise would have escaped the combined action of hyperthermia
and radiation. Comparison with the results of treatments using only hyper-
thermia and radiation shows that an hypoxic population of importance must
have survived the heat and radiation combination treatment.
Heat resistance of hypoxic cells in vitro has been reported by Gerweck (1977).
Thrall et al. (1975) increased the TER for C3H tumours for a relatively light
heat treatment from 1.4 to 1.8 by irradiating all of the animals (including
those which were only irradiated) under high-pressure oxygen. In this way,
they also identified the heat resistant hypoxic cells as acutely hypoxic cells.
The fact that a relatively high TER was found when irradiation was performed
while the animals were breathing hyperbaric oxygen is well understandable if
we assume that a chronically hypoxic population is present and if it is indeed
relatively sensitive to heat. Such a fraction is limiting to the regrowth of the
tumour if irradiation only is applied, while it is eradicated if hyperthermia is
added to radiation. Under those conditions the regrowth of the tumour would
be limited by the survival of the well-oxygenated cells. The radiosensitivity of
the latter would even be increased by hyperthermia. The resulting TER would
be relatively high. If the same animal is irradiated in air, acutely hypoxic cells
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also contribute to limiting the regrowth of the tumour. If their number is
similar to the quantity of chronically hypoxic cells, both the regrowth after
irradiation only and that after the combination of heat and radiation would be
limited by the survival of the acutely hypoxic cells. In that case, the TER for
regrowth of the tumour would be equal to the TER of the acutely hypoxic
cells.* As the TER for tumours proved to be relatively low in our experiments,
we assume that the TER for these acutely hypoxic cells hardly differs from
that for well-oxygenated cells.
This hypothesis explains why we found only relatively low TERs for our
tumours. There is only a small amount of evidence to substantiate the sugges-
tion that our tumours contain viable chronically hypoxic cells. We did not
obtain additional evidence from this experiment, as all results concerning
hypoxic cells may have also been due to acutely hypoxic cells. From a radio-
biological point of view, the absence or presence of chronically hypoxic cells is
camouflaged by the acutely hypoxic cells.
Not all acutely hypoxic cells are heat resistant. The best-known way to make
tissues acutely hypoxic is to obstruct the vascularization by clamping and this
makes mouse legs or rat tails extremely sensitive to hyperthermia (Morris et al.,
1977; Suit et al., 1977). We must conclude that, in the case of complete
obstruction of the circulation, the acutely hypoxic cells which occur under
these circumstances become very sensitive to heat. In Chapter V, we ascribed a
part of the effect of heat alone on tumours to this mechanism.
The circumstances which lead to the heat resistance of a hypoxic cell popula-
tion are different. In vitro results (Hahn, 1974; Overgaard and Bichel, 1976)
reveal that small disturbances in pH or lack of nutrients may make cells ex-
tremely sensitive to heat. For this reason, it seems probable that the heat-
resistant hypoxic cells are in a hypoxic situation where nutrients are still avail-
able and the pH is not disturbed. The most probable localization is in the
margin of the hypoxic areas. This is also in accord with the above-mentioned
experiment of Thrall et al. (1975), who found that a similar heat-resistant
hypoxic fraction was radiosensitized by high-pressure oxygen.
To summarize our conclusion: in tumours, only low TERs in the range of 1.6
to 1.8 were found because the effect of a treatment consisting of a combina-
tion of hyperthermia and radiation is limited by a heat-resistant and radioresist-
ant fraction of the cell population, which is probably acutely hypoxic.
This acutely hypoxic cell population is possibly a result of the anesthesia.
Robinson et al. (1974) obtained TERs around 4.0 for tumours by subjecting
unanesthetized animals to a similar heat treatment. The fact that they heated
during irradiation proved unimportant for the difference; our experiments with
heat during irradiation also produced relatively low TERs. Indeed, our an-
esthetic, sodium pentobarbitone, has been reported by Johnson et al. (1977) to
depress blood flow and blood pressure. We have mentioned above that the heat-
resistant hypoxic cells must be on the margin of euoxia and hypoxia. They may

*A mathematical approach of this hypothesis is given in the Appendix.
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very well have shifted from euoxia to hypoxia due to decreased oxygenation
which was caused by a depression of the circulation. In human anesthesia, body
functions are much better controlled than in our set-up. These heat-resistant,
radioresistant hypoxic cells need not occur in humans under treatment. In that
case, high TERs in tumours may be obtainable in man without additional
means such as high-pressure oxygen.
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Chapter VII

A DISCUSSION ON THERAPEUTIC GAIN

An agent is interesting for cancer therapy only if its damage to normal tissues is
small as compared to its effect on the tumour. For this reason, we have com-
pared the effects of heat in tumours and in skin.

Heat alone
Heat treatments alone seldom achieved a tumour cure in the experiments which
are presented here. Cure occurred only after severe heat treatments which also
resulted in extensive necrosis of normal tissues. It has to be concluded from
these experiments that heat alone does not appear to be a useful tool for
tumour therapy. However, reports in the literature indicate that tumour cures
could be achieved without serious damage to normal tissues in other experi-
mental systems (Cavaliere et al, 1975; Marmor et ai, 1977). Further research
is necessary to determine in which situations favourable results can be obtained
and the basic underlying criteria.

Heat in combination with irradiation
If heat was applied immediately after irradiation, the reaction to irradiation
was enhanced in both tumours and skin. The degree of enhancement which was
determined in various experiments is shown in Table VII-1. The degree of
enhancement varied slightly, probably due to changes in the experimental set-
up. Nevertheless, in experiments done in the same set-up, the enhancement was
always somewhat greater for effects in the tumours than for the skin reaction.
Similar results were obtained if heat was given 4 hours after irradiation. The
data are shown in Table VII-2: some enhancement could be demonstrated for
tumours but the skin reactions were not influenced. Therefore, in these situa-
tions, there seems to be a slight therapeutic gain. However, it was discussed in
Chapter VI that a minor gain in tumour growth delay can be explained as the
effect of heat alone on the tumour and not by a selective radiosensitization by
heat. Probably, the small therapeutic gain mentioned above can also be ex-
plained by the effect of heat alone on the tumour. Therefore, we conclude
from these results that the effect of heat on the radiation reaction is the same
in tumours and skin in our experiments.
An important therapeutic gain has been shown by the addition of the hypoxic
cell sensitizer Ro-07-0582 to a combination of simultaneous heat and radiation
(see Table VII-3). This was illustrated by the condition of the legs of cured
mice in the tumour experiment. Most survivors had a badly deformed hind leg
after treatment with heat and/or radiation. However, the cured animals which
had been treated by Ro-07-0582 administration, heat and a lower dose of
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Table VII-1. Therapeutic gain factors for hyperthermia (43.0°C x 60 min) applied immedi-
ately after irradiation.

Experimental
set-up

B
AandC

TER skin
reaction

1.8-2.0
1.4-1.6

TER tumour
growth delay

2.0-2.3
1.8

TER tumour
cure dose 50%

2.0
1.7

Therapeutic gain
factor (TGF)

1.1-1.2
1.1-1.2

Table VII-2. Therapeutic gain factors for hypertlormia (43.0°C x 60 min) applied 4 hours
after irradiation.

Experimental
set-up

A,B,C

TER skin
reaction

0.8-1.1

TER tumour
growth delay

1.2-1.3

TER tumour
cure dose 50%

1.1-1.2

Therapeutic gain
factor (TGF)

1.1-1.2

Table VII-3. A therapeutic gain factor for the addition of both heat (43.0°C x 60 min) and
Ro-07-0582 to irradiation.

Experimental Enhancement ratio Enhancement ratio Therapeutic gain
set-up skin reaction tumour cure dose 50% factor (TGF)

D 2.1 3.7 1.8

radiation proved to be in a much better condition. It was already discussed in
Chapter VI that the hypoxic cell sensitizer probably acted on an acutely
hypoxic cell population as the chronically hypoxic cells were killed by heat.
These acutely hypoxic cells, which were not present in the skin, might have
made the tumour relatively resistant to treatment with acombination of hyper-
thermia and radiation. This acute hypoxia has probably been caused by the
anesthesia and did possibly not exist in tumours in unanesthetized animals.
This also explains why we attained no therapeutic gain by the addition of
heat to radiation.
The therapeutic gain found in experiments with a set-up similar to our own
(mice, waterbath heating) which have been reported in the literature are sum-
marized in Tables VII-4 and VII-5.
The data of experiments (including our own) in which the animals were an-
esthetized by sodium pentobarbitone during treatment are shown in Table
VII-4. No favourable therapeutic gain was found in any of these experiments
and in most the therapeutic gain factor (TGF) was even smaller than 1.0. Three
factors may have been responsible for these low values:
1. The TERs (thermal enhancement ratios) for skin found in some of the
experiments are higher than those found by us. Such a difference may be due
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Table VII-4. Experiments reported in the literature with little or no therapeutic gain.

Authors Parameters Heat treatment* Anesthesia TER tumour
TER skin

X-H H-X

Thrall etal ,1975

Stewart and Denekamp, 1978

Hill and Fowler, 1978

Hill and Fowler, 1978

C3H mammary carcinoma
skin of lower leg of mouse

mouse fibrosarcoma
skin of mouse feet

carcinoma NT

44.1°Cxl2min
44.5°C x IS min

sodium pentobarbitone f f = 0.8 (0.9)** 44= °-4
l.o 3.5

42.5°C x 60 min sodium pentobarbitone L5__ O o n 0 \** IA_ _ 0 8

42.5°C x 60 min 1.8 K ' 1 .7"

42.5°C x 60 min sodium pentobarbitone L4 _ Q 8 (1 0)** — = 0 8
skin of mouse feet; from Stewart and Denekamp, 1978 1.8 ' 1.7

squamous carcinoma D 42.5°C x 60 min sodium pentobarbitone
skin of mouse feet; from Stewart and Denekamp, 1978

Jansen etal., 1978, and this study M8013X tumours 42.6°Cx55min sodium pentobarbitone
skin of mouse feet 43.0°C x 60 min

L7__ Q 9 M 0)** i ^ - = 1 1
1.8 ' ' 1.7
1 A***14=i.o
1.6

*If available the effectively applied heat treatment is given.
**If the TER for skin found in our experiments is used (see text).

***After correction for effect of heat alone.



Table VII-5. Experiments in literature with clear therapeutic gain.

Authors

Robinson era/., 1974

Thrall era/., 1975

Witcofski era/., 1978

Witcofski era/. ,1978

Parameters

C3H carcinoma
skin of mouse feet

C3H carcinoma
skin of lower leg of mouse

C3H BA tumour
skin reaction of C3H mouse
foot

S-180 tumour
skin reaction of Balb/c
mouse feet

Heat treatment*

43.0°C x 60 min

44.1°C x 12 min
44.5°C x 15 min

44.0°Cx 8 min
44.5°C x 15 min

44.0°Cx 8 min
44.5°C x 15 min

Anesthesia

not mentioned

sodium pentobarbitone
+ high-pressure oxygen

none

none

TGF

X -

2,0 =
1.8

Li=
1.1

1A.
1.3

_ TER tumour
TERskin

H X,H

= 1.1(1.4)**

= 1.2

= 1.2

•If available the effectively applied heat treatment is given.
**If the value from our own skin reaction experiments was used.



to many factors (see also Chapter IV). A high TER for skin results in a low
TGF.
2. Heat gradients and the time required to reach temperature equilibrium can
change the effectively applied heat treatment which of course influences the
result of the treatment. Heat gradients and equilibration time will have a larger
influence in the deeper seated tumours than in the superficial skin. All treat-
ments listed in this table, except for the last experiment, probably belong to a
temperature-critical type, i.e., the TER of the tumours can be influenced by
relatively small heat gradients or equilibration times (see also Chapter IV). If,
instead of the values reported for skin, we look in our own results on skin (Fig.
IV-3) for the equivalent of the effectively applied treatment on the tumour, we
find TGFs of about 1.0 (in parentheses in the table), or - more simply said -
there is no therapeutic gain or loss.
3. The common factor in these experiments is the anesthesia with sodium
pentobarbitone (Nembutal®).
The possible importance of anesthesia becomes clear if we consider the results
which are summarized in Table V-5. No anesthesia or a different one was used
in those experiments and we see that the therapeutic gain factor is favourable
in all; this is even more convincing, as in many of those experiments, the heat
gradients must have played a relatively great role due to active cooling by an
unaffected circulation (Witcofski et ai, 1978). Comparison of these results
from the literature supports our hypothesis that in this kind of experiment, an-
esthesia can negatively influence the TGF. Without the use of such a type of
anesthesia, it may be possible to obtain an important therapeutic gain by the
addition of hyperthermia to irradiation.

Hypoxia protects not only tumours against the effects of irradiation but also
the normal tissues; the relative radioresistance of hypoxic cells in tumours is
negated if the dose-limiting tissues are also hypoxic. This principle has been
used in clinical radiotherapy (Suit, 1973). Also from our data the conclusion
could be drawn that irradiation under hypoxic conditions might be the most
favourable situation. This would make this entire discussion on therapeutic gain
irrelevant. However, a state of hypoxia in most normal tissues must be seen as
pathological and is usually unacceptable if humans are concerned. For this
reason, it seems to be better to accept the well-oxygenated mouse skin as a
model for normal tissue.
In clinical radiotherapy, dose fractionation can partly overcome the problem of
the assumed radioresistance of hypoxic cells by the assumed process of re-
oxygenation. For regimens including hyperthermia, it is difficult to experiment
with daily fractionation, as heating after the first dose of radiation will precede
the second dose. This may both increase and decrease the effect of the second
dose of irradiation by mechanisms described in this study.
From the experiments described in this thesis, it appears that the intracellular
interaction of heat and radiation does not improve the therapeutic index of
radiotherapy with single large doses. On the other hand, the possible inter-
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action is very much dependent on the accurate application of hyperthermia,
which is almost impossible. If it is permissable to extrapolate these conclusions
to the human situation, it seems better not to use the schemes where intra-
cellular interaction between the two agents takes place, as this would probably
increase the risk of serious side effects without an improvement in the thera-
peutic index of radiotherapy. In that situation, it seems preferable to take
advantage of the possible therapeutic gain which can be obtained by the
selective elimination of chronically hypoxic cells by using treatment schemes
wherein heat is given at a sufficient interval after irradiation to prevent intra-
cellular interaction with radiation.
At the end of this thesis, we conclude that, while the clinical results obtained
with hyperthermia appear to be promising, the underlying processes are in-
sufficiently known. Important is the fact that the effect of heat proves to be
very dependent upon many biological factors. Much more basic information is
required to obtain a better insight into these. Until this has been accomplished
the clinical application of hyperthermia lacks a sound scientific background.
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Appendix

A MATHEMATICAL TUMOUR MODEL

It was concluded in Chapter VI that probably a heat-resistant hypoxic fraction
camouflaged the presence of a heat-sensitive hypoxic fraction in our experi-
ments. To support this conclusion, a mathematical model of the M8013X
tumours was constructed.
From this model, we calculated the TCDS0 of radiation under various circum-
stances. These included irradiation only, irradiation with concomitant heating,
irradiation with administration of a hypoxic cell sensitizer and a combination
of the three agents. By comparing these TCDS0 values, we expressed the overall
effects as enhancement ratios for the various additional treatments (heat and/or
the administration of the hypoxic cell sensitizer). In the model, which we
assumed to contain 108 tumour cells, we also varied the numbers of cells in the
chronically and acutely hypoxic fractions, to determine in which way the out-
come of the experiments might be influenced by the magnitude of these two
fractions.
In Table A-l are shown the parameters for the sensitivity to heat and radiation
of each fraction. Data on the radiosensitivity of M8013X tumour cells were
obtained from Dr. J. Haveman (1980) and were derived from experiments in
vitro with a related cell line, M8013S. The other parameters were obtained

Table A-l. Parameters for a mathematical model for tumours.

Dq
D,o
OER
TER
Enhancement ratio due to
Ro-07-0582
Enhancement ratio due to
heat + Ro-07-0582

50% of the tumours has been
cured if in each of three fractions
the number of cells with repro-
ductive capacity is less than

Tumour containing 108 tumour cells

Well-oxygenated
fraction

2.7 Gy
2.7 Gy
1.0
1.8

1.0

1.8

100 cells

Heat-resistant,
acutely hypoxic
fraction

0 Gy
8.1 Gy
3.0
1.8

2.0

no survival

100 cells

Heat-sensitive,
chronically hypoxic
fraction

0 Gy
8.1 Gy
3.0
no survival

2.0

no survival

100 cells
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Table A-2. TCDso and enhancement ratios for various treatments in the model tumour of Table A-1.

Fractions of the tumour
cell population

Euoxic

100%
99%
90%

99%
90%

98%
90%
90%
90%

Heat-resist-
ant, acutely
hypoxic

_
1%

10%

-

1%
5%
9%
1%

Heat-sensi-
tive, chroni-
cally hypoxic

_
_
-

1%
10%
1%
5%
1%
9%

TCDSo
inGy

Only
X-rays

18.9
32.4
40.5

32.4
40.5

32.4
38.1
40.1
40.1

Heat +
X-rays

10.5
18.0
20.3

10.5
10.4

18.0
21.1
22.3
18.0

Ro-07-0582
+ X-rays

18.9
18.9
20.3

18.9
20.3

18.9
19.0
20.1
20.1

Heat,
Ro-07-0582
+ X-rays

10.5
10.5
10.4

10.5
10.4

10.5
10.4
10.4
10.4

Enhancement ratios due
to the application of

Heat

1.8
1.8
1.8

3.1
3.9
1.8
1.8
1.8
2.2

Ro-07-0582

1.0
1.7
2.0
1.7
2.0
1.7
2.0
2.0
2.0

Ro-07-0582
+ heat

1.8
3.1
3.9

3.1
39

3.1
3.9
3.9
3.9



from the literature and the experiments which are described in this study. As
the M8013X tumours are probably slightly antigenic, we assumed that 50% of
the tumours were cured if, in the model, the number of cells with a reproduc-
tive capacity had been reduced from 100,000,000 to about 100. To simplify
the calculations, we assumed that TCDSO had been administered if the number
of cells was less than 100 in each of the three fractions: the well-oxygenated,
the acutely hypoxic and the chronically hypoxic.
In Table A-2 the results of the calculations with the tumour model are shown.
The following conclusions can be drawn from these model calculations.
1. The TCDSO of a completely euoxic model tumour was 19 Gy. The TCDS0 was
32 Gy or 40 Gy if the model contained 1% or 10% hypoxic cells. Most values
found experimentally for the M8013X tumour were in the latter range.
2. Treatment with heat and Ro-07-0582 was assumed to almost completely
eliminate all hypoxic cells. For this reason, the enhancement ratio of this treat-
ment was high, 3.9, in this model. The same value was found experimentally.
3. Complete elimination of all hypoxic cells was necessary to obtain a high
TER of around 4. If the heat failed to kill almost all hypoxic cells, no high
TER was found: a small heat-resistant hypoxic fraction camouflaged the effect
of heat on heat-sensitive hypoxic cells. E.g., while the TER of a tumour with
10% heat-sensitive (chronically) hypoxic cells was about 3.9, the addition of
1 % heat-resistant (acutely) hypoxic cells reduced the TER to 2.2.

Discussion
/
The model has a few limitations. It nevertheless gives a mathematical inter-
pretation of the camouflage of the potential therapeutic gain due to the pres-
ence of an acutely hypoxic fraction.
The relatively high value found in the model for the TCDSO of radiation with
simultaneous heating and the administration of the hypoxic cell sensitizer
(10.4 Gy), in comparison to the value found experimentally (8 Gy), can partly
be explained by the relatively low TER used in the model (1.8), compared to
the TER (2.1) found for skin in this set-up with simultaneous heat and radia-
tion. It is not clear whether these values, 1.8 and 2.1, are essentially different.
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SUMMARY AND CONCLUSIONS

For more than 100 years, hyperthermia (i.e., exposure to temperatures be-
tween 40° C and 45° C) has been known as a possible agent in the fight against
cancer. In this thesis, its effects as a single agent and in interaction with ion-
izing radiation are investigated.
A review of the available literature is given in Chapter I.
Chapter II describes the materials, techniques and procedures used in the
experimental part.
Effects of heat alone on the mouse skin are reported in Chapter HI. Heating for
a short time (i.e., 60 min at a temperature of 43.0° C) caused some redness and
edema, while prolonged heating led to vascular obstruction and necrosis. The
sensitivity of the skin to hyperthermia was increased by local pressure on the
skin due to the tumour.
The experiments on the interaction between heat and radiation are reported in
Chapter IV. Here, a heat treatment of 60 min at a temperature of 43.0°C was
used. It was a potent heat treatment which did not cause vascular obstruction
or skin necrosis in normal skin. If applied simultaneously with or immediately
after irradiation, this treatment was shown to reduce the dose of radiation
necessary to cause epidermolysis by a factor of 1.6-2.1. This type of inter-
action proved to have an activation energy of about 680 kLmole'1 and it was
not observed if the heating was performed 4 hours or more after irradiation.
The degree of enhancement by other heat treatments was also studied.
Chapter V includes some data showing the effect of heat alone on the M8013X
tumour in mice. Heating at a temperature of 42.0°C or 43.0°C resulted in a
tumour growth delay which increased with the duration of exposure. For
example, 60 min at a temperature of 43.0°C produced a tumour growth delay
of 4 days.
In Chapter VI, the interaction of heat and radiation in tumours is described.
The degree of enhancement of the radiation reaction by heat proved to be
similar to that found for skin. However, if the hypoxic sensitizer Ro-07-0582
was also added to the treatment, the degree of enhancement was found to be
greater in tumours than in skin.
Evidence is presented in Chapter VII that a favourable influence of hyper-
thermia on the therapeutic effect of radiation may be camouflaged by an effect
of the method of anesthesia.

The most important conclusions are:
1. Hyperthermia can result in tumour growth delay.
2. The extent to which this takes place is very dependent upon the physio-
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logical condition of the tumour-bearing animal.
3. It is not yet clear whether heat treatment without other modalities can be
used in a sensible way in the treatment of malignant tumours.
4. Moderate heat treatment which alone does not affect the normal tissues, can,
nevertheless, enhance the effect of ionizing radiation in normal and malignant
tissues.
5. This influence of heat treatment did not better the therapeutic index of
single irradiation in the experiments presented.
6. However, improvement can probably be achieved by using a different
method of anesthesia during treatment. If that proves to be the case, hyper-
thermia may become a valuable adjunct to the radiological treatment of malig-
nant tumours.
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SAMENVATTING EN CONCLUSIES

Al meer dan 100 jaar wordt hyperthermie, blootstelling aan temperaturen tus-
sen 40 en 45°C, genoemd als een mogelijk middel bij de behandeling van malig-
ne tumoren. In dit proefschrift worden zowel de effecten van warmte alleen, als
de effecten van de interactie met ioniserende straling bestudeerd.
Hoofdstuk I is een literatuuroverzicht.
Hoofdstuk II beschrijft de materialen, technieken en procedures die werden
gebruikt bij de experimenten.
De resultaten van experimenten waarin alleen warmte werd toegediend aan de
huid van normale muizepoten, worden besproken in hoofdstuk III. Verwarming
gedurende korte tijd veroorzaakte enige roodheid en oedeem, terwijl lang-
duriger blootstelling aan deze temperaturen tot necrose van de huid leidde,
waarbij vermoedelijk obstructie van de bloedvaten een rol speelde.
Bij muizepoten met een tumor nam de gevoeligheid van de huid voor alleen
warmte toe door druk van de tumormassa op de huid.
Hoofdstuk IV behandelt de resultaten van experimenten betreffende de inter-
actie tussen warmte en straling in de huid. Een verwarming van 60 minuten op
een temperatuur van 43,0°C werd hiervoor gebruikt. Dit was een sterke warmte-
behandeling die in de normale huid van de muizepoot geen necrose of vaat-
obstructie veroorzaakte. Deze behandeling bleek de hoeveelheid straling nodig
om epidermolyse te veroorzaken, te verminderen met een factor 1,6-2,1, als zij
gelijktijdig met of direct na de bestraling werd uitgevoerd. Deze interactie bleek
een activeringsenergie van ongeveer 680 kJ.mole"1 te hebben en trad niet meer
op als de warmte 4 uur of langer na de bestraling werd toegediend.
Ook van andere warmtebehandelingen werd de mate van versterking van het
stralingseffect onderzocht.
Hoofdstuk V bevat gegevens over het effect van alleen verwarming op M8013X
tumoren in muizen. Verwarming tot 42,0°C of 43,0°C veroorzaakte een uitstel
van de tumorgroei dat toenam met de duur van de blootstelling. Zestig minuten
op een temperatuur van 43.0°C gaf een tumorgroei-uitstel van 4 dagen.
In hoofdstuk VI wordt de interactie tussen warmte en straling in tumoren be-
schreven. Verwarming bleek het effect van bestraling in tumoren in dezelfde
mate te versterken als in de huid. Echter als de 'hypoxic cell sensitizer'
Ro-07-0582 werd toegevoegd aan de behandeling met een combinatie van
warmte en straling, werd in tumoren een veel grotere versterking van het stra-
lingseffect gevonden dan in de huid.
In hoofdstuk VII wordt bewijs aangevoerd voor de hypothese dat de gunstige
invloed van warmte op het therapeutische effect van bestraling werd gecamou-
fleerd door de toegepaste methode van anesthesie.
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De belangrijkste conclusies zijn de volgende:
1. Hyperthermie kan een uitstel veroorzaken in de groei van tumoren.
2. De mate waarin dit plaatsvindt is zeer afhankelijk van de fysiologische
toestand van het tumor-dragende dier.
3. Het is nog niet duidelijk of warmtebehandeling zonder andere modaliteiten
op zinvolle wijze gebruikt kan worden bij de behandeling van maligne tumoren.
4. Een matig sterke warmtebehandeling die, alleen toegepast, geen schade ver-
oorzaakt aan de normale weefsels, kan toch het effect van ioniserende straling
op normale weefsels en tumoren versterken.
5. Deze invloed van warmte verbeterde in onze experimenten de therapeutische
index van enkelvoudige bestraling niet.
6. Een zodanige verbetering kan echter vermoedelijk wel bereikt worden indien
de proefdieren op een andere wijze verdoofd worden tijdens de behandeling en
indien deze veronderstelling juist blijkt, is het mogelijk dat warmte een waarde-
vol hulpmiddel wordt bij de radiologische behandeling van kwaadaardige ge-
zwellen.
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STELLINGEN

I

Indien men tumoren wil behandelen met warmte en ioniserende straling,
dient de verwarming plaats te vinden na de bestraling en wel met zodanig
interval dat in normale weefsels geen interactie optreedt tussen beide
behandelingen.

II

De door Johnson en Pavelec (1972) uit hyperthermie-experimenten ge-
trokken conclusie dat ook bij een temperatuur van 37°C celdood optreedt
ten gevolge van 'thermal noise' is onjuist.

Johnson, H. A. and N. Pavelec. Thermal noise in cells: a cause
of spontaneous loss of cell function. Am. J. Pathol. 69:119-
130(1972).

Ill

Ten opzichte van chemische en fysische bepalingsmethoden voor de con-
centratie van een geneesmiddel heeft detectie van de stof op grond van een
biologische reactie het voordeel dat in één keer van zowel de stof als van
zijn metabolieten de biologische activiteit wordt bepaald.

IV

Door, om praktische redenen, de doseringssnelheid bij intracavitaire of
interstitiële applicatie van radioactieve bronnen te verhogen tot meer dan
2 Gy.h"1 loopt men gevaar de therapeutische index van deze vorm van
radiotherapie negatief te beïnvloeden.

Behandeling met snelle neutronen bij astrocytoom graad III of IV geeft
geen betere overleving dan conventionele megavolttherapie.

VI

Behandeling van Ti-blaastumoren met uitsluitend transurethrale resectie is
onvolledig.

VII

Het basaalcelcarcinoom van de oogleden dient in de meerderheid van de
gevallen radiotherapeutisch in plaats van chirurgisch behandeld te worden.



' • ) • • . ' ;

VIII

Speciaal bij adjuvant therapie is behalve de remissie- en overlevingsduur
ook de periode waarin noch behandeling wordt gegeven noch ziektever-
schijnselen optreden van groot belang.

IX

Voor sommige indicaties van radiotherapie is een bekorting van de behan-
delingsduur door het geven van meerdere fracties op één dag een mogelijk-
heid om de belasting van de patiënt te verminderen, waarschijnlijk zonder
dat de therapeutische index van deze vorm van radiotherapie ongunstig
wordt beïnvloed.

X

De medisch-ethische criteria die men aanlegt voor de aselecte klinische
toetsing van de waarde van op wetenschappelijke basis in de kliniek geïn-
troduceerde therapieën dienen ook te gelden voor alternatieve genees-
wijzen.

XI

Wanneer Jac. P. Thijsse het jaar 1980 had mogen beleven, zou zijn lijf-
spreuk niet langer 'onbekommerd' zijn.

Amsterdam, 3 juli 1980 W. Jansen


