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I.I

INTRODUCTION
The purpose of experimental radiotherapy is to study problems derived

from

the

clinic in the laboratory. Insights gained from experimental re-

sults may contribute to the design of new and better methods in the treatment

of

two

human

main

cancer. These studies must, in general, be concerned with

problems:

1st.

improvement

of the probability to control the

growth of tumors and 2nd. amelioration of effects of treatments on various
normal

tissues

field

which

are unavoidably involved in the treated area. This

of studies in experimental radiotherapy is very large and the expe-

rimental

approaches

involved

in

depend on the type of tumor and of the normal tissue

the treatment. Studies to be presented in this thesis mainly

concern the combination of radiotherapy with hyperthermia and chemotherapy
applied

to an experimental tumor, and in addition some aspects of the in-

fluence

of

will

be

the

tumor volume on the effectiveness of radiation treatment

described.

Effects

on

normal tissues were studied on skin and

lungs of mice. In the present investigation we used a transplantable mouse
tumor

(M8013X) as a model for malignant tissue. This tumor has been main-

tained

for

several

properties

of

this

years at our department. Several sets of data on the
tumor

were already available (Haveman et al., 1981,

Jansen, 1980, Van Dongen, 1961, V/an Peperzeel, 1972). Van Peperzeel (1972)
studied

the

radiosensitivity

of artificially induced lung metastases in

mice

and

tion

on tumors implanted subcutaneously on the hind leg of mice. Some ex-

Jansen (1980) obtained data on the effects of heat and irradia-

perience

with

scoring of radiation induced skin damage, according to the

system developed by Fowler et al.(1965), was available (Jansen, 1980).
The outline of these
as

studies as presented in the various chapters is

follows: in chapter II and III experiments on responses of tumors, im-

planted

subcutaneously

in the leg, to irradiation alone or combined with

heat are reported. In both chapters the influence of factors modifying the
fraction of hypoxic cells (e.g. anesthesia of the animal and tumor volume)
is also discussed. The radiosensitivity of developing lung tumors was examined
IV).

for

spontaneous as well as for artificial lung metastases (chapter

Moreover, both experimental tumor models were compared with regard to

their value in experimental radiotherapy. Data obtained on the response of
artificial

metastases and lung tissue to combined treatment with irradia9

tion and several drugs are presented in chapter V.
Because in earlier experiments large variations were observed in the
skin reactions of the irradiated mouse feet, we also investigated the response of the skin of the mouse foot under several experimental conditions
such as anesthesia of the animal, stress, and clamping of the leg (chapter
VI). In chapters VII and VIII, data on damage of the mouse foot, as a result of heat and/or irradiation treatments are presented. In particular
the influence of thermotolerance on thermal enhancement of the radiation
induced skin reaction was studied. Chapter IX describes experiments with
previously irradiated mouse skin. Tolerance of the skin to retreatment
with irradiation, to hyperthermia alone and combined with X-rays was assessed. In chapter X the tumor data were compared with the normal tissue
data (skin) in order to assess the therapeutic potential of combined heat
and irradiation.
1.2

EFFECTS OP X-RAYS ON CELLS, TUMORS AND NORMAL TISSUES

Mechanisms of cell killing by irradiation
Radiation effects on tumors and normal tissues generally result from
damage to the cells. It is generally assumed that DNA in the chromosomes
is the most critical target for irradiation. When cells are irradiated
with X-rays, damage in the chromosomes may occur (e.g. as a result of
single and double strand breaks in DNA). After irradiation cells may recover from some of the induced damage. Two types of repair have been distinguished called repair of sublethal damage (Elkind and Sutton, 1960) and
repair of potentially lethal damage (Phillips and Tolmaeh, 1966). Specific
changes in the chromosomes may lead to division delay, mutations or malignant transformation. Gross changes in the chromosomes may result in reproductive death of the cells and hence in sterilization.
A variety of factors is known which can modify the effectiveness of a
given dose of radiation to produce damage in cells, and hence also in tumors and in normal tissues. A first important factor is cell cycle stage.
Radiosensitivity of the individual cell has been shown to be dependent on
its place in the cell division cycle. Cells are most sensitive to irradiation during mitosis and are least sensitive during the S-phase. A second
10

important factor is the presence of oxygen during irradiation. With oxygen
the

lethal effects of radiation doses are 3 times more effectively produ-

ced than without oxygen.
Modification of the radiosensitiuity of tumors and normal tissues
In many experimental
which
II).

may

tumors, a fraction of hypoxic cells is

present

progressively increase as a result of its rapid growth (chapt.

The

presence of hypoxic cells in these tumors limits the effective-

ness of the radiation treatment (chapt. II, 11/ and V). To increase the radiosensitivity
zers

of the radioresistant hypoxic cells, hypoxic cell sensiti-

may be used (chapt. II and V). The hypoxic cell sensitizer misonida-

zole mimics the effects of oxygen with regard to the fixation of radiation
induced
the

lesions

in the chromosomes. Misonidazole is able to diffuse from

blood vessels through the tumor to a greater distance than oxygen be-

cause

of

the

metabolized
cslls

by

fact that, as compared to oxygen, misonidazole is far less
the

cells. Therefore misonidazole sensitizes the hypoxic

including those remote from the blood supply. Misonidazole may also

cause some cell killing without iradiation, in particular in hypoxic areas
of

tumors (see review by Bleehen et al., 1977). Several experimental stu-

dies

have demonstrated that hyperthermia enhances the cytotoxicity of mi-

sonidazole towards Kypoxic cells (Bleehen et al., 1977, Hall et al., 1977,
Stratford

arid Adams,

1977). Moreover, combined administration of hyper-

thermia and misonidazoie enhanced the radiation effects both in tumors and
in

several

normal

tissues

(Hofer et al., 1981, Overgaard, 198C, Stone,

1978: chapt. Ill and VII).
Anticancer drugs, such as actinomycin-D

and 5 fluorouracil

which by

themselves have a killing effect, may modify the radiation response of tumors

and normal tissues too (Gonzalez and Haveman, 1982, Phillips et al.,

1975) (chapt. V). They act by diverse mechanisms and to a large extent add
to

the

effect of radiation, rather than acting as true radiosensitizers.

The antibiotic actinomycin-D binds to DNA and inhibits RNA synthesis, whereas

the

antimetabolite 5-fluorouracil inhibits DNA synthesis by preven-

ting

the

synthesis

drugs

may

be

of thymidilate. The radiosensitizing effect of these

explained by inhibition of the repair of radiation induced

sublethal damage (Elkind et al., 1968, Piro et al., 1976).
11

Fysiological

factors may also influence

the radiosensitivity of tu-

mors and normal tissues. For example alterations of blood flow, leading to
changes
and

in

oxygenation and pH, might influence the response of malignant

normal

tissues to ionizing radiation. Several author" (Buelke-Sam et

al.,

197S, Johnson et al., 1976, Zanelli et al., 1975) reported that the

anesthetic
bilize

the animals during radiobiological experiments, reduced the blood-

pressure
the

pentobarbital sodium (nembutal ), which is often used to immo-

and

cardiac

output, lowered the body temperature and depressed

rate and depth of breathing. These factors will lead to a decrease in

oxygen tension both in tumors and in normal tissues. Anesthesia of experimental

animals may lead to an increase in the proportion of hypoxic cells

in tumors as a result of decreased cardiac output. This phenomenon is called

acute hypoxia as it occurs very soon after administration of nembutal

(chapt. II). In cases of acute hypoxia the radiation dose necessary to cure

the tumor will increase (chapt. II). Nembutal may also affect the res-

ponse

of

(1976),

several

normal

tissues to irradiation . Keizer and Van Putten

studying the radiosensitivity of bone marrow, reported a nembutal

induced radioprotection . No significant effect of nembutal was demonstrated in the skin of the mouse foot (Denekamp and Fowler, 1966), Douglas and
Fowler,

1976): however, radiosensitization was observed in the mouse tail

(Hendry, 1978, Hornsey et al., 1977).
Immobilization
mals
may

on

VI).

of the animal

during irradiation, by taping the ani-

jig or by restraining them in small boxes without anesthesia,

induce severe stress. Stress of the animals influences the blood per-

fusion
in

a

the

of

many tissues (Zanelli and Lucas, 1976) and may lead to changes

radiosensitivity

Positioning

of

the organs or tissues being studied (chapt.

the tumor or individual parts of the animals in the -a-

diation

field by taping the animals on a jig may lead to local impairment

of

blood

the

flow

as

a

result of clamping and hence to local hypoxia

(chapt. VI).

1.3

HYPERTHERMIA INDUCED CELL LETHALITY

Mechanisms of cell killing by hyperthermia
Exposure of cells to temperatures of 41 to 46

12

C, generally

referred

to as hyperthermia, may lead to cell death (Westra, 1971). The fraction of
cells

killed

depends on the temperature and duration of exposure to heat

(i.e.

"thermal

dose"). There is considerable evidence that damage to the

plasma membrane is involved in cell killing by heat (Hahn, 1982). Structural

changes

been

in

reported

the

by

plasma membrane, observed by light microscopy, have

several authors (Bass et al., 1978, Lin et al., 1973).

The surface membrane of the cells becomes undulated with blebs and ruffles
and

the number of cortical microfilaments next to the plasma membrar.e de-

creases
have

(Bass et al-, 1978, Lin et al., 1973). Many membrane active drugs

been shown to enhance cytotoxic effects of hyperthermia. Hahn et al.

(1977) observed that the sterol binding drug amphotericin-B strongly sensitized

Chinese hamster cells to 43

C heat treatments. Moreover, Haveman

(1981) showed that the ionophore antibiotic gramicidine sensitized cultured

M8013

cells

tumor cells to 43

C heat treatments. Treatment

of

mammalian

or bacteria (E. coli) with a membrane active local anesthetic, pro-

caine, also enhances thermal sensitivity (Yau, 1979, Yatvin et al., 1979).
Other evidence is provided by the observation that the thermal sensitivity
of E. coli may be enhanced by increasing the ratio of saturated to unsaturated

fatty accids in the cell membrane (Yatvin, 1977). The enhanced cell

killing

is assumed to reflect direct or indirect interactions between the

drugs and hyperthermia at the level of the cell membrane.
Intracellularly, hyperthermia
alterations
nucleolus

in

and

may also induce several

changes, e.g.

the granular component of the nucleolus, shrinkage of the
condensation

of

the heterochromatin, hyperthrophy of the

Golgy complex, an increase in the number of lysosomes, disruption of mitochondrial membranes. All these heat induced visible lesions at the subcellular

level

with

changes

more

of

are

associated

with alterations in cellular metabolism and

in DNA, RNA and protein synthesis. It is likely that one or

these

changes are associated with death of the cells induced by

hyperthermia.
Several studies
(Palzer

and

have shown that heat

Heidelberger,

inhibits the synthesis

of RNA

1973, Henle and Leeper, 1979, Warocquier and

Scherrer, 1969). Probably a step in the synthesis or the maturation of ribosomal

RNA

primary

role

within

a

is sensitive to heat. However, it is difficult to indicate a
in

short

cell
time

death after hyperthermia to ribosomal RNA because
after heating a considerable resumption of protein
13

synthesis

may be observed (Henle and Leeper, 1979, Mondovi et al., 1972).

The

rate

of

and

sometimes

protein synthesis in cells that have been heated approaches
even

exceeds

that in unheated controls. Henle and Leeper

(1979) showed that DNA synthesis is depressed considerably when cells are
exposed

to

synthesis

elevated temperatures. This inhibition is reversible, and DNA

proceeds within a few hours after returning the cells to 37 C.

There is little evidence to indicate that the DNA itself is target of heat
damage. Roti Roti and Winward (1978) and Tomasovic et al. (197B), studying
the effect of heat on chromosomes, have shown that heat induced an increase in non-histone protein associated with DNA. The amount of bound protein
was

shown

crease

to be a function of the thermal dose and correlated with a de-

in survival as the heat dose is increased. Therefore these results

suggest

a

role

of

chromosomal protein binding in cell killing by heat.

Heat may also induce damage to the mitochondrial membranes which may cause
changes

in

(ATP) has

cellular respiration rates. Lack of available cellular energy
been

associated with heat induced cell lethality (Haveman and

Hahn, 1981). There are some contradictory data in the literature about the
effect

of

heat on glycolysis. Strom et al. (1977) reported that heat did

not affect glycolysis in several experimental tumors at temperatures up to
44° C. However, Dickson and Suzangar (1974, 1976) found that glycolysis is
already
Durand

inhibited at

temperatures as low as 42.5° C. Moreover, data from

(1978) indicate that inhibition of respiration after heat may lead

to

cell death. It has been suggested by some authors (Haveman, 1980, Hume

et

al., i978,

that

Overgaard,

1977, Turano et al., 1970, Von Ardenne, 1972)

heat has an effect on lysosomal activity. Haveman (1980) showed that

lysosomes of cultured cells lost their capacity to accumulate the fluorescent

dye

rectly

or

acridine orange when treated by hyperthermia. Probably heat diindirectly

affects the lysosomal membrane or lysosomal enzyme

activity. However, it is likely that this is not the primary cause of cell
death.

Modification of heat sensitivity of cells
The sensitivity of cells to heat can be altered by changing the environmental

conditions

such

as pH, oxygenation and nutritional status. It

has been reported by several authors (Freeman et al., 1977, Gerweck, 1977,
14

Haveman,

1979) that a decrease in pH increased the sensitivity of cultu-

red cells to heat. In comparison with complete medium, thermal sensitivity
also

increases

when

cells are heated in salt solution without nutrients

(serum or glucose) (Hahn, 1974, Haveman and Hahn, 1981). Several
studies show

that hypoxic

in vitro

cells are equally or perhaps more sensitive to

hyperthermia than well oxygenated cells (Gerweck et al., 1979, Kim et al.,
1975). Gerweck (1983) even suggests that acute hypoxia does not change the
thermal
shown

sensitivity of the cells. However, chronically hypoxic cells were
to

be

slightly

more sensitive to heat. In vivo a low pH, and low

oxygen

and

review

by Wike-Hooley et al., 1984). Probably these environmental factors

glucose concentrations are frequently observed in tumors (see

are responsible for the increased thermal sensitivity of tumors, when compared with normal tissues.
The thermal sensitivity
the

cell

(Westra

in
and

the

was shown to be dependent on the position of

cell division cycle. Experiments on synchronized cells

Dewey,

1971) have shown that S-phase cells are particularly

sensitive

to hyperthermia. Cells in Gl-phase appeared to be the most heat

resistant

cells. The

sensitive

to

that

heat

combining

observation that S-phase cells are both relatively

and

relatively resistant to irradiation does suggest

irradiation with heat might be more effective for the in-

duction of cell lethality than heat alone.

Effect of hyperthermia combined with irradiation

Several experiments in vitro have shown that hyperthermia may increase

radiation

When

cells

induced
are

both

cell

death (Belli and Bonte, 1963, Westra, 1971).

heated and irradiated, hyperthermia usually causes

both an increase in the slope of the survival curve (i.e. the cells become
more

sensitive

to

irradiation) and, in almost all cases, a reduction of

the

shoulder of the curve (Dewey et al., 1977, 1980). Our knowledge about

the

mechanism

of thermal enhancement of radiation effects is still limi-

ted. It has been suggested that heat inhibits the repair of sublethal (Ben
Hur et al., 1974) and potentially lethal (Li et al., 1976) radiation damage. Observations by Corry et al. (1977) and Clark and Lett (1978) indicate
that
strand

heat

delayed

the

rejoining of radiation induced single and double

DNA breaks. Improper rejoining between DNA molecules can result in
15

chromosomal
vation

aberrations and hence may lead to cell death. Thermal inacti-

of Ji-polymerase, a putative repair enzyme, could also play a role

in

delayed repair of irradiation induced damage (Dewey et al-, 1980, Dube

et

al., 1977). The degree of interaction between heat and irradiation was

shown
of

to

be dependent on a large number of factors. Both the temperature

the heat treatment and the duration of the heat exposure may influence

the

enhancement

of radiation effects. Generally the radiosensitizing ef-

fect

of hyperthermia increases with increasing temperature if the heating

time

is constant (Loshek et al., 1977). In combined treatments the degree

of

enhancement of radiation effects is determined , to a large extent, by

the sequence of the treatments and the time interval between the two modalities. Thermal enhancement of the radiation response is maximal when both
modalities are given simultaneously and it decays with increasing time interval

between

the heat and the radiation treatment (Dewey et al., 1977,

Joshi et al., 1978, Sapareto et al., 1978).
The degree of interaction between heat and irradiation was also shown
to

be dependent on the type of radiation used. Several studies (Gerner et

al.,

1976, Gerner and Leigh, 1977, Loshek et al., 1981) showed that heat

most

efficiently

sensitized
12

fects of high LET e.g.
enced

by

C photons, or

hyperthermia. Dose

treatment

may

also

cells exposed to low LET radiation. The ef-

influence

neutrons on cells are hardly influ-

rate

and fractionation of the irradiation

the

response of the cells after combined

treatment.
Environmental conditions such as

hypoxia and pH may also alter ther-

mal

enhancement of the radiation response. Robinson et al. (1974) and Kim

et

al. (1975) working with mouse bone marrow and HeLa cells respectively,

reported

that

the enhancement of radiation damage is greater for hypoxic

cells

than

other

words the the oxygen enhancement ratio (OER) is decreased. However,

Power

and

conditions,
veral

for

normal

Harris

cells when heat is combined with irradiation. In

(1977) using mammalian cells under hypoxic and normal

did not find a significant change in OER by hyperthermia. Se-

authors

1980) studying

(Freeman

et al., 1981ab, Haveman, 1983, Lunec and Parker,

the effects of pH on thermal enhancement, showed that the

thermal enhancement of radiation effects was increased when the cells were
kept in an acidic environment during combined treatment.
The position of the cell in the cell division cycle
16

affects the sen-

sitivity of cells to combined treatments. It was suggested that the interaction
et

between heat and irradiation was strongest in the 5-phase (Ben Hur

al., 1974, Kim et al., 1976). Cells in the S-phase are also relatively

sensitive to heat alone whereas cells in mitosis are very sensitive to irradiation alone.
Thermotolerance
Thermotolerance is a transient resistance to heat observed in normal
and

malignant

the

molecular and cellular aspects of thermotolerance can be divided into

three
and

cells resulting from a prior heat treatment. At the moment

phases: namely "triggering", "development" and "decay". Triggering

development

below

43

required

of thermotolerance occurs during heating at temperatures

C. At temperatures in excess of

43

C, incubation at

37 C is

for its expression. It has been speculated by Field and Anderson

(1982) that triggering may be associated with an increase in membrane fluidity.
in

Synthesis of new, probably very specific, proteins may be involved

the

gues

development of thermotolerance (Li et al.,1982ab). Li and collea-

(1982a) demonstrated that the kinetics of the development of thermo-

tolerance

correlate well with the synthesis of "heat shock" proteins. De-

velopment

of

potent

thermotolerance

inhibiter

of

protein

can be arrested by adding cycloheximide, a
synthesis, to the growth medium (Henle and

Dethlefsen , 1978). There are also several environmental factors which may
influence
cells
of
6.5

and

the

expression

of

thermotolerance: nutritional status of the

pH of the growth medium. Li and Hahn (1980) reported that lack

nutrients may reduce thermotolerance. A decrease of the pH from 7.2 to
caused

a

decrease in thermotolerance (Nielsen and Overgaard, 1979).

Thermotolerance is an important phenomenon and its expression depends on a
variety of factors. The mechanisms are subject of continuing studies.

1.4

EFFECTS OF LOCAL HYPERTHERMIA ON BLOOD FLOW IN TUMORS
Besides a direct cytotoxic effect of heat on cells, other changes due

to the effects on vasculature
in the

perfusion rate and

have been observed. Noteworthy are

changes

alterations in the micro-environment of

cells

both in tumors and in normal tissues.
17

The effectiveness of local hyperthermia depends on the rate of blood
per fusion in the tumors and its surrounding normal tissues. Circulating
blood may cool the tumor by dissipating the heat, but it may also transfer
heat to its surrounding normal tissues. The blood flow in tumors varies
considerably among different tumor types. There are several reports which
indicate that the blood flow in many tutors is lower than in most normal
tissues. However, this is not true for all tumors (c.f. review by Hahn,
1983). Song (1984) even reported that the blood flow in small tumors is
greater than in its surrounding tissues at normal temperatures. He also
reported that when the tumor grows larger, the blood flow generally decreases.
There are several experimental data (Bicher et al., 1980, Eddy, 1980,
Reinhold and Van den Berg-Blok, 1981, Song, 1984, Song et al., 1980, Stewart and Begg, 1983) which suggest that there is a reduction in blood flow
for hours or even days after heating to moderate temperatures. Reinhold
and Van den Berg-Blok (1981), using "sandwich" tumors, studied the effect
or 4/.' C and 42.5 C heat treatment on the blood flow in a rat Rhabdomyosarcoma BA 1112. They observed that at 42.5 C, vascular changes occured
after about one hour, expressed in a slowing of the microcirculation. After 3 hours heating, only 3G?Ó of the tumors showed an intact circulation.
Several days after heating extensive necrosis covered those areas in which
microcirculation has been arrested. These results strongly suggest that
the effectiveness of a heat treatment also depends on damage to the supporting vasculature as well as on the thermal sensitivity of tumor cells.
Stewart and Begg (1983), using the 86Rb extraction technique, reported
that the blood flow in SAF'A tumors increased slightly during the first 30
min of. heating at 42.5 C and it returned to control values after 60 min
heating. After heat treatment the blood flow fell significantly below control values. Stewart and Begg (1983) also measured blood flow in the skin
and demonstrated that the blood flow increased during heating and remained
elevated for 24 hours after the end of treatment before returning to control levels. Song et al. (1980) treated subcutaneously implanted Walker
256 carcinomas in rats by immersion in a hot water bath. They reported
that after the completion of the hyperthermic treatment (60 min at 43° C)
the rate of blood flow remained unchanged, but they observed an increase,
about three to four fold, in blood flow in skin and in muscle surrounding
18

the

tumor. These results show that the response to heat of vessels in tu-

mors

is

distinct from that in normal tissues- It has been suggested that

in normal tissues during heating the blood flow increases at least in part
as a result of dilatation of vessels and the recruitment of capillaries by
vaso-active compounds, such as bradykinin and/or histamine. The vasculature

of

tumors, however, can not be stimulated. Consequently during hyper-

thermia heat dissipation by blood in tumors is slower than in its surrounding

tissues.

Therefore the cytotoxic effect of a certain heat treatment

may be larger in tumors than in normal tissues.
Bicher et al. (1980) measured

bJood flow, oxygen tension

and pH va-

lues after hyperthermia in adenocarcinomas in C3H mice. When the
ture rose from 35° C to 41° C the
increased.

blood flow and

However, at temperatures higher than 41

blood flow decreased. He
6.2. It is obvious that

also

tempera-

oxygen tension slightly
C, oxygen tension and

observed a decrease of the pH from

6.8 to

hyperthermia can induce changes in the microenvi-

ronment in tumors (Uaupel et al., 1980), which are not observed in

normal

tissues. These changes, e.g. of oxygen tension, pH, nutritional state, may
enhance

the response of tumor cells to hyperthermia during the

(Wike-Hooley et al., 1984). After

treatment

heat treatment changes in cellular

croenvironment may also influence the response of the cells to

mi-

subsequent

irradiation, heat or drug administration.

1.5

CRITICAL EVALUATION OF THE EXPERIMENTAL TUMOR ENDP0INT5

The purpose of
derived

from

experimental

radiotherapy is to investigate problems

the clinic, in the laboratory. In this way experimental re-

sults may contribute to the design of new and better methods in the treatment of human cancer. In the laboratory two experimental models are employed which may closely resemble the

clinical

situation; firstly human tu-

mors growing as xenografts in immune deprived animals and secondly spontaneous tumors which arise in pet animals (dogs and cats).
However, both tumor models have major disadvantages. The mice used as
hosts

for

the

human

tumor are either congenically athymic nude mice or

conventional mice treated with neonatal thymectomy, total body irradiation
and bone marrow rescue. Therefore these mice have to be kept

and

handled

in insulators to prevent death from infectious diseases. Still not all hu19

man tumors will grow as human xenografts.
Difficulties
are 1st.
months

that

to

of

the

several

exptriments

experimentator

with spontaneous tumors in pet animals
has

to wait for a long time (several

years) till spontaneous tumors arise, 2nd. the large

number of animals required to render experiments, 3th. the variety of sites and tumor types involved. Both tumor models are time consuming and expensive.
In practice, most studies in animals have been performed with transplantable
tional
grow

tumors

in "inbred" mice or rats kept and handled under conven-

laboratory
faster

than

conditions. However, these transplantable mouse tumors
human tumors. The volume doubling time of mouse tumors

varies between 1 and 10 days whereas the volume doubling time of human tumors

varies between 20 and 1000 days. Therefore, experimental data on tu-

mor

response

rats

than

after

in

treatment can be obtained more rapidly with mice and

the human situation. In the present study we used a trans-

plantable tumor as a model for malignant tissue. This tumor system ensures
adequate reproducibility with sufficient numbers of animals to analyse the
results in a statistically reliable way.

Choice of the experimental tumor model
A transplantable mammary

adenocarcinoma

(M8O13X) growing in inbred

male DBA2xC57BL10 mice was used as a model for malignant tissue. The M8013
tumor

orginated in 1950 as a mammary adenocarcinoma in a oestron stimula-

ted male

C57BL

mouse at the "Netherlands Cancer Institute"

(Man Dongen,

1961). This tumor is poorly differentiated with cells of a cuboid structure, sometimes arranged in cords (Van Peperzeel,1972) and has a macroscopic
volume

doubling

time of 1.6 to 1.8 days. To produce tumors in 50% of the

animals injection of 10
II).

The

tumor

viable tumor cells (= TD50) was required

(chapt.

has been shown to be slightly antigenic. This was demon-

strated by the fact that resistance towards tumor cells could be depressed
by total body irradiation (TBI) or stimulated by a previous challenge with
viable tumor cells (chapt. IV). TBI led to a decreased TD50 whereas
lange

with

bearing
the
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homologous

large

chal-

tumor tissue led to an increase of the TD50. Mice

tumors on the leg frequently developed secondary tumors in

lung and rarely elsewhere. Between 1978 and 1982, 18% of the mice de-

veloped

secondary

volume

larger

tumors

also

of

animal

tumors in the lung when the tumor on the leg reached a

than

200

mm

(chapt. IV). After TBI mice bearing smaller

rfevelopped lung metastases. Fowler (1980) reviewed the types

tumors reported in the literature and divided them arbitrarily

into "antigenic" and "reasonable" tumors. He observed that antigenetic tumors

originate

tumors

may

after induction by strong chemicals or by virusses. These

also

grow

in non-syngenic animals and antigenicity could be

easily demonstrated. However, in "reasonable" tumors the antigenicity measured is absent or weak. Metastases do occur

spontaneously

and the tumor

only grows in the same inhred strain of mice. According to the classification made by Fowler (1980) the M8013X

tumor may be ranked as a 'reasona-

ble" tumor for use in experimental radiotherapy.

Site of tumor implantation
In

the

experiments

presented in this thesis the right hind leg and

the lungs of mice were chosen as sites for the experimental tumor to grow.
To

perform

experiments

both with irradiation and hyperthemia the turners

were implanted in the hind leg for practical reasons (chapt. III). In this
case hyperthermia could be applied by immersing the tumor bearing leg in a
hot

water bath. After treatment of the subcutaneously (s.c.) transplanted

tumor
of

the tumor response could easily be followed by measuring the volume

the

tumor

using

calipers. Subcutaneously transplanted mouse tumors

could also serve as a model for the clinical application of heat to superficial tumors, equivalent to recurrences of breast carcinoma in previously
irradiated skin.
To study the effects of radiation and/or chemotherapy on lung

tumors

we used both "spontaneous" and "artificial" lung metastases (chapt. IV and
\l). Spontaneous lung metastases orginated from a primary tumor located in
the hind leg. To remove the implanted
was amputated. Artificial lung
mice

intraveously

vantage

primary

metastases

tumor on the leg, this leg

were obtained by injecting the

in the tail vein with 10 viable tumor cells. A disad-

of the first model is that it is expensive and laborious

because

of the very large number of animals which are required to obtain a sufficient number of spontaneous secondary metastases in the lung.

Spontaneous

lung

time

metastases resulted in death of the animals a very long

after
21

the original spread of the
with

lung

metastases

metastases. Moreover, the lifespan of" the mice

varied

considerably. With i.v. injection of tumor

cells it is possible to produce, within limits, required
metastases in a gii/er mouse. The results

obtained

numbers

of lung

with i.v. injection of

tumor cells are quite comparable with those obtained with spontaneous lung
metastases when the same tumor and the same strain of mice were used.

Assay of tumor response

Both the clinician and the experimentator need assays to estimate the
response

of

tumors

after treatment. In the clinic several assays can be

used to evaluate the tumor response after treatment. The endpoint of major
interest

to

regression.
ten

the

clinician is tumor control, i.e. complete and permanent

Local tumor control, for example at two or five years, is of-

used for comparing different treatments. Important information can be

obtained

from

treatments.

measurements

To

of

tumor responses before, during and after

assess the size of superficial tumors, i.e. subcutaneous,

intramuscular or intradermal tumors, calipers were used (Ash et al., 1979,
Thomlinson, 1979), whereas in the case of deep seated tumors palpation and
or

serial radiographs are employed (Breur, 1965, Malaise et al.,1972, Van

Peperzeel,
the

1972).

From data on volume changes as a function of the time,

duration of tumor growth delay, the minimum volume and/or the regres-

sion
The

rate
rate

of the response of the tumor after treatment may be estimated.
at

which

that regression is achieved could be important as an

early indicator of prognosis. How/ever, from the clinical data available to
date,

no

gression

statistically
rate

and

significant correlation can be found between re-

prognosis.

Residual volume at the end of therapy has

also

been

used as an indicator for further treatment, but no correlation

could

be

demonstrated by Suit et al. (1965) for oropharyngeal carcinomas

between local control at two years and tumor mass at the end of treatment.
In

animal

experiments

a

more

diverse

series

of endpoints can be as-

sessed. The methods available for measuring the sensitivity of tumor cells
can be divided into "in situ" and "excision" assays. The two most commonly
applied endpoints for assessing reponses of tumor tissue in vivo are tumor
control

and

tumor growth delay (chapt. II and III). These endpoints very

closely resemble the endpoints used in the clinic pertaining to palliation
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and cure respectively. To study the response of disseminated tumors, i.e.
lung metastases, to irradiation treatment and/or chemotherapy, the assay
"animal survival time" is generally used. In the "excision" assay the tumor is treated in situ and after treatment the tun>or is excised, a cell
suspension made and the clonogenic potential of the treated cells tested.
The experimental advantages of this essay is that results can be obtained
rapidly (between 1 to 3 weeks) and that fewer animals are required as compared to in situ assays (c.f. tumor growth delay and tumor control). With
cell survival assays a good estimate can be made of the amount of cell
killing after treatment. However, to study the response of the MBD13X tumor after treatment we could not use excision assays, because of the fact
that cells obtained from this tumor do not grow well in vitro. Therefore,
in our studies with solid tumors transplanted in the hind leg of mice, we
used the in situ assays tumor growth delay (TGD) and local tumor control
(TCD50 = dose necessary to cure 50% of the treated tumors) to evaluate the
tumor responses after treatment. To study the influence of thorax irradiation and/or chemotherapy on lung metastases, several experimentators used
the cell survival assay, while others counted the number of lung metastases present in the lungs several days after treatment. Van Peperzeel
(1972) using the same tumor system studied the effect of single doses of
radiation on lung metastases in mice by daily examination of the animals
by X-ray film and measured the diameters of the metastases. From these
data cell kill after treatment could be calculated and the radiosensitivity of lung metastases could be estimated. However, this method is laborious, especially when large numbers of animals are used in an experiment
(e.g. experiments with spontaneous lung metastases). Moreover with this
method only mice with few (1 to 6) large lung metastases could be evaluated. Another disadvantage of this method is that lung metastases could be
seen only from the 15th. day after i.v. injection with 10 viable tumor
cells. In that case mice can be treated only when they have large lung
metastases. We evaluated the influence of thorax irradiation and/or chemotherapy on lung metastases by recording the survival and the lifespan of
the animals as parameters. In addition we also registered the number and
tne size of the lung metastases found at autopsy of animals which died
from their disease.
REGROwTH DELAY : The growth of M8013X

tumors

implanted s.c. in the
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nind leg of mice could easily be followed by daily measurements of three
perpendicular diameters of the tumor by vernier calipers both before and
after treatment. The time taken to reach a volume of 1.0 cm is then determined for each tumor. The time for untreated tumors to reach the endpoint size of 1.0 cm is then substracted from the equivalent times for
treated tumors in order to calculate the tumor growth delay. "Regrowth delay" proved to be very suitable for experiments with irradiation or heat
of s.c. transplanted tumors for several reasons. This fairly rapid assay
can be used over a wide dose range and yields good-dose response curves
(chapt. II and III). The shape of the dnse-response curves gives some insight into the relative sensitivities of gross populations of cells in the
tumor (for example, the fraction of radioresistant hypoxic cells is shown
in figure 2 of chapter II) and it is also possible to derive "pseudo" cell
survival curves from the tumor growth delay data (Haveman et al., 1981,
Thomlinson and Craddock, 1966). Finally, tumor growth dela> data can be
compared with data on normal tissue damage obtained over similar dose ranges (low dose range) to assess possible therapeutic benifits. The tumor
growth delay has a potential disadvantage for basic studies because of the
fact that it does not directly indicate the amount of cell killing by the
treatment. Moreover, after jrradiation at a high dose of X-rays a decreased growth rate compared with untreated controls may be observed as a result of damage to the stroma or bed of the tumor (this is the so-called
"tumor bed effect"). The tumor bed effect (TBE) may lead to an overestimation of the tumor growth delay data. At high irradiation doses some of the
tumors have an infinitely long regrowth delay, i.e. they are locally cured. In such cases it is very difficult to make a proper estimate of the
average tumor growth delay. Another problem with the regrowth delay assay
is that no standard statistical tests can be applied.
LOCAL TUMOR CONTROL : The tumor control assay (TCD5O = dose requiied
to cure 50?ó of the tumor bearing animals) used in our experiments is an
extension of the growth delay assay. With more effective treatments including high radiation doses, various numbers of tumors in a given series may
be cured. These data can be plotted as tumor control probability curves
(and can be analysed using conventional statistical techniques). The TCD50
can be deduced from a plot of percent tumors controlled versus treatment
dose. This endpoint has been widely used in radiation studies, particular24

ly in studies of factors affecting the efficacy of X-ray treatments (e.g.
hyperthermia, misonidazole, anesthesia). One advantage of this method over
the growth delay assay is that TBE does net influence the assay. Another
advantage of this assay is that it is less laborious than the TGD assay
because only a yes/no answer is required. The rssolution of this assay is
good and small differences can be demonstrated in a statistically significant may. But the TCD5O assay has also some disadvantages: firstly, because of the length of the assay (120 days) and the large number of animals
used for each dose point. Moreover, a few animals may die from metastases
in the lung before the end of the experiment. A further disadvantage is
that this assay is restricted only to high irradiation doses, therefore
TCD5O data are not directly comparable with normal tissue data which are
obtained at lower irradiation doses. After hyperthermia alone no TCD50 can
be obtained because of the fact that the temperature and the time of the
treatment is limited as a result of the extensive normal tissue reaction
of the foot which generally occurs after severe heat treatments. Evaluation of both assays with regard to the experiments carried out, showed
that the results obtained with TGD and TCD50 assays correspond and complement each other. This conclusion confirms the comparison of tumor cure
with regrowth delay data in mice done by Fowler et al. (1980).
ANIMAL SURVIVAL TIME : To record the time and the number of the mice
which died from lungmetastases, the mice are examined daily. This type of
experiment is widely used in experimental chemotherapy. The assay is easy
to perform and may give valuable information, e.g. with respect of elective treatment of lung metastases with radiotherapy and/or chemotherapy
(chapt IV and V ) . However, this ass~y nas some disadvantages especially
when spontaneous lung metastases are used. In this case neither the number
of tumor cells present in the lungs at the time of treatment nor the &mount of cell killing by the treatment can be estimated. Moreover, these
experiments may be considered as ethically unacceptable because of the
fact that the mice die from asphyxiation as a conseguence of the tumor
burden in the lung. To prevent severe suffering in our experiments mice
were killed as soon as they looked very sick (i.e. when lethargy, fast and
or irregular breathing were evident). To obtain more information about the
tumor responses after treatment, the mice were autopsied after death to
record the number and size of the metastases in the lungs at the time of
25

death.

To evaluate the sensitivity of the lung metastases to the several

treatments, the pattern of lung metastases raas scored in an arbitrary way.
With

this method supplementary information can be obtained about the num-

ber

of metastases inactivated by the treatment. However, as yet no proper

estimation can be made about the intrinsic radiosensitivitv of tumor cells
in the lung.
1.6

ASSAYS EVALUATING DAMAGE TO NORMAL TISSUES

The limiting factor in the clinical application of radiation for
treatment
jacent

the

of cancer is the effect of radiation on the normal tissues, oi-

to

or intimately associated with the tumor, that must be included

in the irradiated volume. The amount of damage to a normal tissue has been
shown

to

time,

and

normal

be

dependent on the kinetics (i.e. growth fraction, cell cycle

cell loss) of the different cell populations which compose the

tissue

and secondly on the volume (e.g. field size) of the normal

tissue to be irradiated.
One major aim of

experimental

radiotherapy in recent years has been

to increase the degree of tumor cell killing without increasing the normal
tissue damage (i.e. fractionated radiotherapy, combining radiotherapy with
chemotherapy or with hyperthermia). Therefore detailed knowledge about the
effects of any new form of treatment must be obtained not only for the tumor

responses, but also for damage to normal tissues. The increased tumor

effect

can then be compared quantitatively with the increased normal tis-

sue damage to obtain a therapeutic gain factor (TGF: ratio of the dose modifying

effect

tissues

respond to new treatments, observation of normal tissue reactions

in patients
ments

on

for

tumor

to that for normal tissue). To understand how

generally yields only limited information. Therefore experi-

laboratory animals are required to give additional information.

It appears that the time course for the development of normal
damage

to

tissue

various specific organs is broadly similar comparing different

species (see for review Field and Michalowski, 1979). In man as well as in
small

animals

e.g.

mucosal reactions appear very rapidly, whereas lung,

spinal cord or kidney reactions have a much slower time course. Therefore,
on

the

basis of these and other similarities in responses between normal

tissues

in different types of animals, the study of normal tissue effects
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induced in several kind of treatments may be considered as a useful model.
Because of the easy accessibility of the skin to observation, skin responses

have

fects

of

provided

a traditional method for comparing the biological ef-

different radiation schemes of dose fractionation and of radia-

tion treatments combined with hyperthermia and/or hypoxic cell sensitizer.
Similar to irradiation, hyperthermia can be applied locally. Therefore

the

pends

amount of damage to a normal tissue after heat treatment also de-

strongly

on the volume of the normal tissue included in the treat-

ment

of the tumor. Moreover, several fysiological factors (i.e. pH, hypo-

xia,

nutritional state) may influence the responses of the normal tissues

to

heat. When

hyperthermia is combined with irradiation it may also in-

fluence the radiation response.
For chemotherapy the tissues at risk are usually those which proliferate

most rapidly (i.e. bone marrow, intestine and testis). With combined

therapy
lips
But

the

drug may also increase the localised radiation injury (Phil-

and Fu, 1976) so that the dose to the primary tumor must be reduced.
with chemotherapy there will certainly be differences in drug metabo-

lism and excretion between species and these must be taken

intc account.

Experimentally various normal tissues have been studied for the estimation

of damage after irradiation (Table 1). There are three major types

of endpoints commonly used:

1st.

frequently

the

probability of causing

some dramatic change such as necrosis, paralysis or

even death is used as

an endpoint. A disadvantage of this type of endpoint is that the dose range

over

which

such

changes occur is very small. Moreover, this type of

endpoint is generally quite ethically unacceptable.
such as degree of skin damage

and

evaluation

of

(e.g. breathing rate and urinary frequency) have

2nd. gross

reactions

physiological
also

changes

been used in many

laboratories. A major advantage of this endpoint is that the response
be measured over a wide range of doses. However, gross reactions
degree of skin damage can only be evaluated using some
system (Field, 1969, Fowler et al., 1965).
obtained
there

was

such

arbitrary

may
as

scoring

3rd. more basic information is

from survival curves. Hornsey (1973) showed that, for intestine,
a

clear relationship between survival of cript cells and LD50

(dose required for 50 percent lethality). However, the

techniques for ob-

taining cell survival assays are not available for all tissues. Furthermore many tissues are not composed of only one cell type, but several

types
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Endpoints for damage to normal tissues • S. B. FIELD and A. MICHALOWSKI

Table I. Normal tissue endpoints
Tissue

Endpoint

CNS

Incidence of paralysis (spinal cord)
LD50 (brain)
Number of surviving cells
in the subependymal plate (brain)

Thyroid
Heart

Impairment of stimulated proliferation
Degree of fibrosis
Loss of reproductive integrity by stem cells:
Spleen colony formation
Indirect methods
Depletion of differentiating cell compartment
Depletion of mature cells
LD»

Hemopoietic tissues

Lung

LD»
Respiration rate

Esophagus
GI tract

LD50
Microcolony survival
Macrocolony survival
Weight loss
Reduction in DNA content
Protein leakage
Reduction in absorptive surface
LD,„

Liver

'"Rose bengal uptake
Mortality

Kidney

Reduction in organ weight

Bladder

Urination frequency

Cartilage

Survival of clonogenic cells
Stunting of growth
Gross reactions:
Early
Late
Deformities
Survival of clonogenic cells

Skin

are important for their integrity and function.
Many of the normal tissue endpoints mentioned above are suitable
use

as

for

endpoints for the evaluation of the normal tissue responses after

irradiation

treatments combined either with hyperthermia or chemotherapy.

In our studies the skin of the mouse foot was chosen as a model for a normal

tissue

(chapt. VI-IX). Some experiments mere done with the lung as a

model for normal tissue (chapt. IV and V).
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Clinically several assays are used to evaluate the normal tissue responses

after irradiation treatment. Early and late complications are sco-

red depending on the tissue to be treated. For instance after treatment of
lung cancer by radiotherapy early damage to the lung is ussually scored by
recording
ming

reactions
with
as

the number of patients with radiation pneumonitis or by perfor-

pulmonary
of

functional
the

tests

(Salazar et al., 1976). Late radiation

lung can be scored by recording the number of patients

lung fibrosis. After treatment of the bowel early complications such

diarrhea and vomiting and late complications such as stenosis and fis-

tulas

are

scored

(Rubin

and Casarett, 1968). After radiotherapy of pa-

tients with advanced head and neck cancer, both the early skin and mucosal
reactions

can be scored using arbitrary scoring systems (Gonzalez et al.,

1980).

THE SKIN
The major components of the skin are the

relatively

thin

epidermis

and the underlying dermis.
THE EPIDERMIS. The
This

epithelium

epidermis

is

a

stratified squamous epithelium.

is a rapid cell renewal system (cell turnover rate is a-

bout 12 days) that consists of the following layers:
1. Stratum basale: The lowest layer of the epidermis, the basal layer
(also called germinal layer), consists of many proliferative cells
, often roughly cuboïdal in shape. All proliferative
restricted

to

the

activity

is

basal layer. Differentiating and mature cells

are pushed from this layer into the next one above.
2. Stratum spinosum: The layer on the top of the

statum

basale.

this layer the fibrillar material of the cell web shows many
densations

In

con-

which results in bundles of fibrils. These bundles are

called tonofibrils. Tonofibrils in this layer are commonly attached to desmosomes, and at these sites there tend to be small spikelike

projections

of

the cytoplasm that extend between adjacent

cells. Therefore cells in this layer have a prickly appearance.
3. Stratum qranulosum: Cells become somewhat flattened so
are

that

they

more or less diamond-shaped. Moreover, cells contain granules

of keratohyalin.
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h. Stratum corneum; The superficial layer. This layer is
zed by flattened dead cells

with

more

advanced

characteri-

keratinization.

Their nuclei and cytoplasmic organelles disappear.
THE PERMIS. The dermis is separated from the
ment membrane. This dense and

connective

tissue

epidermis

by the base-

foundation contains the

following elements:
1. Interwoven bundles of collagen and elastic fibers.
2. Vascular network (blood and lymphatic) as well as fine
radicles of nerves, many terminating in sense organs.
3. Hair follicles, sebaceous glands, and sweat glands.
4. The deep dermal zone may also contain fat tissue and
smooth muscle cells and in mice striated muscles too.

SKIN RESPONSE TO IRRADIATION

Early skin reactions after irradiation are primarily due to damage to
the basal epithelial cells. As a result of the treatment, mitotic activity
of the basal cells is greatly diminished and hence cell replacement is reduced

or

tion

even arrested. Proliferation of the basal cells after depopula-

can

renewed
area,

restore
by

from

the tissue to near normal status. The epidermis can be

the proliferation of epithelium from the edges of the denuded
islands

of surviving cells in the damaged zone, and from the

epithelium of the hair follicles.
Later reactions including fibrosis and necrosis are frequently attributed to damage to connective tissue elements (e.g. vasculature). This late

injury

that

the

is related to slow natural cell proliferation and turnover, so
damage does not become manifest until much later than the early

reactions.
observed

It
in

seems

mouse

likely that a large part of the irreversible damage
skin is not really "late" damage but persistent acute

damage resulting from epidermal depletionMany

studies

used the skin of rodent feet but the skin of the flank

and the ear have been used as well. Acute skin reactions

and later defor-

mities may be evaluated using a variety of arbitrary scoring systems (e.g.
Douglas and Fowler, 1976, Field, 1969, Fowler et al., 1965, Hopewell, 1982
, Moulder et al., 1975, Suit and Howard, 1967). Many research
press
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their

results

in

workers ex-

the form of an average value for readings taken

over a certain period of time (Douglas and Fowler, 1976, Field, 1969, Fowler

et al., 1965). With this method good dose-response curves are obtain-

ed.

However,

response

rigid statistical methods can not be applied to these dose-

curves. Skin reactions are scored over a wide dose range. Other

investigators have used the peak reaction to evaluate the radiation damage
(Moulder

et al., 1975, Overgaard and Suit, 1979, Suit et al., 1983). They

calculated
produce
radiated
can
is

the radiation dose which, on the average, mould be expected to

a specific peak reaction or more severe damage in half of the iranimals. An

advantage of this latter method is that these data

very easily be evaluated statistically. A disadvantage of this method
that

the dose range over which the normal tissue response can be mea-

sured is relatively narrow. Hopewell (1982) examined the entire surface of
the

skin of rat feet and scored only the area showing moist desquamation.

However,

he did not score signs such as redness, edema, and dry desquama-

tion.
Cell survival curves in the skin

can

be

derived, using

a cloning

technique developed by Withers (1967). The method involves isolating areas
of

skin on the mouse back by heavily irradiating the surrounding zone, in

order
are

to avoid migration of cells into the test area. The test areas then
irradiated separately and it is assumed that a single clonogenic epi-

thelial

cell

will

cause growth of a scorable clone. Survival curves are

obtained by varying the size of the test areas. In our study (chapt VI) we
used the scoring system developed by Fowler et al. (1965).

SKIN RESPONSE TO HYPERTHERMIA (TEMPERATURES OF 40 TD 46° C)
After hyperthermia dermal blood vessels are far
temperature

changes

After

moderate

cause

visible

more
for

severe

than

more

responsive

to

epithelial cells (Moritz and Henriques, 1947).

hyperthermia

the

superficial vessels dilatate and hence

reddening (erythema) of the skin. Further heating caused a
vascular

reaction with edema and cyanosis which may persist

one to four days. After more severe hyperthermia the epidermis can be

destroyed by impairment of the adhesion between the epidermis and the dermis.
mains
a

When

the epidermis is detached by vesication, it will die if it re-

dislodged, and after a few days the damaged skin will be covered by

crust.

Skin

reactions

after

severe heat treatments may be evaluated
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using

several arbitrary scoring systems (Law et al., 1977, Morris et al.,

1977,

Okumura and Reinhold, 1978, Overgaard and Suit, 1979, Urano et al-,

1980).

One scoring system we used evaluates the relative surface of early

damage
other
to

on

the

system

Field

mouse foot on an arbitrary scale (chapt. VII and IX). The

evaluates deformity of the mouse foot at day 120, according

(1969). Deformity scored in this way was the same after heat or

irradiation (chapt. VIII).
When hyperthermia is applied at a sufficiently low level so that there is little or no observable heat damage, there may be enhancement of the
response of the tissue to irradiation. The combined response is qualitatively similar to that following irradiation alone (chapt. VII).

THE LUNG
The lung is a
rapid

highly

regeneration.

differentiated

organ in which there is little

The primary functional responsibility of the lung is

to effect gaseous interchange between the environmental atmosphere and the
circulating blood while keeping the two media physically separate. Gas exchange takes place in the alveoli. The alveolar wall consists, for a major
part, of endothelial cells of the capillaries and of epithelial cells that
line

the

system,

alveoli.

Like

skin the alveolar epithelium is a cell-renewall

but with a relatively long turn-over time. There are two types of

epithelial cells that are found on the surface of alveoli:
1. The squamous cells

(pneumocyt I) —

A single layer of these very

thin cells cover the alveolar walls.
2. The secretory cells

(pneumocyte II) -- These fairly large rounded

cells are adjacent to the alveolar walls. These
and

secrete

cells

synthesize

surfactant, a lipoprotein, which stabilizes the lung

during respiration, maintaining the integrity of the alveoli.

THE RESPONSE OF LUNG TISSUE TO IRRADIATION
Treatment of the lung with relatively high radiation doses will
to

lead

radiation pneumonitis, which may culminate in fibrosis. The pathogene-

sis of radiation induced lung fibrosis is not completely understood. It is
commonly assumend that pulmonary capillary endothelial damage is an impor32

tant

factor

in the development of fibrotic alterations (Phillips, 1966).

It has also been suggested that the damage to pulmonary endothelial cells,
particularly

the type II pneumocytes, is a major target (Penny and Rubin,

1977, Van den Brenk, 1971). A simple and commonly used method is to record
the

survival

time

of the animals after treatment (Phillips, 1966), also

functional tests such as breathing rate (Travis et si., 1979) or compliance

tests

score

(Shrivasta

et al.,1974) have been used. It is also possible to

histological changes or to count specific cell types such as macro-

phages (Gross, 1977) or mast cells (Travis, 1982).
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CHAPTER II
THE INFLUENCE OF MISONIDAZOLE ON THE RADIATION RESPONSE OF
MURINE TUMORS OF DIFFERENT SIZE: POSSIBLE ARTIFACTS CAUSED BY
PENTOBARBITAL SODIUM ANESTHESIA. J. Wondergem, J. Haveman, E. van
der Schueren, H. van den Hoeven and K. Breur. Int. J. Radiat. Oncol. Biol. Phys., 7:
755-760, 1981.
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The radiosensitivity of a transplanlable murine adenocarcinoma decreased with increasing tumor volume. In
unanesthetized mice this phenomenon (based on the effect of the hypoxic cell sensitizer misonidazole), in the range of
volumes studied, can largely be explained by the appearance of hypoxic cells in the tumor during growth. The use of
pentobarbital sodium during irradiation is confirmed to be a disturbing factor, as it may increase the hypoxic cell
fraction in the tumors. No evidence was found for a direct radiochemical protection because of pentobarbital sodium.
The radioprotective effect of the anesthetic could only be demonstrated in conditions where there is already a
fraction of hypoxic cells; no influence of the anesthesia was found in small tumors in which the fraction of hypoxic
cells was relatively small. This may account for the previously conflicting data on the influence of pentobarbital
sodium anesthesia. The vascularization of larger tumors is apparently inferior to smaller tumors and this has
important repercussions in the case of anesthesia. Changes in blood flow induced by pentobarbital sodium in larger
tumors cause an insufficient oxygenation and hence acute hypoxia.
Radiotherapy, Murine tumor, Misonidazole, Anesthesia, Hypoxia.
INTRODUCTION
In clinical practice microscopic tumor deposits are
often irradiated in so-called elective treatments. These
irradiations are aimed towards suspected locations of
lymphogenic' or hematogenic metastases.' The high
success rate in treating such microscopic deposits is
certainly a result of the low number of cells to be
eradicated; however, it has also been suggested that the
cells in such small tumor nodules are more sensitive to
irradiation than those in bulky masses.12 Evidence for
such a difference has been found in experimental
models.""" The results from a randomized trial on
elective irradiation of the lungs in patients with osteosarcoma are also compatible with a progressive increase in
radioresistance of the tumor cells in correlation with
tumor volume. u Two possible explanations have been
given for these changes in radiosensitivity. a modification
in cellular kinetics and the appearance of hypoxic cells.
This last hypothesis is already supported by experimental
8.I0.9..6.I-.2I.2U4

The presence of hypoxic cells may be assessed, to some
extent, by studying the influence of an hypoxic cell
sensitizer on the effect of single dose irradiations.u'10-9
Reprint requests to: J. Wondergcm.
Supported by a grant from the Koningin Wilhelmina Funds.
Acknowledgement—The misonidazole was kindly supplied by
Hoffman-La Roche Switzerland.

In studying the oxygenalion status of experimental
tumors, one should be aware of the influence of anesthesia that is often given to animals for irradiation. It has
been demonstrated that general anesthesia enhances the
radioresistance of some solid mouse tumors.417"1 This
effect is possibly the result of an increase of the proportion of hypoxic cells.11"13-1*'"-'* Some authors however,
have suggested that the decreased radiosensitivity is
because of direct radiochemical protection rather than
physiological changes in oxygen concentration or to hypothermia.1417
In the present study an attempt was made to assess the
appearance of hypoxic cells in a transplanted murine
mammary carcinoma (M8OI3X) during growth. Simultaneously, the influence of pentobarbital* -anesthesia on
the radiosensitivity of tumors with different volumes was
investigated.
METHODS AND MATERIALS
Animals and tumor system
Male DBA2 x C„BL,„ mice aged 8-10 weeks ( 2 : 27
gr) were used in all experiments. The animals were
housed 12 to a cage and kept at room temperature with
Accepted for publication 31 March 1981.
•Nembutal.
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12 hours of light daily. Food and water were given ad
libitum. The M8013 tumor originated in 1950 as a
mammary adenocarcinoma in a castrated oestrogen stimulated male C57BL10 at Het Nederlands Kankerinstiluut." The M8O13X is a line derived from this tumor,
which is maintained by serial transplantation in syngenic
DBA2 x C57BL10 mice. This tumor is slightly antigenic, poorly differentiated and has a volume doubling
time of 1.6-1.8 days. To produce tumors in 50% of the
animals, injection of about 10* viable tumor cells was
required. Total body irradiation 2 days prior to injection
lowered the number of cells required to give tumors in
50% of the animals, but it did not influence the growth
time of the inoculum of 10s cells to a volume of 1 cm3.
The tumor was routinely transplanted into the right hind
leg by subcutaneous injection of 105 viable tumor cells in
a volume of 25 n\. About 7 days after injection a tumor
volume of 100 mm3 was reached.
The tumor size was measured in each mouse 3-5 times
a week using calipers to determine three perpendicular
diameters (d,, d2, d 3 ). The tumor volume (V) was calculated by using the formula V = l/2d1d2d]. Before measuring, animals were briefly anesthetized with ether. Firstly,
the response to the various treatments was determined
using the parameter tumor growth delay (TGD). The
tumor growth delay was calculated at a tumor volume of
1 cm3. The regrowth curves of the treated tumors ran
fairly parallel to that of the controls over the range
50-1200 mm 3 .'' Secondly, the radiation dose necessary to
control 50% of the treated tumors (TCD 50) was evaluated, using groups of 8-12 mice for each radiation dose.
Animals were examined 3-5 times a week for evidence of
local recurrence. All mice were kept for 120 days unless
they developed recurrence or died from metastases. Mice
that died from metastases later than 60 days after treatment were considered as local cures. Those that died
earlier from meiastases were excluded from the data,
although this occurred rarely. No deaths from lung
metastases were found in mice with small tumors (<200
mm 1 ), at larger tumor volumes (>200 mm3) about 5% of
the mice died from lung metastases within 60 days and
about 22% between day 61 and 120.

Irradiations
Tumors were irradiated with a X ray generator operated at 250 kV,* 14 mA and filtered with 0.5 mm copper.
The focus-skin distance was 35 cm and the dose rate 1.89
Gy/min. The mice that were to be irradiated were
individually placed in small plastict boxes. The mice
irradiated without anesthesia were left undisturbed at
30°C for 30 min., prior to irradiation. In experiments
with anesthesia, the mice were injected intraperiloneally
(i.p.) with 50 mg/kg pentobarbital sodium| approxi'Siemens Stabilipan.
tPerspex®.
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Fig. 1. Tumor growth delay (days) caused by x-irradiation as a
function of initial tumor volume at the moment of treatment.
Mice were irradiated (15 Gy) with (-•-, -•-) or without (-O-,
-Q-) anesthetic (50 mg/kg pentobarbital sodium). (-•-, -D-):
animals pretreated with 0.5 gr/kg body-weight of misonidazole.
Each point represents the mean ± standard error of the mean.
The data in Fig. I are obtained from several independent
experiments; the treatment groups consisted of 8-15 mice.
mately 15 min. before irradiation. Five minutes before
the start of the irradiation the plastic boxes were taped to
a piece of plastic. The mice were covered with lead, the
tumor bearing leg protruding through a hole. Four mice
could be irradiated at a time and all irradiations were
performed at a temperature of 30°C to avoid a drop in
body temperature. Body- and tumor temperature of mice
never dropped more than 2-3°C (mean body- and tumor
temperature were 36.4 and 35.2°C respectively) during
the irradiation treatment whether or not anesthetized or
treated with misonidazole. Body and tumor temperature
were measured in control animals using 18-gauge thermistor probes inserted either into the peritoneum or into
the center of the tumor.
Misonidazole was administered i.p. at a dose of 0.5
g/kg body weight 30 minutes before irradiation. The
drug was dissolved in warmed sterile distilled water.
tNembutal®.
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Fig. 2. Tumor growth delay (days) of 100 mm3 tumors as a function of radiation dose. Mice were irradiated with (-•-. -•-) or without
(-O-, - • - ) anesthetic (50 mg/kg pentobarbital sodium). (-•-. -D-): animals pretreated with 0.5 gr/kg bodyweight of misonidazole.
Each poi. represents the mean ± standard error of the mean (10-12 mice). The dashed curve in Fig. 2b is for 100 mm' tumor
irradiated without anesthesia redrawn from Fi," 2a for comparison.
Preparation of the tumor cell suspension
Donor mice were killed by cervical dislocation and the
grafted tumors were aseptically removed and placed in a
petri-dish. The tumor mass was minced with scissors and
about 35 ml of Eagle's minimum essential medium (supplemented with penicillin; 100 Itl/ml) was added. The
resulting cell suspension was separated from the tumor
debris. The cells were counted using dye§ exclusion as a
test for viability. If necessary the suspension was concentrated by centrifugation (7 min. 120 g to a concentration
of approximately 4 x 10' cells/ml). The cell yield was
about 2-4%, (assuming 5 x 10' cells per gram of tumor
tissue." Little clumping of cells was observed in the final
suspension.
RESULTS
The radiosensitivity of M8OI3X tumors at different
volumes was assessed using tumor growth delay (TGD)
and tumor cure (TCD 50) as parameters.
Figure 1 shows that the TGD, observed after irradiation with a single dose of 15 Gy, was dependent on the
initial tumor volume. For small tumors (~50 mm 3 ),
neither anesthesia nor the previous administration of the
hypoxic cell sensitizer misonidazole influenced the tumor
growth delay.. At larger tumor volumes both anesthesia
and misonidazole affected the radiation response. At a
tumor volume of approximately 350 mm3, anesthesia led

to a decrease in TGD from 13 to 7 days, whereas
administration of misonidazole led to an increase in TGD
from 13 to 18 days. In anesthetized mice, misonidazole
had a relatively large effect upon inadiation of large
(-350 mm') tumors compared with the unanesthetized
mice: the TGD increased from about 7 to 16 days because
of misonidazole. The administration of misonidazole in
unanesthetized mice resulted in the disappearance of the
"volume" effect: the difference in effect at the different
treated tumor volumes were small and probably not
significant.
In Figures 2 and 3 dose response curves are shown for
tumors with a volume of approximately 100 and 300 mm 3
respectively. Fig. 2 shows the tumor growth delay
observed after irradiation of tumors with a volume of
approximately 100 mm3. At this tumor volume there was
no significant effect of anesthesia in the dose range
studied. Without misonidazole the curves show a biphasic
response and a "break"in the curve becomes apparent
above 15 Gy (Fig. 2a and 2b). Misonidazole did not
affect the radiosensitivity at doses under thif break, but
there was a clear effect above 15 Gy whether or not the
mice were anesthetized.
Figure 3 shows the tumor growth delay as a result of
irradiation of laige tumors (~300 mm 3 ). Now the effects
of anesthesia were obvious: the radiosensitivity was
clearly decreased by the anesthetic, even at low doses,

§Lissamine green SF.
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Fig. 3. Tumor growth delay (days) of 300 mm' tumors as a function of radiation dose. Mice were irradiated with (-•-, -•-) or without
(-O-. -D-) anesthetic (50 mg/kg pentobarbitone sodium). (-•-, -D-): animals pretreated with 0.5 gr/kg bodyweight of misonidazole.
Each point represents the mean ± standard error of the mean (10-12 mice). The dashed curve in Fig. 3b is for 300 mm3 tumors
irradiated without anesthesia, redrawn from Fig. 3a for comparison.
—i

and resulted in TGD's that were reduced with about 7
days (average 6.6 days) compared to the unanesthetized
mice. In Fig. 3a, a break in the curve was observed again
for tumors irradiated without misonidazole, but now very
probably this break occurs below 15 Gy. In non-anesthetized mice, the hypoxic cell sensitizer affected the TGD
only for doses above 10 Gy. In anesthetized mice,
however, misonidazole increased the radiosensitivity at
all dose levels. With misonidazole only a moderate effect
of the anesthetic could be found.
Tumor cures occurred at doses above those studied in
the dose response curves of Fig. 2 and Fig. 3. Independent
experiments were carried out to determine the radiation
dose necessary to control 50% of the treated tumors
(TCD 50). A TCD 50 of 35 Gy was found in tumors of
approximately 100 mm3. This value was reduced to 21 Gy
when misonidazole was administered prior to irradiation
(The «lose modifying factor, DMF, due to misonidazole is
1.6; DM F is the ratio between doses to achieve 50% cures
with and without drug). No influence of the anesthetic
could be found in these small tumors, which confirmed
the results of Figs. 1 and 2. In tumors of approximately
300 mm3, the TCD 50 was 44.5 Gy without anesthesia
and H9 Gy with narcosis (DMF because of the penlobarbital sodium anesthesia 0.9); administration of the misonidazole prior to irradiation reduced these values to 21 Gy
and 22 Gy respectively (DMF because of misonidazole
without anesthesia, 2.1, and DMF because of misonidazole with anesthesia, 2.2).

DISCUSSION
The experiments without anesthesia, in which tumors
of different volume were treated with a single dose of X
rays, show that M8013X tumors become progressively
more radioresistant in relation to their volume. An
increase in volume from 50 to 350 mm' led to a reduction
in radiosensitivity. Within a few days of tumor growth
(2-3 doubling times), the tumor growth delay after 15
Gy was reduced from 19 to 13 days.
In the presence of the hypoxic cell sensitizer misonidazole no significant differences in radiosensitivity were
found between small and large tumors. In small tumors
(-100 mm 3 ) misonidazole above 15 Gy abolished the
break in the dose response curve, and the TCD 50 was
reduced from 35 Gy 10 21 Gy. Apparently a small
hypoxic cell fraction is already present in these small
tumors. In large tumors irradiated without anesthesia,
misonidazole had an effect above 10 Gy, again abolishing
(he break in the dose response curve. The TCD 50 in
these large tumors was reduced from 44.5 Gy to 21 Gy.
In the larger tumors the hypoxic cell fraction is obviously
larger than in the small tumors.
Pemobarbilal sodium anesthesia enhanced the "volume" effect of the radiation response of the tumor (Fig. 1
and 3). The effects of anesthesia on the radiosensitivity of
the tumors become apparent when a hypoxic cell fraction
can be demonstrated already. The radio protective effect
of pentobarbital sodium anesthesia was almost completely removed by the administration of misonidazole
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(Fig. I and 3), which leads to the conclusion that the
radioprotection of the anesthetic was caused by an
increased proportion of hypoxic cells. The TCD 50 with
misonidazole did not differ significantly between small
and large tumors at 21 Gy and 22 Gy respectively. As
shown in Fig. 3 b anesthesia leads to radioresistance of the
tumor even at very low doses, this probably means that
the hypoxic cell fraction becomes very large (>50%).
This also explains the large effect of the hypoxic cell
sensitizer misonidazole at low doses (Fig. 3b). The DMF
because of misonidazole based on comparison of the TCD
SO values for large tumors is 2.1 with anesthesia and 2.2
without anesthesia. Al higher doses the differences in
hypoxic cell fractions because of anesthesia have apparently only a limited effect on the radiosensitivity.
The increase of the hypoxic- and hence radioresistcnt
cell fraction induced by anesthesia in "large" tumors is
probably a result of a reduction in blood flow'"* caused
by the anesthesia. The hypoxic cell fraction in the case of
tumors treated without anesthesia must be supposed to be
due to "chionically" hypoxic cells whereas the anesthesia
leads to "acute" hypoxia of cells. The increase of the
chronic hypoxic fraction during growth is mainly because
of the failure of the vascular system to provide an
adequate supply of oxygen and metabolites.26 The acute
hypoxia must be supposed to be reversible." The observation that anesthesia does not affect the radiosensitivity in
small tumors indicates that the radioprotective effect of
pcntobarbital sodium cannot be attributed to direct
chemical radioprotection. Moreover, it may explain why
in some tumors no radio protective effect of the anesthetic was found.4
Anesthesia in large tumors led to a reduction of TGD
with 6.6 days at doses above iO Gy (Fig. 3b).The

combined effect of •> iarger volume and anesthesia leads
to a difference in 1GD between small and large tumors of
10 days (at doses above 10 Gy). If it is assumed that large
(300 mm3) tumors treated under anesthesia contain more
than 50% hypoxic cells, that there is no difference in
' radiosensitivity between chronically and acutely hypoxic
cells and that 7 days TGD for this tumor corresponds to a
ten fold decrease in relative cell survival;* the differences
in TGD values observed between small and large tumors
may be used to obtain an estimate of the magnitude of
the hypoxic cell fraction in these tumors (for a discussion
of the limitations of this method see Haveman et al9).
The hypoxic cell fraction lies between 5.5% and 11% for
tumors with a volume of 300 mm' in mice treated without
anesthesia, and between 2 and 4% for tumors with a
volume of 100 mm'. These figures show that the relative
increase in hypoxic fraction during growth of the tumor
from 100 to 300 mm' is not very large, about three fold.
The vascularization of larger tumors is apparently inferior to smaller tumors'3"0; this has important repercussions in the case of anesthesia. Changes in blood flow
induced by anesthesia in larger tumors cause an insufficient oxygenation and hence acute hypoxia.
In conclusion it can be said that the present results
further confirm that the hypoxic cell sensitizer misonidazole may have favorable effects in the radiotherapy of
cancers where otherwise the results might be influenced
by the presence of hypoxic cells. In small tumors
however, little influence of misonidazole was obtained at
doses which are usually employed in clinical practice in
fractionated schedules (below 10 Gy). The use of psnlobarbital sodium anesthesia in animal experiments may
lead to an overcstimation of the effect of misonidazole at
low doses.
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RADIOSENSITIVITY OF A TRANSPLANTABLE MURINE TUMOR:
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Hypoxia has been demonstrated to play an important role in the effect of hyperthermia on tumors. We hate studied
the influence of different factors modifying the oxygenalion status of a transplanlable murine mammary adenocarcinoma (tumor volume and pentobarbital sodium anesthesia). The effect of hyperthermia alone on the tumor is not
significantly influenced by the change in oxygenation status during the growth of the tumor. Also, the large increase
of the acutely hypoxic cell fraction, as a result of anesthesia, does not change the effect of hyperthermia alone. In the
combined irradiation-heat treatment there is a clear influence of the chronically hypoxic cell fraction on the response
to hyperthermia: an increase in tumor size, resulting in a larger hypoxic cell fraction, leads to an increase in thermal
enhancement ratio. However, the increased acutely hypoxic cell fraction, resulting from anesthesia, did not lead to an
increase in thermal enhancement ratio; in fact the enhancement ratio apparently decreased. In spite of the fact that
hypertnermia was applied immediately after irradiation no polentiation of radiation effects was found. The thermal
enhancement of the radiation response was never larger than the enhancement as a result of misonidazole. All thermal
enhancement could be explained by effects of heat on the chronically hypoxic ceil fraction. Misonidazole had no
effect on the response of tumors to heat alone, but greatly enhanced the effect of heal combined with irradiation.
Anesthesia of the animals did not influence these effects of misonidazole.
Radiotherapy, Hyperlhermia, Murine tumors, Hypoxia, Anesthesia. Misonidazole.
INTRODUCTION
There is much current interest in the possibilities of
clinical application of hyperlhermia either alone or combined whh irradiation or chemotherapy in the treatment
of cancer. The mechanism by which hyperthermia causes
tumor regression is not yet fully understood. In vitro
studies have indicated that cellular survival after hyperthermia alone is dependent on factors such as intercellular
pH,l!-"-'5 nutritional state of the cell," hypoxia"142* and
the availability of cellular energy."1 It has been reported
by several authors that in vivo hypoxic cells are more
sensitive to heal than well oxygenated cells; 8 " 21 this has
important clinical relevance as hypoxia protects cells
from the killing effect of X rays.1* However, several
recent studies have shown that cells which are rendered
acutely hypoxic are much less sensitive to heat than cells
which have been hypoxic for a longer time."'
Hyperthermia may alter the response of cells to X rays.
A potentiating effect of heat on the radiation response of
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cells was observed in vitro.' The heat induced enhancement of the radiation effect was strongly dependent on the
time of application of the two modalities."':<u Especially
if hyperthermia is applied during or immediately after
irradiation it can strongly enhance the radiation damage,
possibly by the inhibition of the repair of radiation
induced DNA damage.""" : '
Previous studies have shown that murine tumors
become progressively more radioresistant with increasing
tumor volume, mainly because of an increase in the
proportion of hypoxic cells.'"" •"•"••" Moreover, pentobarbital sodium, an anesthetic which is often used in animal
experiments, influenced the radiation response of large
solid tumors by rendering them more radioresistant.7 !1"°
The radioresistance that developed with the increase in
volume and with the anesthetic disappeared after administration of the hypoxic cell sensitizer misonidazole.4' This
would mean that the influence of the volume on the
radiosensitivity was exerted mainly through the appear-
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ance of hypoxic cells in larger tumors. Moreover, pentobarbital sodium would affect the radiosensitivity by
increasing the fraction of hypoxic cells.
The work in this paper was carried out to investigate
the correlation between the appearance of hypoxic cells in
solid tumors, as tested by the use of misonidazole in
combination with irradiation41 and the development of the
heat sensitivity of a tumor. The influence of pentobarbital
sodium, which is supposed to increase hypoxia in a tumor,
also was studied.
The radiosensitizer misonidazole has already been used
experimentally and in clinical trials as a drug which
sensitizes hypoxic cells to irradiation. 46 " Moreover,
misonidazole may also exhibit a direct cytotoxic effect on
hypoxic cells.5'10"1' Several recent studies have shown that
hyperthermia is able to enhance the direct cytotoxicity of
misonidazole.1"'2<U(l3" Therefore we studied the combined
effect of hyperthermia and misonidazole.
METHODS AND MATERIALS
Male DBA2 x C57BLIO mice aged 8-10 weeks were
used in all experiments. The M8013X tumor originated in
1950 as a mammary adenocarcinoma in a castrated
estrogen stimulated male C57BL1O at "Het Nederlands
Kankerinstituut,"" To obtain tumors, M8013X cells
were injected subcutaneous into the right hind leg of mice
as described previously.' M ' When tumors had reached the
desired volume, they were treated with X rays, hyperthermia (60 min at 43°C) or X rays immediately followed by
heat. The tumors were irradiated with an X ray generator* operated at 250 kV, 14 mA, filtered with 0.5 r.itn
copper and a focus-skin distance of 35 cm, yielding a dose
rate of 1.89 Gy min ' at the position of the tumor.
Hyperthermia was applied by immersing the tumor bearing leg in a thermostatically controlled water bath, temperature 43.0 t 0.05°C. Intratumor temperatures were
measured in control animals using 18-gauge thermistor
probes inserted into the center of the tumor. Tumor
temperatures during hyperthermia stabilized at 0.30.4°C below the temperature of the water-bath 5 min
after initial immersion. The response to the various
treatments was studied by determining tumor growth
delay (TOD) and the radiation dose necessary to cure
50% of the treated tumors (TCD 50). If cures occurred in
a treatment group, the fraction of the animals that were
not cured is indicated in the figures. Mice which were to
be anesthetized were injected intraperitoneally (i.p.) with
50 mg/kg penlobarbital sodiumt approximately 15 min
before treatment. Misonidazole was administered i.p. 0.5
g/kg body weight, 30 min before irradiation. The drug
was dissolved in warmed sterile distilled water.
RESULTS
The response to irradiation and ,'ieat of M8OI3X
tumors of different volumes were assessed using tumor

'Siemens Siabilipan
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growth delay (TGD) and tumor cure (TCD 50) as
parameters.
Figure 1 shows that the TG D by irradiation (15Gy) by
hyperthermia (60 min at 43"C) or by irradiation immediately followed by hyperthermia, correlated with the initial
tumor volume at the moment of treatment. In the range of
investigated tumor volumes (50-350 mm 5 ), no significant
differences in tumor response to a single heat treatment
became apparent, whether the mice were anesthetized
with pentobarbital sodium or treated with misonidazole;
i.e., a TGD of approximately 4 days was found (Fig.
la-d).
We previously have shown that the TGD, observed
after irradiation (I 5 Gy), was dependent on the initial
tumor volume (Fig. I). The tumor becomes progressively
more radioresistant with increasing tumor volume (Fig.
la). The use of pentobarbital sodium anesthesia increased
the effect of the volume on the radiation response of the
tumor (Fig. Ib). The radioresistance which developed
with the increase in volume and with the anesthetic
diminished (Fig. Id) or even disappeared (Fig. 1c) after
administration of misonidazole.4'
Heat, applied immediately after irradiation, led to
large differences in tumor response dependent on the use
of pentobarbital sodium anesthesia or misonidazole.
Without anesthesia and without misonidazole the
reduction in response of the tumor to the combined
irradiation-heal treatment with increasing tumor volume
was hardly significant (Fig. la). For tumors of approximately 300 mm 1 a TGD of 2! days was ootained
compared with a TGD of 24 days for tumors of approximately 50 mm'. For small tumors (50 mm') the combined
irradiation-heat treatment led to an extra delay, compared with irradiation alone, of approximately 4 days.
This extra delay is the same as the delay caused by heat
alone. In large tumors (300 mm3) the extra delay caused
by the combined treatment was increased to approximately 8 days.
With pentobarbital sodium anesthesia (without misonidazole) the response of the tumor to the combined
irradiation-heat treatment rapidly diminished with
increasing tumor volume (Fig. Ib). For tumors of approximately 50 mm1 a TGD of 23.5 days was observed after
the combined treatment, but when the tumor had reached
a volume of approximately 350 mm' a TGD of only 13.5
days was found. With anesthesia the extra delay caused
by the combined treatment compared to effects of irradiation alone is independent of tumor volume and the extra
delay was approximately 5-C c*ays.
Pretreatment of the mice v ith misonidazole, with or
without anesthesia, had a large influence on the response
of the tumor to the combined irradiation-heat treatment
(Fig. 1c and Id). In the range of investigated tumor
volumes, the effect of heat in the combined treatment was
much larger than the effect of the heat treatment alone
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Fig. I. Tumor growth delay (days) by irradiation (15 Gy) (-O-), heal (one hour at 43°C) (- o -) or irradiation
immediately followed by heat (- • -) as a function of initial tumor volume at the moment of treatment. Mice wer;
treated a) without or b) with anesthesia (50 mg/kg pentobarbital sodium), or c) in combination with misonidazole
(0.5 g/kg body weight) without anesthesia or d) with anesthesia. Each point represents the mean t standard error
of the mean (8-12 mice). If cures occurred in the treatment group, the fraction of the animals that were not cured is
indicated. In figure I call animals at a tumor volume of 50 mm' were cured, so no data of TGD could be given; the
fraction 0/12 indicated that no animal could contribute to TGD data in this case.

and very often cures occurred. In Figures 1c and Id the
TGD has been calculated from the animals that werejiot
cured. The fraction of these animals per treatment group
is indicated in each point. Because of the frequent cures it
is not possible to construct a curve, but the data indicate a
strong enhancement of the effect of the combined treat-

ment by misonidazole. For tumors of approximately 50
mm3 the combined treatment with misonidazole led to
about 89% cures (1/9) when the mice were anesthetized
and to 100% cures (0/12) when the mice were not
anesthetized.
In Figures 2 to 5 the effect of hyperthermia (60 min at
47
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43°C) on the dose response curve for irradiation is shown
at tumor volumes of 100 and 300 mm3. Hyperthermia was
applied immediately after the radiation treatment as in
the experiments shown in Figure I. The influence of
pentobarbital sodium anesthesia and misonidazole are
shown in Figures 3 to S, supplementing the data of Figure
I.
Wiihout anesthesia and misonidazole the dose response
curve for irradiation alone shows a biphasic response. A
biphasic response with a "break" in the dose response
curve for irradiation alone has been interpreted as representing the effect of the radioresistant hypoxic cell fraction (cf. reference" and 4 0 ). For the M8013X tumor the
break in the dose response curve becomes apparent above
15 Gy for tumors with a volume of 100 mm 3 (Fig. 2a) and
above 10 Gy for tumors with a volume of 300 mm 3 (Fig.
2b). Misonidazole did not affect the radiosensitivity at
doses under the break but there was a clear radiosensilizing effect above the break (for detailed discussion see Ref.
4

').
In the dose response curves for irradiation followed by
heat, there is no break (Fig. 2). Thus, compared to the
dose response curves for irradiation alone there is a clear
effect of hyperthermia above the break in the latter
curves. While the dose response curve for irradiation
alone for tumors with a volume of 300 mm 3 is lower than
for tumors with a volume of 100 mm3, no significant
difference can be observed between the dose response
curves for irradiation immediately followed by heat at
both tumor volumes. As we showed previously41 pentobarbital sodium anesthesia does not singificantly affect the
sensiiivity to irradiation alone of tumors with a volume of
100 mm' (compare Fig. 2a to Fig. 3a). As with the
unanesthetized mice, there is only an effect of hyperthermia in combined treatments at doses above the break in
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the dose response curve for irradiation alone. With anesthesia the dose response curve for irradiation alone of
tumors with a volume of 300 mm' differs significantly
from the curve withoat anesthesia and, moreover, no
break in the curve is observed (compare Fig. 2b to Fig.
3b). We supposed that penlobarbital sodium anesthesia
leads to a large increase of the hypoxic cell fraction in
these tumors.41 This explained the fact that these large
tumors were more radioresistant than those in unanesthetized mice even at low doses. The extra delay in tumor
growth because of hyperthermia in the combined treatment for large tumors treated with anesthesia is about
4-6 days and remains approximately constant at radiation doses lower than 25 Gy (Fig. 3b); a larger growth
delay was observed at doses above 25 Gy
Administration of the hypoxic cell sensitizer misonidazole in mice, whether anesthetized or not, led to the
disappearance of the break in the dose response curves in
all cases, as could be expected as the break is a result of a
hypoxic cell fraction (Fig. 4ab and 5ab). In the presence
of misonidazole only very small differences in radiosensitivity between 100 mm' (Fig. 4a and 5a) and 300 mm'
(Fib. 4b and 5b) remain. With misonidazole only a
moderate effect of the anesthetic was found (compare
Fig. 4 to Fig. 5). Combining irradiation with heat leads to
a further increase in tumor response in all cases and no
significant differences in response between small (100
mm') and large (300 mm') tumors can be found.
Tumor cures occurred often at doses higher than those
studied in the dose response curves of Figures 2 to 5.
Independent experiments were carried out in order to
determine the radiation dose necessary to control 50^ of
the treated tumors (TCD 50). to complete the data. The
results are summarized in Table I and add to the data
obtained in Figures 2 to 5. From the TCD 50 values

Table I. TCD 50 (Gy) values and calculated thermal enhancement ratios (TER - TCD 50 radiation alone/TCD 50 radiation with
heat) for 100 mm' and 300 mm' tumors after irradiation immediately followed by heating lor 60 min at a temperature of 43°C
TCD 50 (Gy) with 957r confidence intervals
Treatment

100 mm'
tumors

300 mm'
tumors

Without anesthesia
With anesthesia
Misonidazole
(without anesthesia)
Misonidazole
(with anesthesia)
Without anesthesia
With anesthesia
Misonidazole
(without anesthesia)
Misonidazole
(with anesthesia)

X alone

X + heal

TER

35.0(32.7 37.4)
35.0(33.3-36.8)
21.5(19.4-23.8)

21.5 (20.3 22.7)
29.5(27.5 31.6)
15.0(12.8-17.5)

1.6
1.2
1.4

22,5(21.2-23.8)

15.0(13.8-16.3)

1.5

45.2 (42.6-47.9)
50.0(47.2-53.0)
22.5(20.7-24.5)

23.0(21.1-25.1)
32.5(30.5-34.7)
15.0(12.4-18.1)

2.0
1.6
1.5

22.5 (20.8-24.4)

15.0(12.6-17.9)

1.5

Note: Mice were treated with or without anesthetic (50 mg/kg pentobarbital sodium). Misonidazole was administered at a dose of
0.5 g/kg body weight 30 min before irradiation. The 95% confidence intervals were determined using the Litchfield-Wilcoxon method
(J.T. Litchfield and F. Wilcoxon, A simplified method of evaluating dose-effect experiments; Journal of Pharmacological
Experimental Therapeutics 96, 99-113, 1949) and 40-50 mice were used in each TCD 50 experiment.
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oblained for irradiation alone and for irradiation immediately followed by hyperthcrmia the thermal enhancement
ratios (TER: ratio between radiation doses to achieve 50^
cures with and without hyperthermia) were calculated
and shown in Table 1.
Without anesthesia and misonidazole a TER of 1.6 was
calculated for 100 mm' tumors and 2.0 for 300 mm'
tumors. With anesthesia (without misonidazole) the TER
also increases with increasing tumor volume, a TER of 1.1
was found for 100 mm' tumors, and 1.6 for 300 mm'
tumors. The difference in TER is striking between unanesthetized and anesthetized animals both at 100 and 300
mm'. Anesthesia obviously has a negative influence on
the TER at both tumor volumes. Administration of
misonidazole prior to the combined irradiation-heat treatment led to very low TCD 50 values in all cases, and the
calculated TER's were 1.4 and 1.5 respectively for 100
mm' and 300 mm' tumors in unanesthetized mice. In
anesthetized mice a TER of 1.5 was found both for 100
and 300 mm' tumors.
DISCUSSION
The experiments, without anesthesia, in which
M8013X tumors of different volume were treated with
heat alone (60 min 43°C), do not show a change in
sensitivity to heat with increasing tumor volume (Fig. la).
Although it was supposed that hypoxic cells are more
sensitive to heat compared with well oxygenated cells, we
could not demonstrate an increased sensitivity to heal
alone resulting from the larger number of hypoxic cells
with increasing tumor volume. This result may be
explained by assuming that the regrowth of the tumor,
after a single heat treatment, is mainly determined by the
size of the heat resistant well oxygenated cell fraction,
which will remain after the heat treatment. The hypoxic
cell fraction in M8O13X tumors has been estimated to be
between 5.5 and I 1% in large tumors (~ 300 mm') and
from 2 to 4% in small tumors (~ 100 mm 1 ). 4 ' In the range
of tumor volumes studied (50-350 mm3) the hypoxic cell
fraction is too small, compared with the well oxygenatedand hence heat resistant cell fraction, to have a significant
influence on the regrowth of the tumor after heating
alone. It may be concluded that the increase of the
chronic hypoxic cell fraction during tumor growth, from 4
to 11 % maximally, in the range of tumor volumes studied,
is not important enough to influence the effectiveness of a
hyperthermic treatment.
Although pentobarbital sodium anesthesia of mice
leads to an increase in the hypoxic cell fraction, especially
in large tumors,41 it did not affect the sensitivity to heat of
tumors with different volumes (Fig. lb). In contrast to the
hypoxic cell population normally existing in tumors, it can
be supposed that the increase in hypoxic cells because of
pentobarbital sodium anesthesia is a result of acute
hypoxia. Based on previous results we suppose that in
large tumors (~- 300 mm3) the anesthesia leads to an
increase in hypoxic cells from 5.5-11% to more than

50%.4' That such a dramatic increase in the hypoxic cell
fraction does not enhance the effect of a hyperthermic
treatment would indicate that acutely hypoxic cells do not
show an enhanced sensitivity to heat. However, when
given in combination with irradiation the role of hyperthermia will become relatively more important as a large
percentage of the well oxygenated cells is killed by the
ionizing radiation. Small changes in the fraction of
hypoxic cells will thus influence ;he effect of heat to a
much greater exient when given immediately after radiotherapy than after a hyperthermic treatment alone (Fig.
la).
The experiments, without anesthesia and misonidazole.
where tumors with different volumes were treated with
irradiation alone or with irradiation immediately followed
by hyperthermia show that the reduction in effectiveness
of the radiation treatment in larger tumors, because of an
increase of the hypoxic cell fraction during growth, is
nearly completely removed by the addition of hyperthermia (Fig. la and 2b. Table 1). The effects of hyperlhermia are in this aspect comparable to those of the hypoxic
cell sensitizer misonidazole as described earlier.4' The
TCD 50 values obtained for small and large tumors with
the combined irradiation-heat treatment are not significantly different from those obtained with irradiation
alone in the presence of misonidazole (Table I).
The conclusion that acutely hypoxic cells in tumors,
resulting from anesthesia of the animals, does not show an
enhanced sensitivity to heat is confirmed in the experiment where heat is combined with irradiation (Fig. lb
and 3ab).TheTCD 50 values obtained with the combined
irradiation-heat treatment in anesthetized mice without
misonidazole are all significantly lower than those
obtained after irradiation alone. However, they are not as
low as the TCD 50 values obtained with the combined
treatment in unanesthetized mice (Table 1). It is striking
that this is also found with 100 mm' tumors where the
TCD 50 in anesthetized mice for the combined treatment
(29.5 Gy) is significantly higher than in unanesthetized
animals (21.5 Gy) or than in the mice irradiated (without
hyperthermia) after misonidazole administration (21.522.5 Gy). As anesthesia had no significant influence on
the radiosensitivity of small tumors, possibly factors other
than an increase of the hypoxic cell fraction, as a result of
a decreased blood flow, must be supposed to interfere in
this case. The enhanced sensitivity to hyperlhermia of
chronically hypoxic cells compared to acutely hypoxic
cells clearly demonstrates that it is not the hypoxia as
such which causes the enhanced sensitivity but it must be
supposed that other factors such as nutritional conditions.15 availability of energy"1 or pH, 1417 play a role
during chronic hypoxia.
As the TCD 50 values for the combined treatment
differ significantly between animals with or without anesthesia, there are important repercussions when the therapeutic gain of the combination of hyperthermia with
irradiation is evaluated. This is generally done by com-
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paring the TF.R's from tumor experiments with the
TFR's from normal tissue. As a model for normal tissue
skin is often chosen. As shown in Table 1 the TER
obtained in tumor e.^erimcnls with anesthesia is significantly lower than those from experiments where no
anesthesia was used.
In earlier results from our laboratory"'" a TER of 1.6
for skin was obtained, not different from the values
obtained by Stewart and Dcnckamp in 1977,'4 who found
TFR's between 1.4 and 2.0. Anesthesia does not have a
significant influence on theTFR found for skin (Wondergem unpublished data. l'>82). One has to conclude,
therefore, that the therapeutic gain resulting from the use
of hyperthcrmia in combination with irradiation is negatively influenced by pentobarbital sodium anesthesia of
the animals.
In in vitro experiments potentialion of radiation effects
has been observed in well oxygenated cells. This potemiation is presumed to be caused b\ inhibition of repair of
sublethal or potentially lethal radiation damage by
h c a t . ! ' " " ; ' Potentiation of radiation effects by inperthermia was not found in our experiments in vivo. All
enhancement of radiation effects which we observed in
vivo could be explained by the selective action of heal on
chronically hypoxic cells, this in spite of the fact that
hyperthermia was applied immediately after irradiation.
At doses below the break in the dose response curves for
irradiation alone, the effect of heal in the combined
treatment was never significantly larger than the effect of
heat alone (approx. 4 days). At doses above the break ihe
enhancement of radiation effects by hyperthermia never
surpassed the : ntrinsic radiosensitivily of these tumor
cells under well oxygenated conditions." Furthermore the
thermal enhancement of radiation effects, calculated
from the TCI) 50 values (Table 11. never exceeded the
enhancement of radiation effects caused by misonida/ole;
TF.R's from 1.2 2.0 were found for 100 and 300 mm'
tumors whether the animals were anesthetized or not
(Table 1), while the dose modifying factor IDMF the
ratio between doses to achieve 50'.? cures with and
without drug) as a result of misonida/ole (0.5 g/kg
bodyweighi) varied between 2.1 and 2.2.41 Our results
differ from those reported by Overgaard''' in this respect.
Overgaard observed a DM F as a result of misonida/ole
between 1.7 and 2.2 (respectively 0.5 and 1.0 g/kg
bodyweight misonida/ole was administered .10 min prior
to irradiation) and a TF.R of about 4.9 as a result of 1 h
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43.5°C' treatment. The sensitivity to heat alone of the
tumor used by Overgaard is much larger than the heat
sensitivity of the MX013X tumor.
Misonida/ole. when administered prior to the heat
treatment, did not affect the sensitivity of the tumor cells
lo heat alone. In vitro experiments have shown that the
cytotoxicity of misonida/ole towards hypoxic cells may be
enhanced by hyperthermia-'" "' Misonida/ole affected the
radiation response of tumors as expected. 4;; '"4I When
administered prior to the combined irradiation-heal treatment, misonida/ole strongly enhanced the effect of the
combined treatment. The response of the tumor in this
case was independent of the volume (100 vs. 300 mm')
and was approximately the same as observed in microscopic tumors alter irradiation alone."
The "extra'• effect of misonida/ole in the combined
treatment may be explained by an enhanced cuotoxiciu
of misonida/ole towards hypoxic cells in tumors under
hyperihermic conditions. This enhanced cylotoxieiH of
misonida/ole was not observed when hypcrthermta was
applied alone. In the latter case the hypoxic cell fraction
in the range of tumor volumes studied (50 350 mm I was
probably too small to have a significant influence on there-growth of the tumor after heating. When the heal
treatment is combined with irradiation, a large part of the
well oxygenated- and hence radiosensitive cells are killed
by the ioni/ing radiation and in this way effects of heal
and misonida/ole on the remaining hypoxic cell fraction
become relatively more important.
Anesthesia, which causes acute hypoxia in large
tumors.41 did not appreciably influence the effect ol
misonida/ole in the experiments where hyperthermia was
applied alone or in combination with irradiation I fig
led, 4 and V Table I). This finding suggests that niisonida/ole does not show an enhanced cytotoxicity lo acutely
hypo.xic cells during hyperthermia. Probably cells must be
chronically hypoxic to show thermal enhancement of
sensitivity lo misonida/ole We have to conclude that the
enhanced cytotoxicitv of misonida/ole to hypoxic cells
during hyperlhermia is not determined b\ the Inpoxia of
the tumor cells as such. Probably factors such as nutritional state, availability ol' cellular energy or pll play a
role. Stratford and ,\dams" showed in vitm thai the
cytotoxicity of misonida/ole was. enhanced b\ low pM.
Maybe the increased acidity, in the tumor, as a result of
chronic hypoxia, causes the enhanced sensitivity towards
misonida/ole during hipcrthermij.
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INFLUENCE OF THORAX IRRADIATION ON THE SURVIVAL OF MICE WITH
SPONTANEOUS OR ARTIFICIAL LUNG METASTASES FROM A
TRANSPLANTABLE MAMMARY ADENOCARCINOMA
J. WONDERGEM, M.D., J. HAVEMAN, M.D. AND E. VAN DER SCHUEREN, PROF.
Department of Radiotherapy, University of Amsterdam, Medical Centre. Amsterdam. The Netherlands
Tbe effect of thorax irradiation on lung metastases, either occurring spontaneously from a primary nummary
adenocarcinoma (M8013X) tnuupfauted on tbe leg or artificially induced by intravenous injection of tumor cells
was studied. Increasing the interval between the moment at which lung metastases are supposed to originate
and tbe thorax irradiation resulted in a rapid decrease of the effectiveness of this treatment in preventing the
development of lung metastases. Early treatment of the mice not only resulted in a considerable number of
animals that were cured, but aJso in a significant decrease in the number of tumor localizations in the lung of
those animals still developing metastases. Thorax irradiation performed later was much less effective; at autopsy
tbe lung showed a large number of small metastases. Increasing the radiation dose led to an increased number
of cures; however, an increased number of mice dying of lethal lung damage was also observed. Irradiation of
the lungs of mke with 5 or 10 Gy, 24 hours, 7 days or 14 days prior to i.v. injection with tumor cells, did not
significantly increase the number of mice with lung metastases. tmmunological resistance against the tumor
played a role in our experiments with both spontaneous and artificial lung metastases.
Radiotherapy, Lung metastases, Murine tumors.

INTRODUCTION
In clinical practice, the lungs are sometimes irradiated
in so-called elective treatments when primary tumors
are present. Primary tumors are known to cause lung
metastases in a large proportion of patients, especially
those with osteosarcoma.1-2-29 To control subclinical
pulmonary metastases, the lung has to be irradiated in
conjunction with the treatment of the primary tumor
with doses that can be tolerated by the lung tissue. With
relatively low radiation doses, it is possible to achieve
some cures partly because fewer cells have to be eradicated, but probably also because the cells in such small
tumor nodules are more sensitive to irradiation than
those in large tumors.1' An important factor, explaining
the increased radiosensitivity, may be the absence of
hypoxia in these small deposits. 7 - 81 " 51 ""'"'""
Most experimental studies on the effect of radiotherapy
and/or chemotherapy on lung tumors have used the
technique of injecting tumor cells intravenously into the
tail vein of mice to produce "artificial" lung metastaseS-J.7.9.l2.14.,*.IW,J4.26.M.30-H
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tases occur spontaneously from transplanted primary
tumors in mice.5-610-25 Possible biological differences
exist between an animal model, where a large number
of tumor cells are injected into the tail vein, and a
model where metastases are allowed to seed out naturally
from a primary tumor, because a host reaction against
tumor cells may be involved. Therefore, in the present
study, we investigated both models in the same mouse
strain. To study the radiosensitivity of developing lung
metastases. the thorax of mice was irradiated at different
times after treatment of a primary tumor, or after
intravenous injection of tumor cells.
METHODS AND MATERIALS
Animals and minor system
Male DBA2 x C57BL10 mice, aged 8-10 weeks, were
used in all experiments. The M8013 tumor originated
in 1950, as a mammary adenocarcinoma in a castrated
estrogen-stimulated male C57BL1O. at The Netherlands
Cancer Institute.30 The M80I3X is a line derived from
this tumor, which is maintained by serial transplantation
den Hoeven and Mr. E. Schol for their skillful technical
assistance and Mr. F. Sijmons and his colleagues lor the long
term care of the animals.
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Table 1.

forH'"J

pattern A
(-•-•-)

pattern B
(-o-o-)

pattern C
(_o_p_)

more than 20 metastases
volume of all nodules smaller than
2.0 mm3
eight to 20 metastases
future of tumor volumes larger than
2.0 mm3 but always smaller than 50 mm3

a

one to 7 metastases
nodules with a volume larger than
50 mm3

in syngenic DBA2 X C57BL10 mice. The tumor is only
slightly antigenic (to produce tumors in 50% of the
animals, subcutaneous (s.c.) injection of 10' cells was
required), poorly differentiated, and has a volume doubling time of 1.6-1.8 days, when injected s.c. on
the leg."-34
To obtain tumors. 10s viable tumor cells were injected
s.c. into the right hindleg of mice as described previously."-34 When the primary tumor on the leg had a
volume larger than 200 mm3, the mice frequently developed tumors in the lung, but only rarely elsewhere.
In the range of investigated tumor volumes (between
200 and 400 mm3) the incidence of lung metastases was
18% (18 out of 100 treated animals) and proved to be
independent of the volume of the primary tumor. When
the volume of the primary tumor was smaller than 200
mm3, no lung metastases were observed.
Spontaneous lung metastases
To study the development of lung metastases. the
primary tumor was removed by amputation of the
tumor bearing leg under general anesthesia (pentobarbital
sodium was administered intraperitoneally (i.p.) about
10 min prior to amputation, at a dose of 50 mg/kg
bodyweight). Immediately after amputation, the large
blood vessels were cauterized. The wound was closed
with metal wound clips, which were removed 7 days
later. Primary tumor removal was performed about 8
days after s.c. inoculation of 103 viable tumor cells; the
mean volume or the primary tumor at that time was
about 250 mm3. Treatment of lung metastases by irradiation of the thorax was evaluated in mice by recording
the survival time of the mice and the number and size
of the lung metastases found at autopsy.
The mice were examined daily; as soon as the mice
looked very sick (i.e.. lethargy, fast and/or irregular
breathing) they were killed to prevent severe suffering.
These animals would otherwise die within a verv short
' Hamilton.
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time. All mice were autopsied shortly after death, first
to confirm that death was caused by lung metastases,
and second to record the number and size of the
macroscopic metastases (Table 1). The weight of the
tumor mass in the lungs at the time of death varied
between 0.35 and 0.45 grams and was independent of
the pattern of lung metastases.
AH mice surviving for 120 days post-treatment were
recorded as free from metastases. The mice that appeared
free from metastases. but which had received irradiation
doses larger than 5 Gy, were kept up to 24 months to
record possible lethal lung damage (i.e., lung fibrosis).
Artificial lung metastases
M80I3X tumor cells used for intravenous (i.v.) injections were prepared in the same way as the cells used
for s.c. implantations.834 To obtain a tumor cell suspension, an aseptically excised tumor was minced with
scissors in about 35 ml of Eagle's minimum essential
medium (supplemented with 100 IU/ml of penicilin).
Then the tumor debris was allowed to sediment and the
resulting supernatant cell suspension was used. The cells
were counted using lyssamine green exclusion as a test
for viability. The cell yield was about 2-4% (assuming
5 x 108 cells/g of tumor tissue).20 No clumping of cells
could be observed in the final suspension with the light
microscope. Tumor cells suspended in 25 ii\ of Eagle's
minimum essential medium without serum were injected
i.v. into the lateral tail with a microliter syringe* and a
27 gauge needle. Before the injection, the mouse tail
was warmed in distilled water at 43 °C for 30 sec. The
few mice that developed a tumor in the pelvis or in the
tail were excluded from the experiments.
Irradiation of the thorax (lung)
Irradiation of the thorax of mice was performed with
an X ray generatort operated at 250 kV X rays. 14
mA, and filtered with 0.5 mm copper. The focus skin
t Siemens Stabilipan.
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distance was 40 cm and the dose rate 0.8 Gy/min. The
mice were individually placed on their backs in plastic
boxes and their legs were firmly fixed with surgical tape
to a jig. The jig was constructed to enable simultaneous
irradiation of the P jrax regions of 4 mice. The mice
were shielded above the thorax by a 9 mm lead plate
with square holes (21 to 17 mm). The holes were located
precisely over the thorax, including the lungs and the
upper part of the liver and stomach. The position of the
mice under the holes was checked by diagnostic X ray
exposure. All irradiations were performed at 30°C to
avoid a drop in body temperature: the animals were not
anesthetized during the radiation treatments.
RESULTS
Spontaneous lung metastases
To study the effect of thorax irradiation on the
frequency of spontaneous lung metastases, groups of
approximately 100 mice were irradiated with doses of 5
or 10 Gy 1, 7, 21, or 35 day(s) after removal of the
primary tumor by amputation. Figure 1 shows the
percentage of mice that died of lung metastases as a
function of the time between removal of the primary
tumor and irradiation of the thorax. Irradiation of the
thorax 24 hours after treatment of the primary tumor
led to a strong increase of the number of survivors.
Increasing the interval between the treatment of the
primary tumor and the thorax irradiation resulted in a
rapid decrease of the effectiveness of this treatment in
preventing the development of lung metastases. After
10 Gy thorax irradiation the number of survivors was
always larger than after 5 Gy. except for treatments
performed 35 days after treatment of the primary tumor
(c.f. Figure la and 1b).
Apart from the investigation of the number of mice
that died as a result of lung metastases after a certain
irradiation treatment on the thorax, the number and
pat.<srn of lung metastases present in the lungs after
death was also investigated by. autopsy (Table 1). Without
thorax irradiation. 66% of the deaths as a result of lung
metastases were recorded as pattern A; 17% as pattern
B: and 17% as pattern C (Figure 2). After irradiation of
the thorax this distribution of the pattern of lung metastases was changed. Figure 2 shows that when the
thorax was irradiated early after amputation of the
tumor bearing leg, the number of metastases found after
autopsy was relatively small and their size was relatively
large. With increasing time intervals between irradiation
of the thorax and treatment of the primary tumor, larger
numbers of smaller metastases were present at autopsy.
After 10 Gy thorax irradiation, the number of lung
metastases was always smaller than after 5 Gy (c.f.
Figure 2a and b).
Artificial lung meiastases
Intravenous injections with 104 or 105 tumor cells led
to death between day 18-36 as a result of lung metastases;

the mean survival time was 28.6 and 21.4 days, respectively. Inoculation with 103 cells led to death of 53% of
the mice, and the mean survival time was 35.7 days
(Table 2). The effect of irradiation on the development
of lung metastases after i.v. injections in the tail with
104 viable tumor cells was studied in the experiments
shown in Figure 3. Thorax irradiations were performed
with a dose of 10 or 15 Gy, 1, 7, 14, or 21 day(s) after
inoculation of tumor cells. Increasing the interval between the inoculation of tumor cells and the thorax
irradiation results in a rapid decrease of the effectiveness
of the treatment, which can prevent the development of
the lung metastases. Moreover, increasing the radiation
dose from 10 to 15 Gy led to a decreasing number of
mice dying of lung metastases. Figure 3a and b also
show that mice that were cured of lung metastases died
of lung damage as a result of thorax irradiation between
day 200 and 700 (mean survival time about 400 days)
after 10 Gy, and between day 150 and 250 (mean
survival time about 190 days) after 15 Gy.
At autopsy, it was found that i.v. injection with 104
tumor cells resulted in 95% of deaths as a result of lung
metastases with pattern A. and only 5% deaths with
pattern B. Pattern C was not found after inoculation
with 10* cells. When less than I0 4 cells were injected,
mice sometimes also died from pattern C. Figures 4a.
b, and c show that thorax irradiation early after i.v.
injection with 10* tumor cells decreased the number of
lung metastases when compared with the controls. Increasing the radiation dose led to a decrease of the
number of metastases in the lung at autopsy.
We also investigated the effect of thorax irradiation
given prior to inoculation of the tumor cells, to investigate the possibility of enhanced "trapping" of tumor
cells in the lungs as described by Brown.3 Van Putten
et al..n and Withers and Milas.33 Table 3 shows that
thorax irradiation with 5 or 10 Gy, given 1. 7. or 14
day(s) prior to injection with 103 tumor cells did not
significantly influence the "efficiency" nor the survival
time of the tumor bearing mice.
Host resistance to spontaneous and
artificial lung metastases
Since antigenicity of the M8O13X tumor in its host
may play a role in our experiments with spontaneous
and artificial lung metastases. experiments were carried
out in which the host resistance of the mice was depressed, either by total body irradiation (TBI)'3 or
by prior treatment with cortisone acetate.6 or was
stimulated21-7 by s.c. implantation of M8013X tumors
on the hind leg. TBI 3 hours before implantation of 10'
ceils s.c. on the leg. was followed 8 days later by
amputation of the tumor bearing leg (mean volume of
the tumor at that time was about 250 mm 3 ). TBI did
not significantly influence the development of the implanted tumor on the leg when compared with untreated
control animals. TBI with 5 Gy led to an increase in
59

Radiation Oncology • Biology • Physics

May 1985, Volume 11. Number 5

20
5 gray

[

10

;

j
21 DAYS

r'

V*

1
i

30

i
:
;

J

7 OAVS
.•'

60

24 MRS

90

P «.

1X125

p < 0.O05

120

DAVS AFTER TREATMENT

20
CONTBOL

'0 gray

TAS

3SDAVS

21 OAVS

p <^: ooos

JT !.

B

7O»VS

rJj...f
30

24 HflS

50

90

P <

OOOS

p «C 0.005

120

DAYS AFTER TREATMENT

Fig. 1. The influence of thorax irradiation on the percentage of mice dying from spontaneous lung metasiases
after amputation of the tumor bearing leg. Control mice without thorax irradiation (
). After amputation
mice were irradiated on the thorax 1 day (
), 7 days (~«^»). 21 days (
). and 35 days (
).
respectively. In Figure la the radiation dose on the thorax was 5 Gy. and in Figure 1b the dose was 10 Gy.
Differences in survival between mice treated with radiotherapy and control mice have been evaluated statistically
by xJ-test.

the number of deaths as a result of lung metastases
when compared with the untreated controls. 70% (60
out of 86 treated animals) compared to 18% in the
control. This difference is highly significant ( x : test: p
< 0.01). TBI led also to a decrease of the mean survival
time from 65.0 ± 2.8 days to 26.8 + 1 . 1 days. Furthermore, we observed that 30% of the mice with a primary

60

tumor with a volume smaller than 200 mm 3 developed
lung metastases.
With artificially induced lung metastases. TBI with
2.4 or 5 Gy prior to injection with tumor cells generally
led to an increased number of mice dying of lung
metastases and/or to a decreased survival time (Table
2). Pre-treatment of mice with cortisone acetate, one
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day prior to i.v. injection with 103 tumor cells, led to
an increase of the number of mice with lung metastases
(Table 2). The survival time of the mice remained
unaffected. In another group of mice, an attempt was
made to increase the resistance against tumor growth.
Therefore 10' tumor cells were inoculated in the right
hind leg before i.v. injection of tumor ceiis in the tail.
These 10s cells led to the development of a tumor on
the leg. The tumor bearing leg was amputated 7 days
later at a volume smaller than 200 mm 3 , one day before
i.v. injection of tumor cells. When the mice were
"stimulated." a higher number of tumor cells were to
be injected in the tail vein to give lung metastases:
moreover, the survival time of the mice was increased
(Table 2).

DISCUSSION
The timing of thorax irradiation to prevent the development of lung metastases proved to be extremely
important, both in spontaneous lung metastases as well

as in lung localizations of i.v. injected tumor cells.
When the treatment was given ven- early, noi only a
sizable number of the animals was cured, but in the
animals dying of tumor progression, the majority had
only a small number of metastases (c.f. Figures 2 and
4). Thorax irradiation decreased the number of metastases present at death, suggesting that at least part of the
deposits were eradicated by radiotherapy. Experimental
data on the radiosensitivity of the M8O13X mammary
adenocarcinoma show D q and D o values, for microscopic
tumors implanted s.c. on the leg. of 2.2 and 2.5 Gy and
for 250 mm 3 tumors of 4.5 and 7.0 Gy. respectively"
We assume that the radiosensitivity of microscopic lung
tumors is about the same as that of microscopic tumors
on the leg. This would mean that when the thorax is
irradiated with 15 Gy. the fraction of surviving tumor
cells is approximately 0.7^. The results in Figure 3 do
not disagree with this assumption: however, the statistical
variation in the number of survivors is such that we are
not able to obtain a precise confirmation. When thorax
iiTadiation is performed in a late phase of the develop61
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Table 2. Effect of total body irradiation, administration of cortisone acetate, or prior presence of tumor cells
on the leg on the response to i.v. injection with M8O13X tumor cells
Number of tumor cells injected
3

Tumor
No . of mice died
from lung metastases
Treatment

No prior treatment
5 Gy TBI given 7 days
prior to injection
2.4 Gy TBI given 3

I05

Iff1

10

No. of mice died
from lung metastases

Tumor
growth
nme to

No . of mice died

Tumor
growth

from lung metastases

time to

Total

Percent

death
(days)*

Total

Percent

death
(days)*

growth
time to

Total

Percent

death
(days)-

43/81

53 (42-«4>t

35.7 ± 0.9

169/169

100(99-1001

28.6 ± 0.5

24/24

100 (86-100)

21.4 = 0.6

67 (34-90)

38.0 ± 3.8

39/39

100(91-100)

21.8 * 0 . 5

24/24

100(86-100)

15.1 ± 0 . 5

8/8

100 (63-100)

17.4 = 0.7

8/12

hours prior to
injection
Cortisone acetate (2.5
mg/mouse) given 1
day pnor to injection
Amputation of tumor
bearing leg one day
pnor to injection

13/13

100(73-100)*

28.8 £ 1.4

12/12

100(73-1001

19.7

12/14

86 (57-98)$

37.8 ± 2.2

14/14

100 (77-100)

29.1 = i.4

14/14

100(77-100)

21.8 ± 1.2

22 (7-44)$

38.2 £ 3.6

9/21

43(22-*6lt

36.6 ± 1.5

10/15

67 (38-88){

39.0 r 4 . 7

5/23

T

0.7

• Mean ± s.e.m.
t Numbers in parentheses. 95% confidence limits.
X Significant difference in survival with control (x:-test: p < 0.051.

ment of metastases. the success of the treatment may
also be hampered by a decreased radiosensitivity of lung
metastases as a result of the development of hypoxia.5"
A recent study with Lewis lung tumor10 also showed
that as the metastatic disease is allowed to become more
advanced, treatment with cytostatic drugs becomes less
effective, thus agreeing with the results of many clinical
studies on this subject.
Lung damage as a result of'thorax irradiation
Our results show that the lung does not tolerate well
radiation treatment of artificial and spontaneous lung
metastases at single fraction doses above 5 Gy (Figure
3). Mice that were cured of lung metastases died several
months later as a result of radiation induced damage to
their lungs. These observations confii.n those of Steel
et al~
Prior thorax irradiation
When the lungs of mice were irradiated prior to i.v.
injection of tumor cells, no significant difference was
observed in the number of mice with lung metastases,
nor in their survival time when compared with unirradiated animals. These findings are in contrast to those
found by several authors.3-24--8-32-33 These authors, using
'"lung colony assay." showed that irradiation of the
lungs a few days pnor to i.v. injection of tumor cells
led to more tumor nodules in the lung than were seen
in the lungs of unirradiated animals. However, when
the interval between lung irradiation and inoculum was
very short (a few hours) or very long (7 days or longer)
62

no significant influence of the thorax irradiation on the
number of lung metastases could be found. They attributed the increased number of tumor nodules in the lung
after thorax irradiation to an enhanced trapping of
tumor cells in the lung capillaries. Peters et a/.12 reported
that the increased number of tumor nodules in the lung
in their experiments was not the result of an enhanced
trapping of tumor cells in the lung. They suggested that
the loss of the i.v. injected tumor cells initially trapped
in the lung was reduced or even delayed by an unknown
mechanism. Prior irradiation of the thorax (24 hours)
with 10 Gy led to an increase (1.2 to 10-fold) of the
number of lung colonies in many studies.3-24-2518-32-33
These large differences in efficiency might be because of
the use of different tumor-host models: the presence of
heavily irradiated tumor cells and/or plastic spheres
together with viable tumor cells to enhance trapping:
differences in the number of i.v. injected tumor cells: or
even to differences in the doubling time of the tumor
cells. Enhanced trapping of tumor cells by prior irradistion treatment has not been reported as yet in clinical
radiotherapy. Probably in clinical radiotherapy, the radiation doses used in elective lung irradiation are too
small (i.e., 2 Gy/day) to induce a significant difference
in the efficiency of circulating tumor cells in the lungs.
Moreover, elective lung irradiation is always given in
fractionated schemes, e.g.. 20 Gy delivered in two weeks.
Host resistance to spontaneous and
artificial lung metastases
The experiments with pre-immunized animals showed
that i.v. injected tumor cells had a lower efficiency in

Thorax iiradiatton in lung maasasaOi.

WONDERGEM et al.

ns

XX) -

10 gray

r-if

J

r—i *"J

UI

o

Ir1

0005

i1 p--!

UI

50-

*

:ENI
et 25-

J *

_r

"

j

P <

** f

OOO»
*

t

'

UJ-

—-

p <c O.OOI-

—
—
.....
_._

I

f i-e
0-

•

i

I

I!

fi"

Ü!

«

I
ai

-i»

_
r *"

r~j"'

r
t

<

i• ri
:* j
: 1
;i"

2
I

P <

1

UNÜ

TAS1

u 75-

1

i

40

80

120

200

400
DAYS AFTER

DAYS AFTER INOCULATION OF 10* CELLS

control
21 days
14 days
7 days
24 hours

800

600
IRRADIATION

KM-,

control
21 days
14 days
7 days
24 hours

40

80

0AVS AFTER INOCULATION OF 10* CELLS

120

150

200
DAYS AFTER

250

300

IRRADIATION

Fig. 3. The influence of thorax irradiation on the percentage of mice dying of artificial lung metastases after i.v.
injection with 104 viable tumor cells. Control mice without thorax irradiation (
). After inoculum mice were
irradiated on the thorax I day (
), 7 days (
), 14 days (
). and 21 days (
), respectively. In
Figure 3a the irradiation dose to the thorax was 10 Gy. and in Figure 3b the dose was IS Gy. The differences
in survival between mice treated with radiotherapy and control mice have been evaluated statistically by x'test. The right pan of Figures 3a and 3b shows the number of "cured" mice dying from radiation-induced lung
damage expressed as cumulative lethality.

the lung, and moreover, the survival time of the animals
was prolonged when compared with non-immunized
animals (Table 2). These results suggest that the relatively
low take efficiency of tumor cells in the lungs of mice
that were immunized was probably a result of a "host
versus graft" reaction. Vaage26 showed that host resistance is already detectable about 5 days after implanta-

tion of an immunogenic tumor. The host reaction has
probably also a large influence in our experiments,
especially those with spontaneous lung metastases.
Spontaneous lung metastases are supposed to originate
7 to 8 days after implantation of the primary tumor on
the leg (see Methods and Materials). The relatively long
life span of mice with metastases and the large spread
63
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Fig. 4. The number of lung metastases found after thorax irradiation with 5 Gy (a), 10 Gy (b). and 15 Gy (c).
1. 7, 14, and 21 days, respectively, after i.v. inoculum of 10" viable tumor cells, expressed as percentage of
pattern A ( • - • - • ) . pattern B (O - O - O), and pattern C (O - O - D). For classification of the number of
metastases, see Table 1. In parentheses, the number of mice autopsied is shown. Differences in pattern of lung
metastases between mice treated with radiotherapy and control mice have been evaluated statistically by x'-tesi.
(t) significant difference with control was accepted when p = 0.05 or less.

in the time of death (47 to 84 days) are probably a
result of the host reaction. The observation that pretreatment with cortisone acetate increased the formation
of artificial metastases in the lung after i.v. injection of
tumor cells, further confirms that these tumor cells are
at least slightly antigenic. We suggest that the administration of cortisone acetate led to a decreased reaction
of the mice against tumor cells injected i.v. in the tail,
and hence, to an increased take efficiency of tumor cells
in the lung. Moreover, our results concerning the effect

of cortisone acetate on the development of lung metastases confirm the findings of De Ruiter ei al.b Pretreatment of mice with total body irradiation led to a
significant increase in the number of iung metastases.
both spontaneous and artificial. The observation with
spontaneous lung metastases. that TBI led to the development of metastases at smaller volumes of the primary
tumor suggests that, usually, a limited number of cells
already seed out relatively early. The actual development
of metastases would, however, only occur when a large

Table 3. Effect of thorax irradiation, given on day 1. 7, or 14 prior to intravenously (i.v.) injection in the tail
with IOJ viable tumor cells, on the formation of lung metastases

Time between treatment and IV injection with 10' tumor cells _

Irradiation
dose

Totals

Percent

Tumor
growth
time to
death
(days)

5 Gv
10 Gy

11/22
9/12

50 (28-72)
75 (43-94)

32.9 ± 2.5
42.0 ±4.7

No. of mice with
lung metastases

14 days

7 days

1 day

Percent

Tumor
growth
time to
death
(days)

Total

Percent

Tumor
growth
time to
death
(days)

56 (35-75)
75(43-94)

31.0 ± 1.1
40.8 ± 2.7

13/24
5/12

54(33-74)
42(15-72)

35.1 ± 2.5
48.6 2: 6.1

No. of mice with
lung metastases
Total
15/27
9/12

No. of mice with
lung metastases

Note: I.V. injection with 103 tumor cells led to death of 53% (42-64)* of the animals because of lung metastases: mean survival
time 35.7 days ± 0.9.t
* Numbers in parentheses. 95% confidence limits.
t Mean ± s.e.m.
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number of cells are present, which would take place
only when the primary tumor has a larger volume.
Brown,3 and Withers and Milas,33 who treated mice
with TBI prior to i.v. injection of tumor cells, also
observed an increased number of lung nodules. They
did not find a significant difference in the number of
lung colonies between mice treated with TBI or with
thorax irradiation at the same irradiation dose. Therefore,
they concluded that no immunological factors were
responsible for the increased number of lung colonies
after TBI. They ascribed the increased number of lung
colonies after TBI to enhanced trapping of tumor cells
in the lung. Our results with 5 Gy pre-irradiation on
the lungs (Table 3), and TBI (Table 2), and also our
experiments with cortisone acetate (Table 2), indicate
that the host resistance does play a role in the formation
of lung metastases and that, in our experiments, there
is no question of enhanced trapping.

individual mice may be explained first by the fact that
when a small number of cells is involved, relatively
large variations in cell number occur, and second, the
host versus graft reaction may play a role. However,
when a larger number of tumor cells was injected, the
deviation of the time of death was smaller, inoculation
of 104 cells i.v. in the tail led to the death of the animals
between cwy 21 and 33 because of lung metastases (Fig.
3). With this animal model it is possible to produce
equal, and within limits, "wanted" numbers of lung
metastases in each mouse. The results obtained with i.v.
injection of tumor cells are quite comparable with those
obtained with spontaneous lung metastases when the
same tumor and the same stain of mice have been used.
A disadvantage of the latter model is that because of
the large variations, large numbers of animals have to
be treated to make an accurate estimate of the effectiveness of thorax irradiation in preventing lung metastases.

Evaluation of both experimental models
Evaluation of both animal models with regard to the
experiments carried out indicated that the results obtained correspond and add to each other. Differences
could be found in the mean survival time when comparing both models. With spontaneous lung metastases.
large differences were observed in the individual survival
times. These mice died between day 47 and 84 (mean
survival time 65 days), whereas the period of dissemination is supposed to be about 24 hours (between day
7 and 8 after injection of 105 viable tumor cells s.c. on
the leg). Probably dissemination of cells from a primary
tumor concerns only a relatively small number of cells
(a subpopulation of the primary tumor). A large deviation
in survival time was also found when small numbers of
viable tumor cells were injected i.v. in the tail to produce
artificial lung metastases. The survival time of a group
of 43 animals after i.v. injection of 103 cells was between
26 and 50 days. The large variations in survival time of

Clinical implications
The present results may have practical implications
for the use of adjuvant radiotherapy, as in the case of
elective treatment of lung metastases. Adjuvant radiotherapy should be given as soon as possible when the
number of tumor cells is still limited. This is especially
the case when organs with a very low radiation tolerance,
such as the lungs, have to be included in the treatment
field. One has to be aware that when large numbers of
tumor cells are present at the time of elective treatment,
cures can no longer be achieved. In some cases the
smaller cell numbers present, however, the number of
localizations can be reduced in such a way that they
become eligible for resection. The possibility of a strong
decrease in the number of metastases in patients who
are not cured by an adjuvant therapy has already been
shown to be clinically relevant.*' In a number of patients,
metastatectomies have been performed when only a few
solitary metastases were present.4
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INTRODUCTION

has

The

effectiveness of thorax irradiation of mice with lung metastases

been

evaluated in several experimental studies with "artificial" me-

tastases
a].,

(Brown, 1973, Fu et al., 1976, Hill and Stanle>, 1973, Peters et

1980,

Adams,

Shipley

et al., 1975, Siemann and Kochanski, 1981, Steel and

1977, Van den Brenk, 1974, Van Peperzeel, 1972, Withers and Mi las,

1973, Wondergem et al., 1985) or with "spontaneous" metastases (Davies and
Watling,
of

1978,

Travis et al., 1981, Wondergem et al., 1985). These types

experimental studies may offer guidelines for the clinical application

of lung irradiation (e.g. elective lung irradiation or clinical situations
where
sed

large parts of the lungs are involved in the radiation fields). Baon

case

clinical observation of the growth patterns of lung metastases in

of

osteosarcoma, elective lung irradiation has been proposed (Breur

et al.,1978,

Breur

and Van der Schueren, 1979, Van der

Scbueren et al.,

1979).
flinical
therapy

observations

indicate

that the results of elective radio-

are disappointing when the subclinical metastases contain a large

number of tumor cells (Breur et al., 1978). Experimental data confirm this
indication:
of

a

rapid decrease in the effectiveness of radiation treatment

experimental

metastases

was observed with increasing number of tumor

cells

in the lung (Wondergem et al., 1985). Not only the increase in cell

number

but the development of hypoxia during growth of subclinical metas-

tases

might also

explain

part of the decreases in the

effectiveness of

elective treatment.
Experiments

with

the hypoxic cell sensitizer misonidazole in trans-

plantable tumors in rodents indicate that this latter possibility might be
relevant for the clinical situation

too (Haveman et al., 1981, Stanley et
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al., 1978, Wondergem et al., 1981). Improvement of the results of an elective treatment might either be obtained by a reduction of the cell number
to be treated with irradiation, by prior treatment with a cytostatic drug
(Bleehen, 1980) or by dealing with the problem of hypoxia. Therefore in
the present study we investigated the effectiveness of thorax irradiation
combined with treatment by cytostatic drugs (Actinomycin-D or 5-Fluorouracil) or the hypoxic cell sensitizer misonidazole in a mouse model with artificial lung metastases. The artificial lung metastases were obtained by
intravenous injection of tumor cells in the tail of mice. The influence of
thorax irradiation on the development of lung metastases was evaluated not
only by recording the number of mice dying from lung metastases as parameter but we also registered the pattern of lung metastases found at autopsy
of animals which died from their disease. The response of lung tissue following combined therapy was also investigated.
MATERIALS AND METHODS
Animals
Male DBA2xC57BL10 nuce (obtained from the Centraal Proefdieren Bedrijf
T.N.O., Zeist, The Netherlands), aged 8-10 weeks have been used throughout
the experiments. The animals were housed 12 to a cage and were kept under
conventional laboratory conditions (Wondergem et al., 1981).
Tumor
The M8013 tumor had orginated in 1950 as a mammary adenocarcinoma
after administration of estrone in a male O7BL mouse at The Netherlands
Cancer Institute (Van Dongen, 1961). The M8013X is a subline derived from
this tumor and was maintained routinely by serial passage subcutaneously
(s.c.) in the backs of syngeneic male DBA2xC57BL10 mice. Tumor cell suspensions used for intravenous (i.v.) injections to obtain artificial lung
metastases were prepared from these s.c. maintained tumors. The M8013X tumor is a poorly differentiated adenocauinora and proved to be slightly
antigenic. The i.v. TD50 (TD50: ur^ber of cells inj' 'ted necessary to produce meiajtases in 50?ó of the animals) of our tumor line was approximately
70

10

cells (Wondergem et al., 1985).

Tumor cell suspension

To obtain a tumor cell suspension, an aseptically excised
minced with scissors and treated further as described
gem et al., 1981). The cells were counted using
as

a test for

viability. No

tumor

was

previously (Wonder-

lyssamine green exclusion

clumping of cells could be obseved with the

light microscope in the final suspension. Mice were injected i.v. with 10
cells

in

25/ul

medium

(Eagle's minimum essential medium without serum)

with a Hamilton microliter syringe and a 27-gauge needle.

Irradiation of the thorax (lung)

Irradiation was carried out by a
ted at

250 kV and

Siemens Stabilipan apparatus opera-

14 mA, yielding a dose rate, after

filtration of

the

beam by 0.5 mm Cu, of 0.8 Gy/min at the position of the thorax of the mice
All irradiations were performed at an ambient temperature of 30° C and the
animals were not anesthetized during the irradiation treatments. Each mouse was confined to a plastic jig. The jig was constructed as to enable simultaneous

irradiation of the

shielded by a

thorax regions of four mice. The mice were

9 mm lead plate with rectangular holes

(21 to 17 mm) above

the thorax of each mouse. The holes were located precisely over the thorax
inorder to include the whole lungs in the radiation field. The position of
the mice under the holes mas checked by X-ray fotographs.

Drug treatment

The
tonealiy
weight.
tostatic
were

hypoxic cell sensitizer misonidazole was administered mtraperid.p.)

drugs

dissolved

radiation

30

min prior to irradiation, at a dose of 0.5 g/kg body

The drug was dissolved in warmed sterile distilled water. The cyactinomycin-D
in

(0.07 mg/kg) and 5-fluorouraci1

(0.1 g/kg)

sterile saline and distilled water respectively. When

therapy was combined with chemotherapy, these druqs were injec-

ted i.p. 30 min prior to irradiation.
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Assay procedure (counting of metastases)

The effect of

thorax

irradiation

and/or

chemotherapy of the mice,

treating the lung metastases, was evaluated by recording the survival time
of the mice and the number and size of the lung metastases found at autopsy

after death. The mice were examined daily and autopsied after death to

confirm that death was caused by lung metastases and in addition to record
the
to

number and the size of the macroscopic metastases (Table 1 ) . In order
obtain

some

insight in the lung damage followinq treatment, the mice

mere followed up to 24 months after treatment.

TABLE 1

pattern A
I

1

pattern B
I11K1SIII
pattern C

\/////A

more than 20 metastases
volume of all nodules smaller than
20 mm3
eight to 20 metastases
a mixture of tumor volumes larger than
2.0 mm 3 but always smaller than 50 mm3
one to 7 metastases
nodules with a volume larger than

50 mm3

RESULTS

To study the effect of thorax

irradiation on the

frequency of arti-

ficial lung metastases, groups of approximately 20-24 mice were irradiated
at doses of
injection

5, 10, or 15 Gy, 1, 7, 14 or 21 days after intravenous (l.v.)
in the tail vein with

10

viable tumor cells. In

Figure 1 the

response to radiotherapy of artificial lung metastases at different
after injection of tumor cells is shown. Thorax
i.v. injection of

10

tumor cells

causes the

times

irradiation "early" after
elimination of some of the

tumor ueposits in the lung. The incidence of developing metastases depends
on the radiation dose
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administered. Irradiation of the mice with

b Gy on

100-,

80-4 5 Gy

en
3

I «o
u

o- 20

OJ

I
I
l
l
1
7
14
21
time between intravenous injection of
tumor cells and thorax irradiation (days)

Figure 1. The influence of thorax irradiation with 5 Gy (-•-•-), 10 Gy
(-0-0-) and 15 Gy (-O-O-) applied at different times after intravenous injection in the tail vein of mice with 10 viable tumor cells on the percentage of animals dying of raetastases. Each treatment group consisted of
20 to 24 animals at the beginning of the experiment.

the thorax 24 hours after inoculation of tumor cells cures about 2b% of
the mice and with a dose of 15 Gy metastases develop only in 8% of the
treated mice. The effectiveness of such a lung irradiation rapidly decreases when the treatment is given with larger intervals after injection of
the tumor cells. A dose of 15 Gy, given 7 da/s after injection of tumor
cells, does not prevent the development of metastases in 24?ó of the mice.
The incidence of mice dying from lung metastases further increases to 58?ó
and B2?o at intervals of 14 and 21 days between injection of tumor cells
73

and irradiation respectively.
Apart

from

result of lung

the

investigation of the number of mice which died as a

metastases

after

a certain

irradiation treatment on the

thorax, the number and pattern of lung metastases present in the lungs after death was also investigated by autopsy (Table 1). Without thorax irradiation 95% of the deaths as a result of lung metastases showed at autopsy
many

small nodules (pattern A) and only b% showed a mixture of metastases

with a volume between

2 and 50 mm

(pattern B). After injection with 10

tumor cells no mice died from only few large metastases (pattern C). After
irradiation of the thorax the pattern of lung metastases changed. Figure 2
shows that the thorax irradiation early after i.v. injection with
mor cells decreased, the number of lung metastases when
controls.

With

increasing time interval between irradiation and inocula-

tion of tumor cells
Increasing the

10 tu-

compared with the

the

number of metastases found at autopsy increased.

radiation dose led to a decrease of the number of metasta-

ses in the lung (Figure 2).

100-,
ns
%

23

5Gy

15 Gy

13 15 23 22

2 4 13 17

1
50-

o
%a.

0J
7 14 21

time between inoculation of
10 cells and thorax irradiation
(days)

Figure 2. Number of lung metastases found after thorax irradiation with
5, 10, and 15 Gy 1, 7, 14 and 21 days respectively after intravenous injection with 10
viable tumor cells expressed as a percentage of pattern
A ft
I) • pattern B (UUJJiiUl!) and pattern C lt\ \ \n . For classification of
the number of metastases see Table 1. The number of mice autopsied after
death is indicated at the top of each bar in the histogram.

Figure 3 shows that the
development
time

of

effectiveness of a

treatment to prevent the

lung metastases strongly depends on the drug used and the

of administration. Administration of the hypoxic cell sensitizer mi-

sonidazole, without irradiation, (0.5 g/kg) 1.
injection

of

14 or 21 days after i.v.

tumor cells did not affect the ,..,'• er of mice dying of lung

metastases. When misonidazole was given 30 min prior to 10 Gy thorax irradiation,
pective

the
of

treatment.
cure

effectiveness of the thorax irradiation was improved irresthe interval between the injection of the tumor cells and the

Administration

of

actinomycin-D alone (0.07 mg/kg) failed to

any mice of lung metastases. Combining actinomycin-D with thorax ir-

radiation only slightly improved the number of cures. 5-Fluorouracil, when
administered alone (0.1 g/kg), had n large effect on the numbers of survivors when compared to misonidazole and actinomycin-D. When injected i.p. 1
or 7 days after i.v. injection of tumor cells, 75-80?» of the mice were cured. With increasing time interval the effectiveness of the drug decreased
Administration of 5-fluorouracil 14 or 21 days after i.v. injection of tumor cells led to

60 and

22?ó cures respectively. Moreover, 5-f luorouracil

was even more effective than 10 Gy thorax irradiation. 5-Fluorouracil combined

with

thorax irradiation led to an increase of the number of survi-

vors, compared

to the

number of cures

observed after

administration of

this drug without thorax irradiation.
Thorax irradiation, 10 Gy, combined with either misonidazole, actinomycin-D

or

5-fluorouracil,

1 to

7 days after i.v. injection with tumor

cells, resulted in different patterns of lung metastases at autopsy (Figure 4 ) . However, as only few animals died of metastases when treated at day
1 or 7, the differences were not statistically significant.
Treatment of mice by thorax irradiation combined with or without chemotherapy may lead to side effects on normal lung tissue. Firstly the acute

reaction of the lung may result in enhanced

"trapping" of tumor cells

in the lungs and secondly the late reaction of the lung may lead to mortality as a result of late lung damage (i.e. lung fibrosis). Enhanced
ping
Brown

of tumor cells in the lung after
(1973), Van den Brenk et al.

(1974), Withers and Milas

after chemotherapy by Van Putten et al.
irradiation with

trap-

radiotherapy has been described by
(1973) and

(1975). Table 2 shows that thorax

10 Gy given 1, 7 or 14 days prior to injection with 10^

tumor cells did influence neither the take efficiency nor the survival ti-

TABLE 2

EFFECT OF COMBINATION OF THORAX IRRADIATION AND THE DRUGS, MISONIDAZOLE, ACTINOMYCIN-D AND 5-FLUOROURACIL, GIVEN ON DAY 1, 7 OR
14 PRIOR TO INTRAVENOUSLY INJECTION (I.V.) IN THE TAIL WITH 10

VIABLE TUMOR CELLS, ON THE FORMATION OF LUNG METASTASES. I.V.

INJECTION WITH 10 3 TUMOR CELLS LED TO DEATH OF 53% (46-64)" OF THE ANIMALS BECAUSE OF LUNG METASTASES; MEAN SURVIVAL TIME 35.7
DAYS + 0.9."

TIME BETWEEN TREATMENT AND I.V. INJECTION WITH 10
1 DAY
TREATMENT

7 DAYS

14 DAYS

No. of mice with

Tumor growth

No. of mice with

Tumor growth

No. of mice with

Tumor growth

lung metastases

ne to d£
time
death

lung metastases

time to death

lung metastases

time to death

totals

10 Gy

TUMOR CELLS

9/12

misonidazole
(0.5 g/kgK
10 Gy

12/12

actinomycin-D
(0.07 mg/kg)+
10 Gy

10/12

5-fluorouracil 12/12
(0.1 g/kg)+
10 Gy

percent

75(43-94)*
100(74-100) "f

83(52-98)

100(74-100) "J"

(days)

42.0 1- 4.7

totals

percent

(days)

totals

percent

(days)

9/12

75(43-94)

40.8 + 2.7

5/12

42(15-72)

48.6 + 6.1

7/12

70(35-93)

36.4 + 3.5

8/11

73(37-94)

34.2 + 2.5

6/12

50(21-79)

45.5 + 3.8

6/11

55(23-83)

44.0 + 3.7

7/10

70(35-93)

32.0 + 3.7

5/9

56(21-86)

34.2 + 2.3

30.7 + 2.9

33.6 + 4.6

24.2 + 1.3

*«

numbers in parentheses, 95% confidence limits

t

significant difference in survival with control (X -test;

o

Misonidazole
100 -i

5-Fluorouracil
o — irradiation-drug
• - irradiation alone
o - drug alone

o-1
DAYS AFTER INOCULATION OF 10* CELLS
Figure 3. Influence of the administration of drugs alone (-0-0-), thorax
irradiation with 10 Gy (-•-•-) and drugs combined with thorax irradiation
(-Q-D-) on the percentage of animals dying of lung metastases after intravenous injection with 1C viable tumor cells. The hypoxic cell sensitizer
misonidazole (0.5 g/kg) and the cytostatic drugs actinomycin-D (0.07 mg/kg
) and 5-fluorouracil (0.1 g/kg) were administered intraperitoneally (i.p.)
. When thorax irradiation was combined with chemotherapy, the drug was injected i.p. 30 min prior to irradiation. Each treatment group consisted of
11 to 23 mice at the beginning of the experiment.

me of the tuifiur bearing mice significantly. Irradiation of the thorax of
mice combined with misonidazole or 5-fluorouracil, 1 day prior to injection led to a significantly increased number of mice with lung metastases
as well as to a decreased survival time indicating enhanced "trapping".
With increasing time interval between the combined irradiation-drug treatment and the injection of tumor cells the phenomenon of enhanced "trapping" disappeared. Combining actinomycin-D with thorax irradiation did not
influence the take efficiency of tumor cells in the lung.
During the 24 months observation period, after treatment, mice could
die without metastases present in the lung at autopsy. This mortality is
very probably a result of late damage to the lung tissue (i.e. lung fibrosis) induced by the treatment. Figure b shows that the mice which were cu77

red of lung metastases after combined irradiation-drug treatment died earlier

as

a result of lung damage when compared with mice which were cured

by irradiation alone (10 G y ) . After 10 Gy thorax irradiation the mean survival

time was about 400 days (Wondergem et al., 1985). Administration of

misonidazole
of

the

Gy

thorax

prior

to irradiation with 10 Gy decreased the survival time

mice by about 70 days (mean survival time 330 days). Combining 10
irradiation with actinomycin-D or 5-fluorouracil led to a mean

survival time of 350 and 300 days respectively.

DISCUSSION

Our

previous results on treatment of artificial and spontaneous lung

metastases

in

mice showed that the timing of therapy is extremely impor-

tant (Wondergem et al., 1985). Confirming this, our present results (Figure

1 and

3) show that an increase in the interval between i.v. injection

of

viable

tumor cells and irradiation alone or combined with drug treat-

ment

resulted

in a rapid decrease of the effectiveness of this treatment

in preventing the development of lung metastases.

Irradiation alone

Early

treatment of the mice with radiotherapy not only resulted in a

considerable

number

of

animals which were cured of lung metastases, but

also in a significant decrease in the number of locations in those animals
still

developing

creased

number

metastases (Wondergem et al., 1985) (Figure 2 ) . The deof

metastases after "early" irradiation indicated that a

sizable number of tumor cells in the lung had been irradicated. Thorax irradiation
lung

performed

later

was much less effective and at autopsy of the

a large number of small metastases were observed. Increasing the ra-

diation

dose

led to an increased number of cures (Figure 1) and to a de-

crease of the number of metasta^es present in the lung after death (Figure
2).

Irradiation combined with the hypoxic cell sensitizer misonidazole

Misonidazole (0.5 g/kg) when administered 30 min prior to irradiation
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10 Gy* Miso
1 2

100-,

6

9

10Gy«Act-D
6

7 16 23

10Gy.5-Fu
3

2

2

8

S
10
(O

o!
£
50B
n
a

0
7 14 21

time between inoculation of
10 cells and thorax irradiation
(days)

Figure 4. Number of lung raetastases found after thorax irradiation with
10 Gy combined with chemotherapy 1, 7, 14 and 21 days respectively after
intravenous injection with 10 viable tumor cells expressed as a percentage of pattern A (I
\) . pattern B fllllllHII) and pattern C IT\ N Ml For
classification of the number of metastases see Table 1. Misomdazole (0.5
g/kg), acinomycin-D (0.07 mg/kg) and 5-fluorouracil (0.1 g/kg) were administered intraperitoneally 30 min prior to thorax irradiation. The number
of mice autopsied after death is indicated at the top of each bar in the
histogram.

improved

the

effectiveness of the thorax irradiation irrespective of the

time of treatment. Sensitization of the radiation reaction of experimental
lung tumors by misonidazole was also observed by Davies and Watling (1978)
, Siemann and Kochanski (1981) and Stanley et al. (1978). When misonidazole was given prior to "late" thorax irradiation (14 and 21 days after inoculum
the

of

tumor

cells) the increased number of cures may be explained by

effect of the sensitizer on the hypoxic cell fraction of the lung me-

tastases
al.,

which

normally develops during growth of this tumor (Haveman et

1981, Wondergem et al., 1981). However, the observation that misoni-

dazole

also

and

days after i.v. injection of tumor cells) most probably may not be

7

explained
the

by

increased the effectiveness of "early" thorax irradiation (1

its effect as radiosensitizer of hypoxic cells. This may be

result of inhibition of repair of potentially lethal damage (Brown et

al.,1984). The presence of hypoxic cells in such microscopic lung metasta-
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ses seems unlikely. Still, Stanley et al. (1978) reported that misonidazole

enhanced

the effect of 15 mm

Lewis lung tumors, which contain a very

small hypoxic cell fraction (4?ó). The observation that misonidazole had no
effect

on

tumor growth in the lung, when given without irradiation, con-

firms earlier work of Siemann and Kochanski (1981),
When
jection of

the
ID

lungs of mice were irradiated with 10 Gy prior to i.v. intumor cells, no significant difference in number

with lung metastases was observed when compared with
(Table 2 ) . The survival time of the mice
changed either. Misonidazole

with

lung

administered prior to

of

mice

unirradiated animals
metastases

was

not

10 Gy thorax irradia-

tion led to an enhanced "trapping" of tumor cells in the lung. The experi-

100-,

a/

75

é
O
3

<
50ÜJ
I

I

25-

10
10
10
10
~I—

100

i r--p
r
200

1

1

300

400

500

Gy
Gy . miso
Gy . act - D
Gy. 5-FU

—I—
600

—I
700

DAYS AFTER IRRADIATION

Figure 5. The influence of chemotherapy combined with thorax irradiation
on the percentage of animals dying from radiation induced lung damage. Misonidazole at a dose of 0.5 g/kg (
) , actinomycin-D at a dose of 0.07
mg/kg (
) and 5-fluorouracil at a dose of 0.1 g/kg (- - -) were administered i.p. 30 min prior to thorax irradiation. The percentage of mice
dying of lung damage after 10 Gy thorax irradiation (
) is also shown.
Each treatment group consisted of 20 ro 28 mice at the beginning of the
experiment.
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ments

with

misonidazole strongly suggest that misonidazole enhances some

early response

of lung tissue to irradiation which is probably not due to

hypoxic cells.
Administration

of

misonidazole prior to irradiation with

10 Gy de-

creased the mean survival time of the mice which were cured of lung metastases with about 70 days. These data confirm the data from Gonzalez et al.
(1982)

and Steel et al. (1979). They both reported a reduced tolerance of

irradiated

lungs when misonidazole was given: but Steel et al. (1979) im-

mobilized their animals with pentobarbitone sodium. With regard to the anesthesia
ced

the data reported on misonidazole enhancement of radiation indu-

toxicity are conflicting. Down et al. (1983) showed that misonidazole

enhanced

the radiation response of the lung only when the mice were anes-

thetized with pentobarbitone sodium during treatment. Siemann and Koehanski

(1981)

pulmonary

could

not

observe a significantly enhanced radiation induced

toxicity as a result of misonidazole using lethality at day 180

as an endpoint. Our results show enhanced radiation induced pulmonary toxicity by misorudazole in unanesthetized mice.

Irradiation combined with actinomycin-D or 5-fluorouracil

Actinomycin-D

(0.Ü7 mg/kg) is far less effective in preventing deve-

lopment of lung metastases than 5-fluorouracil (0.1 g/kg) (Figure 3 ) . Next
to

the direct cytotoxic effects of actinomycin-D enhancement of radiation

effects in tumors and in several normal tissues has been described (Gonzalez

and

Haveman, 1982, Phillips et al., 1975). The sensitizing effect of

actinomycin-D
induced

may

be

explained by inhibition of the repair of radiation

sublethal damage (Elkind et al., 1968, Piro et al., 1976). In our

experiments using a rather low dose of actinomycin-D (10% of the LD10) the
drug had hardly any effect on the prevention of development of lung metastases when combined with thorax irradiation (Figure 3 ) .
Administration

of the drug prior to irradiation led to some enhance-

ment of radiation induced late lung damage (Figure 5 ) . This is in contrast
to
0.15

observations
mg/kg

by

Phillips et al. (1975). They reported that a dose of

actinomycin-D

combined with a single dose of irradiation did

not change the lethality at day 160. When Phillips et al. (1975) increased
the

drug dose to 0.75 mg/kg, lethality resulting from pulmonary lethality
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at

day

sults
in

160

was significantly increased. The differences between our re-

and those of Phillips et al. (1975) may be explained by differences

sensitivity

spite
the

of

to actinomycin-D between the two strains of mice used. In

the fact that actinomycin-D increases late radiation effects on

lung, administration of this drug did not influence radiation induced

"trapping" of tumor cells in the lung.
5-F.luorouracii, when
tastases
drug

in

the

given alone, strongly reduced the number of me-

luhg (Figure 3 ) . The response of the metastases to this

proved to be most effective when given early after i.v. injection of

tumor cells. The decreased effectiveness of the drug, when applied 21 days
after

injection

number

of

tumor cells, is probably the result of the high cell

in the metastases at the time. Our results on the effectiveness of

combined irradiation-drug treatment indicate that 5-fluorouracil and irr'
diation
lungs.

independently
Again

fluorouracil
in

the

(1975)
lead
of

and

lung
and

lead

to

a

reduction in tumor cell number in the

"early" treatment proved to be more effective. Combining 5irradiation leads to anhanced "trapping" of tumor cells

(Table
our data

2 ) . Based on the data reported by Van Putten et al.
in Table 2 we suppose that

5-fluorouracil does not

to sensiti?ation of radiation induced "trapping" but that the .action
both agents might be independent. Combined treatment by 5-fluorouracil

and irradiation of the thorax led to a decreased survival time of the mice
as a result of enhanced late lung damage.

Clinical implications

The
agents

present
with

irradiation

results

in

to

be

that

combination of chemotherapeutic

case of lung metastases. Especially when given as soon as

possible after cure of
cells

indicate

irradiation may lead to improvement of the results of thorax

the primary

tumor, the

expected number of

tumor

treated is still limited. When the number of tumor cells is

larger, cures can no longer be achieved but still substantial reduction in
the

number

of lung metastases may occur. After elective treatment in the

c'inic, in cases where as a reduced number of tumor cells in the lung only
a

few

been

metastases occur, metastatectomy may be useful. Metastatectomy has

shown to improve the prognosis of patients treated because of osteo-

sarcoma (Burgers et al., 1980). Combined chemotherapy and radiotherapy may
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lead to enhanced effects on metastases but it must be kept in mind that
combined treatment may lead to enhanced lung damage also. Further experiments to investigate normal lung toxicily to combined radiation and chemotherapy compared to effects of this treatment on lung metastases are required.
ACKNOWLEDGEMENTS
The authors wish to thank Mr. H. van den Hoeven and E. Schol for their
skilful technical assistance and Mr. F. Sijmons and his colleaques for the
long term care of the animals. We would also like to thank Dr. D. Gonzalez
Gonzalez for his critical reading of the manuscript. This work was supported by a grant from the Koningin Wiihelmina Fonds.
REFERENCES
Bleehen, N.M.: The treatment of inoperable lung cancer by radiotherapy and
chemotherapy. Int. J. Radiation Oncol. Biol. Phys. 6: 1007-1012, 1980.
Breur, K., Cohen, P., Schweisguth, O., Hart, A.M.M.: Irradiation of the
lungs as an adjuvant therapy in the treatment of osteosarcoma of the
limbs. An E.O.R.T.C. randomized study. Eur. J. Cancer 14: 461-471.
1978.
Breur, K., Van der Schueren, E.: Adjuvant therapy in the management of
osteosarcoma: Need for critical reassessment. In Recent Results in
Cancer Research, Vol. 68, G. Bonnadonna, G. Mathé, S.E. Salmon (Eds.),
Berlin, Springer Verlag, 1979, pp. 5-15.
Brown, D.M., Dionet, C. , Brown, J.M.: Inhibition of X-ray induced potentially lethal damage (PLD) repair in aerobic plateau-phase cells by
misonidazole. Radiation Research 97: 162-170, 1984.
Brown, J.M.: The effect of lung irradiation on the incidence of pulmonary
metastases in mice. Brit. J. Radiology 46: 613-618, 1973.
Burgers, J.M.V., Breur, K., van Dobbenburgh, O.A., Hazebroek, F., Vos, A.,
VoQte, P.A.: Role of metastatectomy without chemotherapy in the management of osteosarcoma in children. Cancer 45: 1664-1668, 1980.
Davies, B.M.A., Watling, D.C.: An in vivo investigation of the cadiosensitization of metastases by nitroimidazoles. Int. J. Radiation Oncol.
Biol. Phys. 4: 809-819, 1978.
Down, J.D., Collis, C.H., Jeffery, P.K., Steel, G.G.: The effects of anesthetics and misonidazole on the development of radiation induced lung
damage in mice. Int. J. Radiation Oncol. Biol. Phys. 9: 221-226, 1983.
ElkJnd, M.M., Sakomoto, K., Kamper, C.: Age dependent toxic properties of
actinomycin-D and X-rays in cultured Chinese hamster cells. Cell
Tissue Kinetics 1: 209-224, 1968.
Fu, K.K..Phillips, T.L., Wharam, M.D.: Radiation response of artificial
pulmonary metastases of the EMT6 tumor. Int. J. Radiation Oncol. Biol.
Phys. 1: 257-260, 1976.

83

Gonzalez Gonzalez, D. , Haveman, J.-. Effect of irradiation by single and
multiple fractions per day on transplantable murine mammary carcinoma.
Br. J. Radiology 55: 916-921, 1982.
Gonzalez Gonzalez, D. , Haveman, J., Blank, L.: Lung damage after total
thorax irradiation of mice, influence of fractionation of the radiation treatment and of radiosensitizers. Int. J. Radiat. Biol. 42: 71,
1982.
Haveman, J., Jansen, W., Van der Schueren, E. , Breur, K.: Radiosensitivity
of microscopic tumours of a trar.splantable mammary adenocarcinoma in
mice. Br. J. Cancer 43: 864-870, 1981.
Hill, R.P., Stanley, J.A.: The lung-colony assay: Extension to the Lewis
lung Tumor and the B16 Melanoma - Radiosensitivity of B]6 Melanoma
cells. Int. J. Radiat. Biol. 27: 377-387, 1975.
Peters, L.J., Mason, K.A., Withers, H.R.: Effect of lung irradiation on
metastases: Radiobiological studies and clinical correlations. Radiation Biology in Cancer Research, edited by R.E. Meyn and H.R. Withers.
Raven Press, New York, 1980, pp 5J5-529.
Phillips, T.L., Wharam, M.D., Margolis, L.W.: Modification of radiation
injury to normal tissues by cherootherapeutic agents. Cancer 37: 16781684, 1975.
Piro, A.J., Taylor, C.C. , E<_-lli, J.: The effect of act i nomycin-D or. the
repair of sublethal radiation damage in plateau phase cells. Cancer
37: 2697-2702, 1976.
Shipley, W.U., Stanley, J.A., Steel, G.G.: Tumour size dependency in the
radiation response of the Lewis lung carcinoma. Cancer Research 25:
2488-2493, 1975.
Siemann, D.W., Kochanski, K.: Combinations of radiation and misenidazole
in a murine lung tumor model. Radiation Research 86: 387-337,1 •
Stanley, J.A., Peckham, M.J., Steel, G.G.: Influence of tumour size on
radiosensitization by misonidazole. Br. J. Cancer 37: 220-224, 1978.
Steel, G.G., Adams, K.: Enhancement by cytotoxic agents of artificial
pulmonary metastases. Br. J. Cancer 36: 653-658, 1977.
Steel, G.G., Adams, K., Peckham, M.J.: Lung damage in C57BL1O mire following thoracic irradiation: enhancement by chemotherapy. Br. J. Radiology 52: 741-747, 1979.
Travis, E.L., Reinartz, G., Chu, A.M., Down, J.D., Fowler, J.F.: Effect of
cyclophosphamide or X-rays on spontaneously occuring meiastases from
tumours transplanted into the tails of mice. Cancer Research 41: 18031807, 1981.
Van den Brenk, H.A.S., Kelly, H.: Potentiating effect of prior local irradiation of the lung on pulmonary metastases. By. J. Radiology -i~: 332336, 1974.
Van Dongen, J.A.: Hematogene metastasen. Experimenteel onderzoek en literatuuroverzicht over de factoren die het ontstaan, de lokalisatie en
de uitgroei van de tumor metastasen beïnvloeden. Thesis, University ff
Amsterdam, Scheltema, Holkema & Vermeulen, Amsterdam, 1'?(,!, pp 1 -12H.
Van Peperzeel, H.A.: Effects of single doses of radiation on lung metastases in man and experimental animals. Eur. J. Cancer 8: bt.'^-rwS, 1972.
Van Putten, L.M., Kram, L.K.J., Van Dierendonck, H.H.C., Smink, T., Füzy,
M. : Enhancement by drugs of metastatic lung nodule formation after
intravenous tumour cell injection. Int. J. 'ncer 15: 588-595, 1975.
Van der Schueren, E., Breur, K., Schweisguth, O., Voüte, P.A., Cohen, P.,
Machin, D.: A trial of the E.O.R.T.C. (Clinical Cooperative Group
Radiotherapy/Chemotherapy) and the S.I.O.P. Eur. J. Cancer 15: 1001-

84

1003, 1979.
Withers, H.R., Milas, L. : Influence of pre-irradiation of lung on development of artificial pulmonary raetastases of fibrosarcoma in mice. Cancer Research 33: 1931-1936, 1973.
Wondergem, J., Haveman, J., Van der Schueren, E.: Influence of thorax irradiation on the survival of mice with spontaneous or artificial lung
metastases from a transplantable mammary adenocarcinoma. Int. J. Radiation Oncol. Biol. Phys., in press, 1985.
Wondergem, J., Haveman, j. , Van der Schueren, E., Van den Hoeven, H.,
Breur, K.: The influence of misonidazole on the radiation response of
murine tumors of different size: possible artifacts caused by pentobarbital sodium anesthesia. Int. J. Radiation Oncol. Biol. Phys. 7:
755-760, 1981.

85

CHAPTER VI
INFLUENCE OF MISONIDAZOLE, ANESTHESIA, CLAMPING OF THE LEG
AND STRESS OF THE ANIMAL DURING TREATMENT ON THE RADIATIONINDUCED SKIN REACTION OF MOUSE FEET. J. Wondergem, J. Haveman and E.
van der Schueren. Int. J. Radiat. Biol., 41: 689-695, 1982.

INT. |. K.UMAT. nioi.., 1982, vol.. 4 1 , N O . Cl, 689-695

Influence of misonidazole, anaesthesia, clamping of the leg
and stress of the animal during treatment on the
radiation-induced skin reaction of mouse feet
J. \V()XDKRC;EMt, .1. HAVKMAXand E. VAX DF.R SfUl'KRKX
Department of Radiotherapy, I'niversity of Amsterdam.
1054 KG Amsterdam, The Netherlands
(Received S October t')8l; rerkiuti received ] February I'tSJ;
accepted 14 February IWJ)

1.

Introduction

Many investigators have chosen the skin of the mouse foot as a model for normal
tissue to study the damage after X-rays. The effects of radiosensitizers and
anticancer drugs in combination with X-irradiation are also often studied with this
model. T o evaluate the skin damage several systems of scoring the radiation-induced
damage have been developed, (e.g. Douglas and Fowler 1976, Withers 1967.)
The oxygenation status of tumours and normal tissue strongly influences the
radiation response. It has been demonstrated that general anaesthesia, which causes
a reduction in the blood How, affects the radiation response of some normal tissues
(Hornsey et a!. 1977, Keizer and Van Putten 1976) and tumours (Denekamp et <//.
1979, Sheldon et at. 1977, Sheldon and Chu 1979, Wondergem et til. 19S1). Stress of
the animal may also influence the blood perfusion of many tissues (Zanelli and I .ucas
1976). In previous experiments large variations in the skin reaction of the mouse foot
after irradiation were observed in anaesthetized animals (Jansen 1980) which were
presumed to be caused by variations in the treatment conditions, especially in the
manner of fixing the mouse leg which might lead to some clamping. This prompted
us to study in more detail the effects of different treatment conditions on the
radiosensitivity of the skin. In studies investigating the effect of the hypoxic cell
sensitizermisonidazoleon the radiation response of normal tissue, the possibility of a
relative increase in late damage has been suggested (Gonzalez and Breur 1978,
Hendry and Sutton 1978). '"'-«erefore we studied not i-nly the 'acute' skin damage
(average score day 10-30) but also the 'late' damage (average score day 100 120).

2.

Materials and methods

The legs of male DHA2 x C57BL1O mice aged 8 to 10 weeks (obtained from the
Centraal Proefdieren Bedrijf T.X.O. Zeist, Netherlands) were irradiated with a
Siemens Stabilipan X-ray generator operated at 25OkV, 14mA and filtered with
0-5 mm copper. The focus skin distance was 35 cm and the dose rate |-89(Jy min.
For irradiation the mice were individually placed in small Perspex boxes. The boxes
allowed the right hind leg to protrude through a hole and the construction was" such
that the mice were unable to withdraw their protruding leg. During irradiation the
mice were placed on their left side. The legs could either be taped tightly to the
backscatter block with surgical tape or left untaped. Four mice could be irradiated at
tReprint request to J. Wondergem, afdeling Radiotherapie, Wilhelniina Gasthuis, kHelmersstraat 104, 1054 EG Amsterdam, The Netherlands.
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a time and all irradiations were performed in normal air and at ,i temperature of 3(1 C'
to avoid a drop in body temperature. In experiments with anaesthesia, the mice were
injected intraperitoneally (i.p.) with 50 mg kg body weight pentobarbital sodium
(Xembutal) approximately 15 min before irradiation. The tranquillizer acetyl
promazine maleate (Vetranquil) was administered subcutaneously (s.c.) at a dose of
1 mg'kg body weight 20min before irradiation. When the hypoxic cell sensitizer
misonidazole was administrated, it was done i.p. 30 min before irradiation at a dose
of 0 - 5g/kg bodyweigbt. The drug was dissolved in warmed sterile distilled water.
To quantify the skin reaction of the foot we used the scoring system described bv
Douglas and Fowler (1976). An abridged version of this system is shown in the table.
Skin reactions of the irradiated legs of the mice were scored five times a week by two
observers. Figure 1 illustrates the development and regression of the skin reaction
after a radiation dose of 35 Gy. In this experiment the leg was fixed with surgical tape
during irradiation. The acute reaction after irradiation reached a maximum at about
day 15-20. The average of the scores between day 10 and 30 after treatment was
taken as a measure of the 'acute' skin reaction. After a high 'acute' skin reaction, as in
the experiment shown in figure 1 with misonidazoie, a high 'late' skin reaction was
always observed. It is clear that the damage which remains after the disappearance of
the acute skin reactions remains approximately constant in the observation period
from day 50 to 120. T h e 'late' skin reaction considered in this study is the average of
the scores from day 100 to 120. Qualitativelv the late damage is different from the
acute damage (see table).
Score

Reaction ol the skin of mouse feet
Reaction increasing

00
O5
10
IS
2()
25
30
3\5

Normal
Very slight reddening
Severe reddening; slight oedema
Some wet desquamation
1,5 of foot in wet desquamation
1 2 of foot in wet desquamation
9 10 of foot in wet desquamation
Complete necrosis of foot

35
30
25
20
15
H>

Complete necrosis of foot
Minimal healing of foot
About 1/2 of foot unhealed
About 1 '5 of foot unhealed
No hair on foot and lower leg; small scab
Very little hair on foot and lower leg; papery skin

05

Hair slightly discoloured

00

Normal

Reaction subsidinjj

Scoring system for radiation induced skin reaction.

3. Results
The influence of anaesthesia and misonidazole on the 'acute' (average of the
scores between day 10 and 30) and 'iate' (average of the scores between day 100 and
120) skin reaction of the feet of mice was investigated under two different conditions.
Firstly, the legs were kept untaped in the radiation field; secondly, the legs were fixed
with surgical tape on the backscatter block.
90
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40
60
Day after Irradiation
Figure 1. Skin reaction of mice, plotted against time after irradiation. Mice «ere irradiated
(35 Gy, the feet was fixed with surgical tape) with ( # , B ) " r without ( 7 . H> anaesthetic
(50 mg leg pentobarbital sodium). ( • , • ) : animals pretreated with 0-5 K kg body weight
of misonidazole. Kach point represents the mean of the score of a group of fight mice.

In experiments where the legs of the mice were left UTI taped during irradiation a
large difference in the skin reaction between anaesthetized and unanaesthetized
animals is observed (figures 2(n) and (b)). When mice were irradiated with
pentobarbital sodium anaesthesia the reaction of the skin was significantly higher
than after irradiation without anaesthesia. When misonidazole was administered
prior to irradiation no difference could be found between animals irradiated with or
without anaesthesia. Moreover, when comparing the curves for mice irradiated after
prior administration of misonidazole with the curve for animals irradiated under
pentobarbital sodium anaesthesia, without misonidazole, no difference is observed.
When the legs of the mice were fixed with surgical tape on a piece of Perspex
during irradiation, the radiosensitivity of the skin decreased (c.f. figures 2 (a) and {b),
3 (<i) and (A)). In this case no significant difference in the reaction of the skin between
anaesthetized and unanaesthetized mice was found. A large difference in the skin
reaction of the leg was observed between animals treated with or without
misonidazole. With misonidazole the skin reaction of the leg was approximately the
same under all experimental conditions studied and no influence of anaesthesia could
be observed (c.f. figur's 2 («) and (ft), 3(«) and (b)).
The decreased sensitivity ot' the mouse skin in the experiments where the legs
were taped on the backscatter block is probably caused by hypoxia of the leg due to
clamping the leg as a result of the fixation by surgical tape. The hypoxia caused by the
clamping was apparently not influenced by anaesthesia.
Mice with legs untaped which were neither treated with misonidazole nor
anaesthetized with pentobarbital sodium show a relatively low skin reaction. The
91
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Figure 2. Influenct' of anaesthesia and misonidazole on the skin reaction of the feet of mice
left untaped in the radiation field. Acute (<i) skin reaction (average score day 10 .ill) and
late (/>) skin reaction (average score day KM)- 120) of the feet of mice as a function of the
radiation dose for mice irradiated w i t h ( # , • ) or without ( O , • ) anaesthesia (5(1 nig kg
pentobarbit"! sodium). ( • , • ) : animals pretreated with 0-5 g kg bod\ weight of
misonidazole. Each point represents the mean + standard error ot the mean (eight
mice).

relatively tow skin reaction in this case might be due to relative hypoxia in the skin
caused by vascoconstriction due to stress of the animal. To investigate this point
further we conducted the experiments described in figure 4.
When the mice were left undisturbed and kept untaped after they were placed in
the radiation set-up at 30"'C for 30 min prior to irradiation, the skin reaction was
substantially higher (c.f. figures 4 and 2). Tc, prevent stress in animals during
experiments it is possible to use a tranquillizer. We investigated acetyl promazine
maleate (Vetranquil). The skin reaction of the feet of mice tranquillized with acetyl
promazine maleate was not significantly different from mice anaesthetized with
pentobarbital sodium, whether the legs of the mice were fixed or not (c.f. figures 4,
2 (a), and (b), 3 (a) and (b)).
The phenomena described for the acute skin reaction with regard to the influence
of anaesthesia, tranquillizer, misonidazole and clamping of the leg are also observed
when the late skin reaction is considered (c.f. figures 2 (a) and (b), 3 {a) and (b), 4 (a)
and (6)). Misonidazole did not lead to an increase in late skin damage after irradiation
(figure 2(i)). In animals where the legs were taped to the backscatter block a large
effect of misonidazole is observed but the low reaction without misonidazole may be
explained by artificial hypoxia due to clamping of the leg.
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3. Influence ot anaesthesia anil misonida/.ole on the skin reaction ot the feet o( mice
tixed with surgical tape in the radiation field. Acute (a) skin reaction (average score da>
10 30) and late (b) skin reaction (average score day 100 120) of'the feet of mice as ;i
function of the radiation dose for mice irradiated with ( 0 , • ) or without (Z'. ~>
anaesthesia (50mK ky pentobarbital s o d i u m ) , ( f j , • ) : animals pretreated vvith 0-5 f> ku
bodyweiyht of m i s o m d a z o l e . Kach point represents the- mean r stitrulurii error <>)' the
mean (eight micf).

4.

Discussion
The decreased sensitivity ot mouse skin in experiments where the leys <»( mice
were fixed on the backscatter block is probably caused by artificial hypoxia as a result
of clampinj» of the lefj- With misonidazole the skin reactions of mice with the leys
fixed was the same as in mice with the 'egs left untaped. The hypoxia caused b\
clamping was apparently not influenced by anaesthesia: the skin reaction of mice
with the legs fixed was the same with or without anaesthesia. I Jenekamp and Fowler
(1966) reported that anaesthesia did not affect the skin reaction. Possibly the
experimental situation used by these authors was comparable to the one described in
figure 3 with clamping of the leg during irradiation.
The experiments where the feet of mice were left untaped during irradiation
show that there is a clear influence of the treatment conditions. Mice irradiated
without anaesthesia developed a clearly reduced skin reaction when compared with
the skin reaction obtained in animals treated under anaesthesia. Differences in the
radiosensitivity of tumours between anaesthetized and unanaesthetized animals
have often been ascribed to variations in body and tumour temperature during the
different irradiation treatments. In the present experiments special care was taken to
prevent a drop in body temperature; the temperature in the irradiation room was
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Figure 4. Influence of altering stress conditions of the animals on the skin reaction. Acute
skin (a) reaction (average score day 10-30) and late (b) skin reaction (average score day
100-120) of the feet of mice as a function of the radiation dose; (O) mice were left
undisturbed at 30 C for 30min and the feet of mice was left untaped in the radiation
field. Mice treated with tranquillizer (1 mg/kg bodyueight acetyl promazine maleate)
were irradiated with the feet fixed ( • ) or placed freely in the radiation field. ( • ) . Each
point represents the mean + standard error of the mean (eight mice).

30°C. In control experiments body temperature of mice was measured with 18 gauge
thermistor probes and it was found that the body temperature of the mice never
dropped more than 2 to 3°C during the irradiation treatment, whether or not they
were anaesthetized or treated with misor dazole. The influence of changes in
temperature can thus be excluded under these conditions. The increase in radiation
reaction of the skin when misonidazole was given strongly indicates that the reduced
effects in unanaesthetized animals are caused by hypoxia.
Such hypoxic conditions in the skin could be caused by vasoconstriction due to
stress of the animals. It is clear that handling the mice before irradiation may lead to
stress. In order to check this hypothesis two series of experiments were carried out.
When stress in animals during irradiation was diminished, by leaving them
undisturbed after they were placed in the radiation set-up for 30 min prior to
irradiation, the skin reaction was increased. We also used the tranquillizer acetyl
promazine maleate (Ventranquil) and these experiments led to high skin reactions as
in the case of anaesthetized animals.
Experiments in our laboratory with transplantable tumours showed that the use
of the tranquillizer Ventranquil did not affect the radiation response of tumours.
However, with pentobarbital sodium anaesthesia radioprotection has been observed

Short communications
in tumours (Denekamp er al. 1979, Sheldon et al. 1977, Sheldon and Chu 1979,
Wondergem et al. 1981).
Under conditions where there was no question of artificial hypoxia, misonidazole
did not enhance the radiation-induced skin reaction. In the experiments described
by Brown (1975) a difference was observed in the skin reaction after irradiation with
or without misonidazole (1 g/kg bodyweight) which he attributed to the presence of
hypoxia in the skin. Our experiments, however, strongly indicate that the skin of the
mouse foot does not contain hypoxic cells under normal conditions (legs untaped)
and that much care has to be taken with the experimental conditions during
irradiation to prevent artificial hypoxia in the mouse skin.
The late skin reaction as observed in our experiments can be high in conditions
where the acute skin reaction is also high. Misonidazole did not lead to a relatively
increased late skin reaction: a high late skin reaction was only observed when the
acute skin reaction was also high.
In conclusion, the present study shows that stress in unanaesthetized animals has
a large influence on the radiation response of mouse skin. Adequate treatment
conditions, tranquillizers or anaesthesia can compensate for this factor. Taping of
the iegs of the animals, which results in clamping, interferes with the assessment of
these modalities. Finally, in the present experiments no influence of misonidazole on
the skin reaction could be demonstrated in conditions where no artificial hypoxia was
induced. In order to obtain a correct interpretation of the effect of radiosensitizers
and possibly other anticancer drugs, these experimental conditions have to be taken
into account.
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Summary

The skin of mouse feet was used to study the effects of hyperthermic treatment, either alone or combined
with irradiation. The present experiments show that a priming heat treatment induces resistance both to a
subsequent heat treatment and to a subsequent combined irradiation-heat treatment. Th<; development of
resistance to a combined irradiation-heat treatment after a priming heat treatment (30 min at 43°C) was
relatively slow (18-24 h) compared to development of resistance to a heat treatment without irradiation (6
h). Misonidazole, when administered prior to heat treatment only, did not influence the heat-induced skin
reaction. However, when misonidazole was administered prior to combined irradiation-heat treatment, a
slight but significant increase of the skin reaction was observed. Also, in combination with misonidazole
resistance to combined treatment was observed by a priming heat treatment.

Introduction

It has been shown previously that hyperthermia
may sensitize the effect of radiation either in cells
cultured in vitro [1, 3, 20] or in normal [18, 23, 29,
33, 34, 37] and malignant tissues [19, 29, 34, 37].
When irradiation is applied in fractions it appears that part of the damage induced to the cells
may be repaired in the intervals between the fractions. However, the intrinsic sensitivity of the cells
to a subsequent irradiation treatment has not
changed [5], When hyperthermia is applied in frac-

tions, the effect of a second heat treatment may be
relatively smaller [6, 13]. This reduced effect of a
second heat treatment can nut be explained by recovery of sublet hal heat damage only, but is mainly
caused by a chance in the intrinsic sensitivity of
cells to heat. This phenomenon, commonly defined
as thermotolerance, has been observed both in vitro
[10, 11, 13] and in vivo in normal tissues [7, 12, 14,
17, 25, 32, 39, 40] and in malignant tissues [4, 21,
26, 31, 38, 40]. Thermotolerance has been proven
to be a 'transient property of cells and with sufficiently large intervals resistance to subsequent heat
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treatment has disappeared. Both the kinetics of the
development and decay and the maximum value of
the thermotolerance are dependent on duration and
temperature of the prior heat treatment [6, 13].
In combined irradiation-heal treatments, thermotolerance may lead to an influence on the thermal enhancement of the radiation damage. Prior
heat treatment led to lower thermal enhancement
of radiation effects both in vitro [10, 11] and in vivo
[6. 12, 22. 24. 27. 31. 35], At least in vitro the influence of thermotolerance on thermal enhancement
of radiation effects may be relatively small compared to its influence on the effects of heat alone
[10. 28].
The fxperiments described in the present paper
were designed to gain more insight into the effect
of prior heat treatment on the thermal enhancement
of the radiation damage on a normal tissue in vivo.
The hypoxic cell radiosensitizer, misonidazole,
shows an enhanced cytotoxicity towards hypoxic
cells during hyperthermia [2. 9, 16, 36] Moreover,
misonidazole greatly enhanced the effect of heat
combined with irradiation [15. 30, 40, 42], Therefore, we studied also the effect of prior heating on
the response after a subsequent heat or irradiationheat treatment combined with misonidazole.
In clinical practice, the application of hyperthermia alone or combined with radiotherapy in the
treatment of cancer will often include fractionated
Lrealmeiii schedules [31]. For that reason, more insight into the way in which recovery of sublelhal
heat damage and thermotolerance influence thermal radiosensitization is desirable. Knowledge
about the reactions of normal tissues are of course
a prerequisite in cancer treatment. As a model for
a normal tissue, we studied the skin of the feet of
mice and especially the role of thermotolerance in
combined irradiation-heat treatments.

Material and Methods

Male DBA2 x C57BL10 mice, aged 8-10 weeks
(obtained from the Centraal Proefdieren Bedrijf
T.N.O., Zeist, The Netherlands), were used in all
experiments. In (hese experiments the damage to
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the skin of the mouse feet as a result of hyperthermia alone, radiation alone, or combined with hyperthermia, was studied. Mice were anaesthetized
with pentobarbitone sodium (Nembutal®, 50
mg/kg i.p.) 15 min before treatment [41].
For irradiation and the application of hyperthermia. the mice were individually placed in small
perspex boxes. These boxes allowed the right hind
leg to protrude through a hole.
Hyperthermia was applied by immersing the
right hind leg of the mice in a thermostatically controlled walerbath. The variation at the desired temperature was about 0.05°C. The temperature of the
foot of the mice during hyperthermia was measured
in control animals using 27 gauge thermocouple
needles (Bailey instruments Inc.) implanted subcutaneously (s.c.) in the leg. The temperature measured s.c. stabilized at 0.2°C below the temperature
of the waterbath within 1 min after initial immersion. After removal of the leg from the waterbath,
the temperature of the foot decayed to the initial
temperature within approximately 3 min.
The legs of the mice were irradiated with a Siemens Stabilipan X-ray generator operated at 250
kV, 14 mA and filtered with 0.5 mm copper. The
focus skin distance was 35 cm and the dose rate
1.89 Gy/min. During irradiation the legs were left
untapid to the backscatter block to prevent clamping of the leg and consequent hypoxia in the skin
[41]. Four mice could be irradiated at a time. Irradiation was performed in normal air. To avoid a
drop in body temperature of the anaesthetized mice
during irradiation, the temperature of the irra.jiation room was kept at 30°C.
When the hypoxic cell radiosensitizer. misonidazole, was administered it was done i.p. 30 min
before irradiation and heat treatment at a dose of
0.5 g/kg body weight. The drug-was dissolved in
warmed sterile distilled water.
Skin reactions of the treated legs of mice were
scored five times a week independently by two observers for up to 40 days, and after this period once
weekly. After the experiments, mice were randomly
spread over the cages so that the observers would
be unaware of the treatment schedule received by
any one animal. To quantify the skin reaction of

- o - 2 0 & , . 4 3 0 " C X 60 min
- o - 20 Gy
_ # _ t*U 0"C x SO Tirn

o 4-£. _ _ . , . - — - - — • — r r - - T ï r . - r 7 ' z - ^ .
C

2C

40
60
Days a f t e r Treatment

80

120

Fig. 1. Skin reaction of feet of mice, plotted against time after
treatment. Mouse feet were either treated by only irradiation (20
Gy) ( • ); by only heat (1 haï 44°C) ( • ); or by irradiation
(20 Gy) immediately followed by 1 h of heating at 43°C ( O )
Each point represents the mean of the score of a group of eight
mice.

the feet of mice after irradiation, we used the arbitrary system developed by Fowler et a!. [8]. This
scoring system mainly evaluates tht relative surface
of moist desquamation. After irradiation the skin
reaction starts io be visible about 8 days after treatment as a result of increasing redness and edema.
The dry and moist desquamation develop thereafter
and the peak of the reaction is reached at about day
15-20. The reaction then subsides as the moist desquamation, crust formation and other symptoms
decrease after about day 20. An example of the radiation-induced skin «"•. "ion is given in Fig. I,
where we studied the r. ,Uion after 20 Gy. Late
damage (e.g. hair loss or discolouration) can still be
observed at day 120, as shown in this figure.
When irradiation was immediately followed by
a mild heat treatment (e.g. I h at 43°C), the kinetics
of the development and decay of the skin reaction
is the same as observed with irradiation alone (Fig.
1). However, the peak of the reaction and the subsequent late damage are increased due to the sensitization of the radiation-induced skin reaction by
heating. This observation broadly confirms previous data on the response of the mouse ear to heat
alone or combined with X-rays by Law et al. [23].
When the mouse feet were treated by irradiation
alone, or combined with hyperthermia, the average

of the scores between day 10 and 30 after treatment
was taken as a measure of the "acute" skin reaction.
Reactions after heat treatments differ from those
after irradiation. Mild heat treatments (e.g. 1 h at
43°C) without irradiation produce only a transient
erythema lasting several days with no blistering or
desquamation. Severe heat treatments (e.g. 1 h at
45°C) are characterized by an extensive edema immediately after treatment which is followed by encrustation of the lesions within a few days. In contrast to the reaction observed after irradiation, the
peak after heat treatment was reached at about day
3-6 after the treatment and the lesions heal relatively rapidly (Fig. 1). The heat-induced skin reaction is macroscopically characterized by symptoms
as severe swelling, redness, blister formation rapidly
followed by encrustation. After healing, loss of hair
and discolouration of the fur is observed as in the
case of the radiation-induced skin reaction. Macroscopic damage to the skin as a result of heating has
been scored using the scoring system in Table I.
Unlike Urano et al. [39], we only scored reversible
heat-induced damage. Our maximum score represents complete necrosis of skin of the foot. We
avoided treatments causing loss of toes or even
complete feet. The scoring system (Table I) mainly
evaluates the relative surface of damage on the
mouse foot in an arbitrary way. Damage after heating at a certain score still may differ from damage
after irradiation at the same score, only the percentage of the foot showing the damage is equal.
For this reason, scores from heating experiments
may not be directly compared with scores from irradiation experiments with regard to the nature of
the damage.
The average of the scores between day 1 and 20
after treatment was taken as a measure of the acute
skin reaction after heat treatment. When a radiation treatment was immediately followed by a
severe heat treatment (e.g. 1 h at 45°C), symptoms
of the heat-induced skin reaction develop first of
all, regardless of the radiation doses used. The radiation-induced skin reaction follows next, enhanced by the 'neat treatment. Heat-induced damage as a result of one hour of heating at 44°C did
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TABLE I
Arbitrary scale of skin reaction.
Radiation-induced skin reaction

Heat-induced skin reaction

Score

Observation

Observation

Reaction increasing
Normal
0.0
Very slight reddening
0.5
Severe reddening; slight oedema
1.0
First sign of moist desquamation
1.3
Moisf desquamation in one small area
1.5
1.5 of foot in moist desquamation
2.0
1 2 of foot in moisl desquamation
2.5
9 10 of foot in moist desquamation
3.0
Complete necrosis of skin of the foot
3.5

Normal
Moderate oedema; slight reddening
Severe oedema and reddening
First sign of blisters
1.10 of foot covered wilh blisters
I '5 of foot covered with blisters
1 2 of foot covered wilh blisiers
9 10 of foot covered with blisters
Complete necrosis of skin of the foot

Reaction subsiding
3.5
3.0
15
2.0
1.5
1.0
0.5
0.0

Complete necrosis of skin of the foot
Minimal healing of foot
About 1/2 of fool unhealed
About 1/5 of foot unhealed
No hair on foot; small scab
Very little hair on foot
Hair slightly discoloured
Normal

only slightly influence the score of the radiation-induced skin reaction (the average score from day 10
to 30 w;s about 0.3). The maximum signs observed
after one hour of heating at 44°C only were severe
oedema and reddening. However, heat-induced
damage after one hour of heating at 45°C influences, to a larger extent (the average score from day
10 to 30 was about 2.3), the score of the radiationinduced skin reaction. The actual data on the thermal enhanced radiation-induced skin reaction are
not corrected for heat-induced damage. Simple subtraction of the average scores observed after healing fro.n an average score observed after the same
heat treatment combined with irradiation is incorrect in view of the fact that the scoring system is an
arbitrary one. Therefore, we did only few experiments combining irradiation with 45°C heat treatment.

102

Crust over complete fool
Crust over 9.10 of foot
Crust over 112 of foot
Crust over 1 '5 of foot
No hair on foot; small crust
Very little hair on foot
Thin hair; discolouration
Normal

Results

Figure 2 shows the effect of a priming heat (30 min
at 43°C) treatment on the skin reaction (average of
scores between day 1 and 20) of the feet of mice
after a subsequent heat treatment (60 min at 44°C).
The priming heat treatment did not cause a significant skin reaction itself. Without priming heat
treatment, the treatment at 44°C caused an average
skin reaction of 1.2 with and of 1.1 without administration of misonidazole. When the second treatment was given one hour after the priming heat
treatment, a skin reaction of about 1.3 was obtained. With increasing time interval between the
first and the second heat treatment, the skin reaction rapidly decreased. After a 6-h interval, resistance to the second heat treatment had developed
maximally. At an interval of 336 h still some re-

< 30 mm —. ut. O'C * 60 min

Fig. 2. Acute skin reaction (average score day 1 20) of the feet
of mice after 1 h heating at 44"C with ( f> ) and without
( O ) administration of misonidazole dependent on the interval
between a priming heat treatment (30 min at 43°C) and tht subsequent heat treatment. Misonidazole was administered 30 m:n
prior to the second heat treatment at 44°C at a dose of 0.5 g/kg.
Each point represents the mean ± standard error of the mean
(ei»ht mice). Dashed lines indicate the score of the damage after
1 h of heating at 44*C with misonidazole (upper line) and without misonidazole (lower line). In this case more experiments
were considered and the result of treatment of about 20 mice
were averaged.

0
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180
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Fig. 3. Acute skin reaction (average score day I 20) as a function
of duration of a second heat treatment at 44'C given at 6
(-V-), 24 ( O-), 72 ( - Y ) and 168 h (-A-) after a priming heat
treatment at 43'C for 30 min. Data for a single heat treatment
at 44"C ( Q ) are also shown. Mice were treated with misonidazole 30 min prior to the heat treatment at 44*C at a dose of
0.5 g/kg with (-#-) or without (-•-) priming heat treatment 24
h before. Each point represents the mean ± standard error of
the mean (eight mice).

sistance was obvious. The resistance to a second
heat treatment is apparently the result of thermotolerance in skin cells induced by a priming heat
treatment.
Figure 3 shows dose-response curves for 44°C
heat treatment at different intervals between the
priming heat treatment and the final treatment.
From the data in this figure thermotolerance ratios
(TTR: ratio of the duration of he; ting at 44°C with
and without priming heat treatment required to
produce a certain skin damage) at the different intervals may be estimated. TTR values were calculated at a damage level of 1.5. At a 6-h interval the
TTR was maximal (2.5). At a 24-. 72- and 168-h
interval the TTR was decreased to 2.1, 1.9 and 1.2,
respectively, indicating decay of thermotolerance.
Figures 2 and 3 also show that administration of
the hypoxic cell radiosensitizer, misonidazole (0.5
g/kg body weight), 30 min prior to a heat treatment
at 44°C did not influence the heat-induced skin reaction. When a heat treatment at 44°C was preceded by a priming heat treatment of 30 min at
43°C, similar resistance to the second treatment

Fig. 4. Acute skin reaction (average score day 10 30) of the feet
of mice after combined irradiation-heat treatment dependent on
the interval between the priming heat treatment (30 min at 43°C)
and the subsequent combined irradiation-heat treatment. In the
combined treatment, irradiation (15 Gy) was immediately followed by 1 h or heating at 43"C ( O ). 44"C ( O ), 45T
( • ). or at 43'C with misonidazole ( • ). Misonidazole was
administered at a dose of 0.5 g/kg body weight 30 min before
combined treatment. Dashed lines: score of the damage after 15
Gy immediately followed by I h of heating at 43'C with (middle
line) and without misonidazole (lower line), or by 1 h of heating
at 44°C (upper line) without prior heat treatment. Each point
represents the mean ± standard error of the mean (eight mice).
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could be observed as was the case without misonidazole. With misonidazoie the kinetics of the development and decay of thermotolerance had not
changed significantly.
Figure 4 shows the development of resistance to
combined irradiation-heat treatment after a priming heat treatment of 43°C for 30 min. The observed
resistance to combined treatment is obviously related to thermotoierance. At short intervals between priming heat treatment and combined irradiation-heat treatment, the skin reaction was increased compared to the reaction after combined
treatment only. The response of the skin to irradiation alone was not influenced by the priming heat
treatment, given long enough (approximately 6 h)
before irradiation. With increasing time interval
between the priming heat treatment and the subsequent combined irradiation-heat treatment, the
skin reaction rapidly decreased. Maximal resistance
to the subsequent combined irradiation-heat treatment was observed at an interval of 18-24 h. When
the interval was larger than 24 h the resistance to
the combined treatment slowly decayed but at an
interval of 168 h still some resistance to the combined treatment could be observed. In the experiments performed with a 43, 44 or 45°C heat treatment, given in combination with irradiation, similar
kinetics of the development and decay of the resistance against the combined treatment could be
observed. Administration of misonidazoie 30 min
prior to irradiation -43°C heat treatment increased the skin reaction significantly. With misonidazoie the kinetics of the development and decay
of resistance to combined irradiation-heat treatment did not change.
In this study we always used 30 min at 43°C as
priming heat treatment. In control experiments
variations in the duration of priming heat treatment
from 20 to 40 min proved not to have a large influence on the degree of thermotolerance or the degree
of resistance to combined irradiation-heat treatment.
In the same way as we derived TTR values from
the dose-response curves in Fig. 3, resistance ratios
(D2/D5: ratio between heating time in the combined
treatment with priming heat treatment and heating
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time in the combined treatment without priming
heat treatment) may be derived from the data on
resistance against combined irradiation-heat treatment after a priming heat treatment (Fig. 5). Maximal resistance is observed 24 h after priming heat
treatment, confirming results from the previous
figure (Fig. 4). Resistance was higher in experiments
using 44°C instead of 43°C in the combined final
treatment.
The data in Fig. 6 also show resistance to the
combined irradiation-heat treatment at all radiation doses, after the priming heat treatment. From
the data in this figure, thermal enhancement ratios
(TER: ratio of the dose of X-rays alone to that combined with heating to produce a certain skin damage, values calculated at an average score of 1.5)
may be estimated (Table II). When in the combined
irradiation-heat treatment, the temperature was increased from 43°C to 44°C, a TER of 5.6 without
a priming heat treatment and of 1.7 after prior heating was observed (Fig. 6b and Table II). Without
priming heat treatment, however, one hour of heating at 44°C in the combined treatment did influence
2-0-,

Q
O

2
in
in
at

a.

O

24

72

168

Hours between Treatments
Fig. 5. Resistance ratios (Dj/D,) as a function of the interval
between priming heat treatment (30 min at 43*C) and ihe subsequent combined irradiation-heat treatment. The fraction
(Di/D,) was derived from dose-response curves and calculated
at a damage level of 1.5. D2: heating lime in the combined treatment with priming heat treatment. D,: healing time in the combined treatment without priming heat treatment. In the combined treatment irradiation (15 Gy) was immediately followed
by heating at 43"C ( O ) or 44*C (-#-). At each dose-response
curve. 40 50 mice were used for the intervals studied.

the score from day 10 to 30 slightly (cf. Fig. 1): the
average score between day 10 and 20 was about 0.3
as a result of direct heat damage. Due to this fact
the actual value of the TER in this case is slightly
overestimated. Still, the resistance induced by the
priming heat treatment led to a more pronounced
effect when the temperature of the combined irradiation-heat treatment was 44°C compared to 43°C
(Table II). Hume and Marigold [18] reported that
direct heat damage decreased thermal enhancement
of radiation damage in mouse intestine already at
temperatures below 43°C. Apparently mouse intes-

tine is more heat sensitive than mouse skin. We did
only few experiments combining irradiation with
45°C heat treatment (Fig. 4). Direct heat damage
as a result of one hour heating at 45°C (average
score between day 10 and 30 is approximately 2.3)
was so large that a proper estimate of the thermal
enhancement of the radiation-induced skin reaction
was impossible.
The data in Fig. 6 and Table II show that administration of misonidazole prior to combined irradiation-heat treatment (43' and 44°C) led to an
increased skin reaction both for mice treated with
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X rays • heat * miso
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Fig. 6. Acute skin reaction (average score day 10-30) of the feet of mice as a function of the radiation dose for mice treated with X-rays
immediately followed by I h of healing at 43"C (a) or at 44'C (b) with (-•-, • -) or without ( D . - O ) priming heat treatment. The
priming heat treatment of 30 min at 43"C was given 24 h before the combined treatment. - D , - • , Animals treated with misonidazole
(0.5 g/kg) 30 min before combined irradiation-heat treatment. The dose-response curves for irradiation with ( - • - ) and without misonidazole (-O-) are also shown. Each poitgt represents the mean =b standard error of the mean (eight mice).
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TABLE II
Thermal enhancement ratios (TER) for the skin of mice under
various heating conditions and sensitizer enhancement ratios
(SER) as a result of the administration of misonidazole (0.5
g/kg). The TER and the SER were calculated at an average damage level of 1.5.
Treatment

X
X-H43'C
h-X-H43*C
X-H44"C
h-X-H44"C

TER

SER

Without MISO

With MISO

_
1.6
1.3
5.6*
1.7

19
1.7
6.3*
1.8

.1
.3
.4
.2
.2

not be considered significantly different from unity
(cf. ref. [41]). Also in the case of misonidazole administration, a priming heat treatment caused resistance to combined irradiation-heat treatment resulting in relatively lower thermal enhancement ratios (Table II). The increased reaction as a result of
misonidazole in Fig. 6a is still so large that the
effects of thermotolerance are masked to some extent.

Discussion

Abbreviations: X = irradiation treatment; H = one hour of
heating applied immediately afur irradiation; h = priming heat
treatment (30 min at 43"C, 24 h before the combined irradiation
and heat treatment.
* Slightly overestimated (see text under Results).

or without priming heat treatment. The response of
anaesthetized mice to irradiation only was somewhat affected by misonidazole administration. The
sensitizer enhancement ratio (SER = ratio of the
doses of X-rays necessary to obtain a certain effect
with and without misonidazo'.e) obtained, however,
is rounded off upwards (SER: 1.1, Table II) and can

The present experiments show that a priming heat
treatment not only induces resistance
to a subsequent heat treatment (Figs. 2 and 3) but also to
a subsequent combined irradiation-heat treatment
(Figs. 4, 5 and 6). This latter resistance clearly results in a decrease in thermal enhancement as
shown in Table II. Both types of resistance are obviously mainly the result of thermotolerance induced by a priming heat treatment. The expression
of the resistance to combined irradiation-heat treatment proved to be dependent on the temperature
of the heat treatment applied in the combined irradiation-heat treatment. The fact that Law and
Ahier [22] did not observe resistance to a combined
irradiation-heat treatment (30 min at 43.5°C) may

TABLE IK
Summary of the data in the literature on intervals between priming- and test-heat treatment at which maximum thermotolerance is
observed.
Authors

Tissue

Priming heattreatment

Test heattreatment

Interval (h) between
priming- and test-heat
treatment at which
maximum
thermotolerance
is observed

This report
Rice et al. [32]
Urano et al. [39]
Law et al. [25)
Hume and Marigold [17]
Henle (14]

Skin of the mouse foot
Skin of the mouse foot
Skin of the mouse foot
Skin of the mouse ear
Mouse intestine
Mouse intestine

43.0°C (30 min)
45.5'C (30 min)
43.5X030 min)
43.5°C (20-40 min)
42.0'C (60 min)
45.0'C (5 min)

44.0*C
45.5"C
43.5"C
43.5"C
43.0'C
45.0'C

6
24
48
24-^8
8
24*

Mice injected with Gemamicin (0.1 mg/mouse/day).
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be the result of the rather mild heat treatment they
used. Perhaps resistance to combined irradiationheat treatments only becomes apparent at relatively
strong heat doses in the combined treatment.
Resistance to a second heat treatment did develop somewhat faster in our experiments than in
other previously published data (Table III). This
could be linked with the fact that in these reports
higher temperatures were used and longer times for
the priming heat treatment. It has been reported by
several authors [6, 17, 25, 32] that after less severe
priming heat treatments, the development of the
tolerance began earlier than after longer priming
heat treatments. In our experiments thermololerance decayed very slowly, confirming observations
by Urano et al. [39]. Urano et al. (39) showed that
thermotolerance was still present several weeks
after a priming heat treatment. They even found a
second wave of thermotolerance which resulted in
resistance to a second heat treatment up to 90 days
after the priming heat treatment. They attributed
this second wave to repopulation of surviving thermotoleram cells in the skin rather than to slow repair or secondary development of thermotolerance.
The development of resistance to a combined irradiation-heat treatment after a priming heat treatment was relatively slow compared to the development of resistance to a heat treatment alone. In
our experiments maximum resistance to combined
irradiation-heat treatment was observed 18-24 h
after a priming heat treatment (30 min at 43°C),
whe.eas resistance to a second heal treatment was
observed within 6 h after a priming heat treatment.
Also, Law et al. [22, 24], on the skin of mouse ears,
and Marigold and Hume [27], on mouse intestine,
reported that resistance against a second heat treatment develops faster than the resistance to combined irradiation-heat treatment. Resistance to a
subsequent combined irradiation-heal treatment in
our experiments developed faster than in the skin
of mouse ears reported by Law et al. [22]. Variations in duration and/or temperature of the priming
heat treatment may be the cause of this difference,
but it is also possible that the normal temperature
of tf-.e skin of the mouse ear during the interval between priming and test treatment is several degrees

lower than the normal temperature of the skin of
the mouse foot which may result in a slower development of resistance.
In the skin of mouse ears, resistance to the combined irradiation-heat treatment could only be observed when irradiation in the combined treatment
was given immediately after the heat treatment and
not when irradiation was followed by the heat treatment [7, 22]. Stewart and Denekamp [35] observed
that thermal sensitization as a result of heat given
immediately after X-rays disappeared with fractionation of the combined treatment in tumours hut
not in skin. Haveman and Wondergem [12] observed resistance against combined irradiation and
heat after a priming heat treatment irrespective of
the sequence of application of heat and radiation
in the combined treatment. Moreover, Overgaard
[31] reported a decrease of the TER as a result of
heat in experiments with fractionated irradiationheat treatments (heat was applied 4 h after X-rays)
both in tumour and in skin. He also reported a
small therapeutic gain as a result of the fractionation.
Misonidazole, when administered prior to heat
only treatment (60 min at 44°C), did not influence
the heat-induced skin reaction (Fig. 2). This confirms observations by Blcehen et al. [2]. These results suggest that hyperthermia alone does not enhance the cytotoxicity of misonidazole towards cells
at risk in the skin. It has been shown that misonidazole may exhibit direct cytotoxic effects 'o hypoxic cells and, moreover, that hyperthermia was
able to enhance the direct cytotoxic effects of misonidazole [2, 9, 16, 36]. Our results indicate that
the skin of the mouse feet very probably does not
contain hypoxic cells under our e^nerimental conditions confirming previous results from our laboratory [41]. However, when misonidazole was administered prior to combined irradiation-heat treatment, still an increased skin reaction was observed.
This is in agreement with previous observations on
the influence of misonidazole on the skin reaction
of mouse feet induced by combined irradiation-heat
treatment [15, 30]. Hofer et al. [15] attributed the
enhancement of the skin response by misonidazole
to the existence of hypoxic cells in the skin. Our
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present and previous data on mouse skin [41], however, show that this explanation is not the most
likely one. Sensitization of the radiation reaction
might be the result of inhibition of the repair of
sublethal radiation damage by heal [1,3, 20' The
increase of thermal enhancement of the radiationinduced skin reaction by misonidazole may possibly
be explained by an increased heat-induced inhibition of the repair of sublethal and potentially lethal
radiation damage by misonidazole. Also, in small
(100 mm3) mouse tumours, which contain only a
small fraction of hypoxic cells, we observed a significant effect of misonidazole on tumour growth
delay in experiments combining heat (one hour at
43°C) and irradiation treatment 140, 42].
Administration of misonidazole prior to a second
heat treatment, without irradiation, did not influence the expression of thermotolerance. Neither the
extent nor the kinetics of development and decay
of the resistance against the second heat treatment
were changed. However, in thermotolerant skin,
administration of misonidazole prior to combined
irradiation-heat treatment led to an increase of the
skin reaction. Still, in this case, the kinetics of development and decay of the resistance against the
combined treatment were not significantly altered.
These findings suggest that the increased heat-induced inhibition of sublethal and potential lethal
radiation damage in the presence of misonidazole
was also apparent in thermotolerant skin.
Our present results may have clinical relevance,
especially the fact that resistance to combined irradiation-heat treatment may develop within a day
after a prior heat treatment and the fact that this
resistance is still present at least 2 weeks after a
prior heat treatment must be taken into account in
the planning of clinical treatment of cancer, combining fractionated hyperthermia and radiotherapy. Our misonidazole data do not suggest that
combination of heat, irradiation and sensitizer
would be clinically useful as the increase in TER.
with misonidazole, observed here is not significantly smaller than the corresponding TER observed in
mouse tumour data. Further data on other normal
tissues and also malignant tissues are clearly required as the kinetic characteristics of lhermololcrance may differ from tissue to tissue.
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CHAPTER VIII
THERMAL ENHANCEMENT OF RADIATION DAMAGE IN THE MOUSE
FOOT AT DIFFERENT HEAT AND RADIATION DOSE: INFLUENCE OF
THERMOTOLERANCE. J. Wondergem and J. Haveman. Int. J. Radiat. Biol., in
press, 1985.

THERMAL ENHANCEMENT OF RADIATION DAMAGE IN THE MOUSE
FOOT AT DIFFERENT HEAT AND RADIATION DOSE: INFLUENCE OF
THERMOTOLERANCE.
J. Wondergem and J. Haveman.
Department of Radiotherapy, University of Amsterdam, Medical Centre,
Meibergdreef 9, 1105 AZ Amsterdam, The Netherlands
ABSTRACT
We studied the reaction of the mouse foot after combined X-irradiation and heat treatment. Acute reactions after heat differ from those after irradiation: however, after healing of the lesions, the same symptoms
of deformity of the foot remain. Prior heat treatment, 30 min at 43 C, of
the foot led to thermotolerance, which resulted in resistance to combined
irradiation-heat treatments and hence to a decreased thermal enhancement
of radiation effects. Resistance could be observed up to 168 h after prior
heat treatment. The development of resistance to combined treatment at
higher irradiation dose (15 or 20 Gy) and less severe heating was slower
than at lower irradiation dose (10 Gy) and more severe heating. Thermal
enhancement was confirmed to be dependent on the sequence of, and the interval between irradiation and heat treatment. When the mouse foot was
made thermotolerant by prior heat treatment, thermal enhancement was always reduced, regardless the sequence, when the combined heat and radiation treatment were given with an interval of less than 12 h. Thermotolerance led to an apparent decrease in effective temperature employed in the
combined treatment equivalent to approximately 1.0 C, at temperatures of
a 1 h heat treatment above 43° C.
INTRODUCTION
In clinical cancer treatment application of hyperthermia is nearly
always combined with fractionated radiotherapy. Thermal enhancement of the
radiation response is supposed to play an important role next to direct
cell killing effects of hyperthermia in such case. Thermal enhancement has
been studied extensively with cells cultured in vitro (Hahn, 1982, Haveman
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,

1983, Joshi et al., 1976, Westra and Dewey, 1971). Several studies with

experimental
radiation

animals have shown that hyperthermia increases the effect of

treatment both on normal and malignant tissues (Field and Blee-

hen, 1979, Hahn, 1982, Jansen, 1980, Stewart and Denekamp, 1977, Wondergem
and

Haveman,

1984,

Wondergem et al., 1982b). Thermal enhancement of the

radiation response depends on the temperature and the duration of the heat
treatment

and

on the interval between and the sequence of heat and irra-

diation

in

Thermal

enhancement

the combined treatment (Field and Bleehen, 1979, Hahn, 1982).
of the radiation response (sensitization) is maximal

when

both

modalities are given simultaneously and it decays with increa-

sing

time interval between the heat and the radiation treatment (Dewey et

al., 1977, Joshi et al., 1978).
Recent
resistance

studies

have shown that prior heating may induce a transient

to subsequent heat treatment (named "thermotolerance") both in

vitro (Henle and Dethlefsen, 1978) and in vivo (Field and Anderson, 1980).
Thermotolerance may also develop during continuous heating at temperatures
below

42.5

C. In

combined

irradiation-heat treatments, thermotolerance

may reduce the amount of thermal enhancement of radiation damage (Haveman,
1983). Prior heat treatment led to lower thermal enhancement ratios
in

transplantable

mouse

tumors

(TER)

(Overgaard, 1981, Stewart and Denekamp,

1980) and in several normal tissues: skin (Law and Ahier, 1982, Overgaard,
1981, Wondergem and Haveman, 1984) and intestine Marigold and Hume, 1982).
Studies

on the skin of mouse ears (Law and Ahier. 1982) have shown that a

priming

heat

diation

in

when,
gold
as

in

treatment decreases the TER when heat was followed by irrathe

subsequent combined treatment and did not affect the TER

the combined treatment, irradiation was followed by heat. Mari-

and Hume (1982) also reported a decrease in TER, in mouse intestine,
a

result of a priming heat treatment, when heat was followed by irra-

diation in the subsequent combined treatment. Other studies on the skin of
the

mouse foot have shown that a priming heat treatment decreases the TER

when irradiation was followed by heat in the subsequent combined treatment
(Overgaard, 1981, Wondergem and Haveman, 1984).
The kinetics of the development and decay of resistance to heat alone
and

heat

in

normal

combined with irradiation as a result of priming heat treatment
rodent

tissue

has been the subject of relatively few studies

(Law et al., 1979, Marigold and Hume, 1982, Wondergem and Haveman, 1984).
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These studies showed that the development of i.esistance to combined treatment was relatively slow compared to development of resistance to heat
alone both in mouse intestine (Marigold and Hume, 1982), in the skin of
the mouse ear (Law et al., 1979) and in the akin of the mouse foot (Wondergem and Haveman, 1984).
In the present investigation we studied the reaction of the mouse
foot to combined irradiation-heat treatments. The reaction of the foot
after combined treatments mas scored at day 120 as deformity according to
Field (1969). In our experiments we varied both the interval and sequence
between irradiation and heat in the combined treatment. We obtained data
on the expression of resistance to combined treatment after priming at
different radiation doses in the combined treatment. We also studied the
kinetics of the development and decay of resistance to combined irradiation-heat treatment after a priming heat treatment.
MATERIAL AND METHODS
Male (DBA2xC57BL10) mice aged 8-10 weeks (obtained from the Centraal
Proefdieren bedrijf T.N.O. Zeist, The Netherlands) were used in all experiments. In these experiments late deformity of the mouse feet as a result
of combined irradiation-heat treatment was studied.
The right hind legs of the mice were irradiated with a Siemens Stabilipan X-ray generator operating at 250 kV and 14 mA, yielding a dose rate,
after being filtered by 0.5 mm Cu, of 1.89 Gy/min at the position of the
mouse feet. All irradiations were performed in normal air and at a room
temperature of 30 C to avoid a drop in body temperature, as described
previously (Wondergem et al., 1982a).
Hyperthermia was applied by immersing the right hind leg of the mice
to approximately 5 mm above the ankle in a thermostatically controlled
waterbath. The variation in the desired temperature was about 0.05 C. The
temperature of the foot of the mice during hyperthermia was measured in
control animals using calibrated 27 gauge thermocouple needles implanted
subcutaneously in the foot. The temperature measured stabilized at about
o
0.2 C below the temperature of the waterbath within 1 min after initial
immersion. Temperatures quoted are those of the water.
Mice were anaesthetized by intraperitoneal injection (i.p.) of pento115

n

barbital sodium (nembutal ) at 50 mg/kg body weight approximately 15 min
before heat and/or irradiation. If necessary 20-30 mg/kg extra was given
during treatment. During the treatment the legs were left untaped to avoid
clamping. The acute reaction of the feet of mice after severe heat treatment is characterized by an extensive edema immediately after treatment,
which is followed by encrjstation of the lesions within a few days. After
irradiation the skin reaction starts to be visible about eight days after
treatment, as a result of increasing redness and edema. Dry and moist desquamation develop thereafter and the peak of the reaction is reached after
about twenty davs (Wondergem and Haveman, 1984). After the skin reaction
had healed (about day 50), structural damage to the mouse foot remained in
both cases. Deformity of the foot as a result of heat and/or irradiation
is not only due to epidermal damage but also to damage to the supporting
tissues (subepidermal stroma, vasculature etc.) Deformity after treatment
may not be considered as a true "late" reaction but mainly reflects residual damage from acute reactions. To quantify the irreversible damage of
the feet of mice caused by combined irradiation-heat treatment, we used
the arbitrary scoring system according to Field (1969) evaluating deformity of the foot (Table 1). Deformity was scored at day 120 by two obserTable 1.

Deformity scores for the feet of mice after treatment with heat
and/or irradiation.

SCORE

OBSERVATIONS

1 .0
2.0
3.0
4.0
5.0
6.0

Slight change of chape
Definite change in chape and/or toes stuck together
Considerable change in shape and/or toes missing
Almost shapeless foot with only proximal parts of toes
Foot shapeless with no toes
No foot

vers. The standard error of the mean (s.e.m.) is presented in the dose
response curves as usual: however, as the s.e.m.'s are calculated from
values on an arbitrary scale (and not from a linear one) they give only
little information. For each dose-response curve 50 to 60 mice were used.
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RESULTS
Relationship between irradiation and heat dose in combined treatments
without prior ..eating

Figure 1 shows the scores of deformity of the

mouse

foot

after treatment as a function of duration of heat treatment
various

radiation

120

at

44

days
C

at

doses. In the combined treatment irradiation was imme-

diately (within 30 sec) followed by heat. When in the combined treatment a
small

radiation

dose (e.g. 5 Gy) was combined with a large heat dose di-

rect heat damage will be the main cause of the damage to the foot. When in
the

combined

treatment

with a small heat dose

larger

radiation doses (10-25 Gy) were combined

(6o min 44

C or less), heat only

caused

thermal

enhancement (sensitization) of the radiation reaction and no direct damage
(Table 2 ) . When in the combined treatment the
the time of

heating

radiation

dose

increased,

required to produce a certain amount of deformity is

reduced.

Table 2.

Thermal enhancement ratios (TER) observed in
tion-heat

treatments

combined

as a function of the duration of the heat

treatment. In the combined treatment heat was given immediately
radiation. Thermal

enhancement

irradia-

values

after ir-

are derived from data reported in

Figure 1. The TER was calculated from dose response curves at a damage level of 3.0.

TREATMENT

TER

15 min at 44° C

1.4

30 min at 44°C

1.8

45 min at 44°C

2.1

60 min at 44°C

4.3

90 min at 44°C

23.4*

* Strongly overestimated as a result of the contribution of direct heat
damage.
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Figure 1. Deformity of the feet of mice after combined treatment plotted as a function of the radiation dose
(B) and the duration of the heat treatment at 44° C (A). A : In the combined treatment heat was given
immediately after irradiation with 5 Gy (-•-), 10 Gy (-•-), 15 Gy (-<>-), 20 Gy (- • -) and 25 Gy (- 0 ). The dose-response curve for heat alone (- ^ -) is also shown. B: In the combined treatment 90 min (-D -)
, 60 min (- • - ) , 45 min (- ^ - ) , 30 min (- • - ) and 15 min (- 0 -) heating at 44° C was given immediately
after irradiation. The dose-response curve for irradiation alone (- ^ -) is also shown.

Effect of the radiation dose in the combined treatment on the expression
of resistance to combined irradiation-heat treatment after prior heating
When the foot of the mice was made thermotolerant by a priming heat
treatment (30 min at 43° C) given prior to heat alone or to combined
treatment, the effect of a second treatment could be markedly reduced. Figure 2 shows resistance ratios (D2/Ds: ratio at isoeffect between heating
time in the second treatment with and without priming heat treatment) for
heat treatment at 44° C given immediately after irradiation treatment with
doses up to 20 Gy. At very short intervals between priming heat treatment
and the subsequent treatment, no resistance could be observed. At the 2 h
interval in the 5-20 Gy data, some contribution to the radiosensitization
of the priming heat treatment leads to resistance ratios slightly below/
unity. With increasing time interval between the priming heat treatment
and the subsequent treatment, the resistance as a rtsult of the development of thermotolerance rapidly increased. In the 0 Gy, 5 Gy and 10 Gy data resistance appeared to develop fully within 6 hours: it remained maximally during the next three days and then slowly decayed. When the radiation dose was increased to 15 Gy, the development of resistance was somewhat delayed; maximum resistance was observed after about 1 day. When the
interval between priming and subsequent combined treatment was 7 days resistance was still found. With 20 Gy resistance was obvious when the interval was 3 or 4 days; the resistance ratio (02/Ds) was 1.1 to 1.2. However, when the interval was less than three days, the priming heat treatment caused an enhanced sensitization of the combined treatment. In the
case of 25 Gy, estimation of D2/Ds appeared to be impracticable (c.f. Fig.
1).
Figure 3 shows the empirical relationship between the duration of the
heat treatment at 44 C and the radiation dose in the combined treatment
to reach a damage level of 3.0 as derived from the data in Figure 1 and 2.
In the dose range studied (5 to 25 Gy), this relationship happens to be
approximately linear; in the case without prior heat treatment, 1 Gy is
equivalent to approximately 3 min 40 s of heating at 44 C. With prior
heat treatment, the influence of thermotolerance is evident at radiation
doses up to 15 Gy.
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Figure 2. Resistance ratios (D2/Ds) as a function of the interval between priming heat treatment
(30 min at
43 C) and the subsequent combined irradiation-heat treatment. In the combined treatment, heat treatment at
44 C was given immediately after irradiation treatment
(doses up to 20 Gy). The fraction D2/Ds was derived
from dose-response curves and calculated at a damage level of 3.0.
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Figure 3. Relationship between the duration of the heat treatment at 44 C
and the radiation dose in the combined treatment with (- • - , - Q -» - • -)
and without priming
(- 0 -) treatment to attain the same effect. The priming treatment of 30 min at 43°C was given 24 ( - • - ) , 72 (-D -) or 168 h
(- ^ -) prior to the combined treatment. The data points calculated ^^. an
average damage level of 3.0 are derived from the data shown in Figure 1
and 2.

Effect of interval and sequence on the response to combined irradiationheat treatment with and without prior heating

When heat and radiation are combined, the

TER

(ratio, at isoeffect,

of the X-ray dose alone to that combined with heating)

was greatest

both modalities were given immediately after each other (fig. 4 ) . The

when
TER
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Figure 4. Thermal enhancement ratio as a function of time interval and sequence between hyperthermia and radiation treatments. The heat treatment was 43° C (A) or 44° C (B) for 60 min. Closed symbols represent values
obtained in experiments with a priming heat treatment of 43° C for 30 min given 24 hours prior to the combined irradiation-heat treatments. Open symbols represent those obtained without "priming". TER values were
calculated from dose-response curves at an average damage level of 3.0.

rapidly reduced when the interval between heat and irradiation was increased (Fig. 4s and b ) . When the foot was made thermotolerant by a priming
heat treatment, 24 hours prior to combined treatment, the TER was reduced
but the degree of thermal sensitization was still dependent on the interval between heat and X-rays. When heat was given prior to irradiation,
again the greatest effect was observed when the two modalities were given
immediately following each other. The sensitizing effect of the heat
treatment diminished as the time interval increased. Also in this case
thermotolerance led to a reduction of the TER, but still the TER was dependent on the time interval between heat and X-rays. Heating before irradiation generally led to a stronger sensitization than heat treatment after irradiation, and the decay of the sensitization, with increasing time
interval, was somewhat slower and smaller in extent. When in the combined
treatment the temperature was increased from 43 to 44 C, thermal enhancement ratios were much larger without priming heat treatment. With priming
heat treatment, thermal enhancement was only slightly larger.

Relationship between TER and temperature of heat treatment with and
without priming heat treatment
Figure 5 shows that the TER increases with rising temperature. The
heat treatments used in these experiments did not cause deformity if applied alone. The increase in TER with rising temperature is not linear.
The TER increases very rapidly when the temperature in the combined treatment was larger than 43.5 C. Prior heat treatment of the feet of the mice
caused a reduction in TER. This reduction in TER may also be taken as a
reduction in effective temperature in the combined treatment as a result
of thermotolerance. From Figure 5 it can be estimated that a priming heat
treatmen' of 30 min at 43° C caused a reduction in TER, when temperatures
above 43 C are considered, which is approximately equivalent to a reduction of the effective temperature in the combined treatment of about
1.0° C.
DISCUSSION
Deformity

of

the mouse foot as a result of damage induced by either
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Figure 5. Thermal enhancement ratio (TER) as a function of temperature.
One hour of heating was given immediately prior to (- 0 -, - • -) or after
(-• -, - • -) irradiation. Closed symbols are used for experiments with a
priming heat treatment of 43 C for 30 min given 24 hours prior to the combined irradiation-heat treatments. Open symbols are for experiments without "priming". TER values were calculated from dose-response curves at an
average damage level of 3.0.

radiation

or

heat

remains after decay of the acute reactions. The acute

reaction after heat develops faster and decays faster than the acute reaction

after irradiation. Moreover, the acute reaction after heat is quali-

tatively different from the acute reaction after X-rays (Jansen, 1980, Law
et
and
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al.,

1978, Wondergem and Haveman, 1984). Also in the mouse tail (Hume

Meyers,

1984)

and in the mouse intestine (Hume and Marigold, 1981),

the

reaction after heat was different from the reaction after irradiation

both with regard to the nature of damage as to the kinetics of development
and

decay. Both the acute reactions after heat and irradiation are rever-

sible

but

damage

after healing residual damage (deformity) may remain. Residual

after irradiation or heat does not differ qualitatively and it has

been scored in both cases using the same scale of reactions. For this reason

it

is possible to derive the isoeffect relationship between duration

of heat treatment

at

ming heat treatment

44

C and radiation dose both with and without pri-

(Fig. 3). In the dose range

5 to 25 Gy,

combined treatment without priming is equivalent to

1 Gy in the

3 min 40 s heating at

44° C.
From

the

data

in

Figure 1 thermal enhancement ratios (TER) may be

obtained and these are shown in
than

60 min at

44

Table 2. Treatment by only

heat, longer

C leads to deformity as a result of direct heat dama-

ge. As in any arbitrary scoring system it must be kept in mind that in the
case

of

combined treatments including a heat treatment which would cause

direct heat damage contributing to the score, the score of the heat damage
cannot be simply

substracted from the score of the radiation damage (c.f.

Hume and Myers, 1984).
Priming heat treatments lead to thermotolerance in the mouse foot and
this

in

its

turn to resistance against combined treatment with heat and

X-irradiation.

To

obtain

a certain level of damage (e.g. 3.0) at higher

irradiation doses (20 to 25 Gy) in the combined treatment, the experiments
have

to

any

be

done with a very mild heat treatment. For this reason hardly

resistance can be observed at the higher X-ray doses (Figure 3). Pre-

viously
is

we showed that the expression of resistance to combined treatment

dependent

on

the

severity of the heat treatment used in combination

with

X-rays: yet, the severity of the combined heat treatment did not al-

ter

the kinetics of the development of resistance (Wondergem and Haveman,

1984). The kinetics of the development of resistance to combined treatment
proved

to be dependent on the X-ray dose. At low irradiation dose (e.g. 5

Gy) mainly direct heat effects are involved and the kinetics resemble those

of

the development of thermotolerance (see 0 Gy data in Figure 2). At

intermediate irradiation doses (10 Gy, 15 Gy or 20 Gy) direct heat effects
are

no

plays

longer involved and only thermal enhancement of radiation effects

a role. The development of resistance in the experiments with 10 Gy
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is as fast as in the experiments with heat only. The development of resistance
20

becomes progressively slower at higher irradiation doses (15 Gy and

G y ) . Other authors reported a slower development of resistance to com-

binec

treatment

than to heat alone (taw et al., 1979, Marigold and Hume,

1982,

Wondergem

and Haveman, 1984). Based on this observation Law et al.

(1979)

even

inhomogeneity
might

suggested

that different mechanisms were involved. However,

of the cellular population, responsible for the resistance,

also play a role. In this case it has to be supposed that the frac-

tion of cells slowly developing thermotolerance is more radioresistant. At
a

short time interval (2 hours) between priming heat treatment and combi-

ned

irradiation-heat

treatment, the priming heat treatment led to resis-

tance ratios slightly below unity (Fig. 2 ) . This is probably the result of
some

radiosensitizing effect of the priming heat treatment. Generally, at

intervals
presumed
Figure

longer
not

to

than

6

hours (c.f. Fig. 4a), the priming treatment is

contribute

to radiosensitization. In the 20 Gy data of

2, however, sensitization as a result of priming treatment was ob-

vious at intervals up to 2 days.
Thermal
pendent

enhancement of the radiation response is confirmed to be de-

on the sequence of, and the interval between irradiation and heat

in the combined treatment. When heat was given before irradiation (1 to 12
hours),
Heat
of

the

TER was relatively large compared to heat after irradiation.

before irradiation might lead to additional effects by the induction
physiological changes by heat: increased blood flow in the tissues du-

ring and after heating (Song et al., 1980, Stewart and Begg, 1983). Differences in TER, dependent on the sequence, became much smaller when thermotolerance
4).

was induced in the mouse foot by a priming heat treatment (Fig.

The

data in Figure 4 may explain why Law and Ahier (1982) could only

find

a

small effect of a priming treatment on the TER of mouse skin when

heat

was qiven prior to irradiation in the combined treatment: this might

be the result of the rather mild heat treatment they applied.
Prior heat treatment of the feet of mice caused a considerable reduction in

TER, at temperatures of a

1 h heat treatment higher

than

43° C

(Fig. 5 ) . This confirms our previous data on the acute skin reaction (Wondergem and Haveman, 1984). Here the decrease in

TER as a result of a pri-

ming heat treatment proved to be equivalent to a reduction of the effective temperature in the combined treatment of about
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1.0° C. A reduction

in

effectiveness of heat in the combined treatment, as a result of a

priming

heat treatment, was also reported by Law et al. (1979) and by Marigold and
Hume (1982). Law et al. (1979) studied the skin of the mouse ear and found
a reduction in TER, as a result of a priming heat treatment, equivalent to
a

decrease in effective temperature of

0.4

C. The combined treatment in

their experiments consisted of 30 min heating at temperatures ranging from
42.5 to

X-irradiation. This

combined

treatment could be preceded by a priming treatment of 40 min at

43.5

C, immediately

followed

by

43.5 C.

Marigold and Hume (1982) found, in mouse intestine, a reduction in TER, as
a result of priming heat treatment (60 min heating at 42.0
to a decrease of the effective
treatment in their case
41.5 to

43.0

C. The

temperature of about

consisted of

relatively

0.5

C), equivalent
C. The combined

60 min heating at temperatures from

small

decrease of the effectiveness of

heat in the combined treatment after a priming heat treatment as

observed

by Law et al. (1979) and Marigold and Hume (1982) may be the result of the
mild heat treatment applied by these authors
with

irradiation

in

the

combined

(c.f. Fig. 5), rather than the fact that other

treatment
tissues

were involved.
Data on the thermal enhancement and the influence of
in

normal

tissues

therapeutic

thermotolerance

will be important to gain further insight in possible

gain which might result from combination of hyperthermia with

fractionated radiotherapy of malignant diseases. Since in clinical practice

hyperthermia

is

almost fractionated in combination with fractionated

radiotherapy,

thermotolerance must be supposed to play an important role.

Further

on other normal tissues are clearly required. Besides, more

should
(and

data
be

known

resistance

about
to

the kinetics of the decay of the thermotolerance

combined

heat and irradiation) of malignant tissues

compared to normal tissues.
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The skin of the mouse foot was used to study the effects of previous irradiation on
the response to hyperthermia (44°C), to irradiation, or to irradiation combined
with hyperthermia (43°C or44°C). Hyperthermia was applied by immersing the
mouse foot into a hot waterbath and irradiation was performed using a 250 kV
X-ray generator. Previous irradiation of the feet of mice 90 days before, with
20 Gy, increased the subsequent response to heat alone, or when combined with
irradiation, as well as to irradiation alone. It had little effect on the thermal
enhancement ratio's' for both acute and late skin reactions. Memory of the
previous irradiation treatment could be masked when the temperature of the
subsequent heat treatment alone, or when combined with irradiation, was 44 C.
A priming heat treatment induced resistance both to a subsequent heat
treatment and to a subsequent combined irradiation-heat treatment in normal
skin as well in previously irradiated skin. This 'resistance' is probably mainly the
result of thermotolerance induced in cells in the skin by the priming heat
treatment. In thermotolerant skin a 'memory' of the previous irradiation was
always evident when the reaction after heat alone or heat combined with
irradiation was measured.
When the late skin reaction was considered, a larger 'memory' of the previous
irradiation treatment was always evident, compared to the acute skin reaction: the
'remembered' dose in the late skin reaction was about two times the 'remembered
dose' in the acute skin reaction.
Indexing terms: skin reactions, hyperthermia, irradiation combined with hyperthermia, thermotolerance, re-irradiation.

1.

Introduction
Hyperthermia, either alone or combined with radiotherapy is at present being
used in pilot studies on cancer treatment (e.g. Brenner and Yerushalmi 1975,
Marmor and Hahn 1978, Marmor et al. 1979, Overgaard 1981, Perez et al. 1981,
U et al. 1980). In many cases, patients who received a treatment course including
hyperthermia were already treated previously with high doses of X-rays on the
tumour and surrounding normal tissues or were treated by chemotherapy. If
tumours recur in a previously irradiated field the clinician is faced with the problem
that a second course of radiotherapy would probably not be well tolerated by the
normal tissue. Application of localized hyperthermia in combination with relatively
low doses of X-rays might be useful in such cases. The clinical data which are
available about the reaction of preirradiated normal tissues to hyperthermia alone or
combined with small doses of X-rays indeed point in this direction. Perez et al.
(1981) could not find an increased tissue reaction in preirradiated skin after
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hyperthermia which was applied without making special efforts to cool the skin.
Experimental data by Hume and Marigold (1982) show a transient increase in
thermal sensitivity of previously irradiated mouse intestine. When mouse intestine
was treated by hyperthermia longer than 8-12 weeks after previous irradiation, no
increased thermal sensitivity could be observed. However, Law and Ahier (1982),
studying the skin of mouse ears, reported an increased thermal sensitivity still
present at 12 weeks after previous irradiation. T h e purpose of the present study was
to determine the influence of irradiation treatment with 20 Gy on the response of the
skin of the mouse foot to heat alone or heat combined with irradiation given three
months later.
Thermotolerance is a phenomenon which emerges in fractionated application of
hyperthermia. Thermotolerance may result in decreased skin reactions after
hyperthermia applied alone (Field and Anderson 1980, Henle and Dethlefsen 1978,
Rice et al. 1982, Urano et al. 1980) or in combination with irradiation (Haveman
1983, Law et al. 1979, Overgaard 1981, Wondergem and Haveman, submitced). For
this reason we also studied the influence of thermotolerance, induced by a short
priming heat treatment, on the response of previously irradiated skin to hyperthermia alone or combined with radiotherapy.
2.

Materials and methods
Male (DBA2 X C57BL10) mice aged 8-10 weeks (obtained from the Centraal
Proefdieren Bedrijf T N O , T h e Netherlands) were used in all experiments. In these
experiments the response of previously irradiated skin of the mouse foot to
hyperthermia alone or combined with irradiation was studied. Mice were anaesthetized with pentobarbitone sodium (NembutaP, 50mg/kg i.p.) 15 min before
treatment to prevent stress {Wondergem et al. 1982). T h e right hind legs of the mice
were irradiated with a Siemens Stabilipan X-ray generator operated at 250 kVp
14 mA, and filtered with 0-5 mm copper. Irradiation was performed in air at 30°C to
avoid a significant fall in body temperature. T h e focus-skin distance was 35 cm,
yielding a dose rate at the position of the mouse feet of 189 Gy/min. Hyperthermia
was applied by immersing the right hind leg of the mice in a thermostatically
controlled waterbath. T h e variation at the desired temperature was about 0-05°C.
The temperature of the foot of the mice during hyperthermia was measured in
control animals using 27-gauge thermocouple-needles (Bailey Instruments Inc.)
implanted subcutaneously in the foot. The temperature measured s.c. stabilized at
02°C below the temperature of the waterbath within 1 min after initial immersion.
In the combined treatments, irradiation was followed immediately by hyperthermia.
To induce resistance against a subsequent heat treatment or subsequent combined
irradiation-heat treatment, a priming heat treatment of 30 min at 43°C was given 24
hours prior to the main treatment. This priming heat treatment, when given 24
hours before, did not influence the response of the skin to X-irradiation alone.
During irradiation and the application of hyperthermia the animals were kept in
small perspex boxes. The construction of the boxes was such that the mice were
unable to withdraw their protruding hind leg.
The reactions of previously irradiated mouse skin to irradiation alone or
combined with hyperthermia were scored using the scoring system described by
Douglas and Fowler (1976). This scoring system is based on the evaluation of moist
desquamation after irradiation treatment. The average of the scores between day 10
and 30 after irradiation alone, or when combined with hyperthermia was taken as a
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measure of the 'acute' skin reaction (Wondergem et al. 1982). After disappearance of
the acute skin reaction, irreversible damage may remain. In the observation period
between day 50 and 120 after treatment the skin damage remained constant (figure
1). The 'late' skin reaction considered in this study was the average of the scores from
day 60-80. Qualitatively the late damage was different from the acute damage (see
table 1). Mice which were irradiated previously on the feet received an X-ray dose of
20 Gy 90 days before the second treatment consisting of hyperthermia alone or
combined with irradiation. This dose caused an acute skin reaction with reddening,
oedema and some wet desquamation resulting in an average score at day 10-30 of
O'8-l-O. Ninety days after previous irradiation (20 Gy), some of the hairs on the feet
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Figure 1. The effect of previous X-irradiation (20Gy)on the skin reaction of the feet of mice
as a result of (a) one hour of heating at 44°C, or (b) combined irradiation and heat
treatment (irradiation at a dose of 20 Gy was immediately followed by one hour of
heating at 43°C. The hind legs of the mice were treated 90 days after irradiation. The
skin reaction was expressed as a function of time after treatment.
Mice with (—U—) and without (—O—) previous irradiation. Each point represents the mean of the score of a group of 6-8 mice.
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Table 1. Scoring system for radiation or heat-induced skin reaction.
Score

Reaction of the skin of mouse feet

0-0
0-5
1-0
1-5
2'0
2-5
30
3-5

Reaction increasing
normal
very slight reddening
severe reddening; slight oedema
some wet desquamation or severe reddening; severe oedema
1/5 of foot in wet desquamation or covered with blisters
1 /2 of foot in wet desquamation or covered with blisters
9/JO of foot in wet desquamation or covered with blisters
complete necrosis of skin of the foot.

3-5
3-0
2-5
2-0
1-5
1-0
0-5
0-0

Reaction subsiding
complete necrosis of skin of the foot
minimal healing of foot
about 1/2 of foot unhealed
about 1/5 of foot unhealed
no hair on foot and lower leg; small scab
very little hair on foot and lower leg; papery skin
hair slightly discoloured
normal

were slightly discoloured and a little epilation was observed (average score at day 90
was 0-4—0-6). In a few cases we studied a higher initial dose (30 Gy). Irradiation
treatment with 30 Gy caused a severe acute skin reaction with more than 50 per cent
desquamation resulting in an average score at day 10-30 of about 2-0. Ninety days
after this treatment very little hair on the foot and lower leg was observed (average
score at day 90 was about 1-0). The reaction of mouse skin to heat alone was also
scored according to the above mentioned scale of reactions. As the heat-induced skin
reaction developed significantly faster than the radiation-induced skin reaction the
average of the scores between day 1 and 20 after treatment was taken as a measure of
the acute heat-induced skin reaction (cf. Wondergem and Haveman, submitted).
3.

Results

3.1. Kinetics of the skin reaction

An example of the kinetics of the heat-induced skin reaction in previously
irradiated and normal skin is given in fig. 1 (a) where we studied the reaction after one
hour of heating at 44°C. Preirradiation of the skin did not significantly alter the
maximal skin reaction after heat alone, however, the kinetics of the decay of the skin
reaction was markedly changed. In normal skin, the peak of the reaction after heat
treatment was reached at about day 5-10 after treatment, and thereafter the lesions
healed rapidly. In previously irradiated skin, the lesions healed very slowly and
hence the score of the skin reaction remained high up to 120 days after treatment.
Figure 1 (b) shows the effect of previous X-irradiation on the skin reaction
induced by irradiation (20 Gy) immediately followed by one hour heating at 43''C. In
previously irradiated skin, the score of the skin reaction after combined treatment
was always higher but the kinetics of the development and the decay of the skin
reaction were similar to those of normal skin. The residual damage was larger.
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3.2. Acute skin reaction after heat treatment
Dose-response curves for the skin reaction after heat treatment are shown in
figure 2. These experiments were performed to further study the effect of previous
irradiation. Moreover, effects of a priming heat treatment which led to resistance to
the second heat treatment were investigated. When the feet of the mice had been
preirradiated with 20 Gy 90 days prior to hyperthermia, the skin reaction after a
single heat treatment with a duration up to 60 min at 44°C was larger, when
35-,

no previous irradiation
20 Gy 90 days before
60
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180

Duration of Heating (mmj
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120

180
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Figure 2. Influence of previous X-irradiation (20 Gy) on the skin reaction of the feet of mice
to heat 'alone' with and without priming heat treatment, (a) Acute skin reaction (average
score 1-20) and (b) late skin reaction (average score day 60-80) on the feet of mice as a
function of the duration of the heat treatment at 44°C. The hind legs of the mice were
heated 90 days after irradiation.
Mice treated with (—D—, —•—) and without (—O—, — • — ) previous
irradiation. (—•—, — • — ) : animals given a priming heat treatment (30min at 43°C)
24 hours prior to the heat treatment at 44°C. Each point represents the mean + standard
error of the mean (6-8 mice).
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compared to unirradiated control mice (figure 2 (a)). Obviously a 'memory' of the
previous irradiation treatment plays a role. When the duration of the heat treatment
was increased to 75 and 90min, the heat-induced skin reaction did not show a
'memory' of the previous irradiation treatment and was even slightly higher
compared to mice which had not been irradiated before (mice which were not
irradiated 90 days before, but which did receive the corresponding heat and/or
irradiation treatment, are later referred to as 'control' mice). Skin which was treated
by heat 90 days after previous irradiation with 30 Gy (not shown) not only showed a
larger 'memory' (equivalent to about 10-20 fewer minutes of heating) but also this
'memory' was evident at all heat treatments studied (up to 90 min at 44°C).
In previously irradiated mouse skin, a priming heat treatment of 30 min at 43°C
given 24 hours prior to the subsequent 44°C heat treatment, resulted in a clear
decrease of the heat-induced acute skin reaction compared with control mice (figure
2 (a)). Still in this case a small memory of the prior irradiation treatment could be
observed. For previously irradiated animals it took about 10 min fewer heating to
reach the same damage level (1 -5) as with mice which had not been irradiated before.
From the data in this figure thermotolerance ratios may be calculated (TTR: ratio of
the durations of heating at 44°C with and without priming heat treatment required to
produce an average skin damage of 1*5). The TTR in preirradiated skin was 2-5 and
for the skin of control mice this value was 2'4.

3.3. Acute skin reaction after irradiation
When previously treated mouse skin was reirradiated, a lower irradiation dose
was required to give the same acute damage to the skin as in irradiated control mice.
The 'memory' of the previous irradiation treatment, calculated at an average damage
level of 1-5, proved to be equivalent to about 2-6 Gy (i.e. about 13 per cent of the
initial radiation dose).
3.4. Acute skin reaction after irradiation combined with heat
The skin reaction of the feet of mice induced by combined irradiation-heat
treatment 90 days after a previous irradiation (20 Gy) was also investigated. In the
combined treatment, irradiation was immediately followed by one hour of heating at
43°C or at 44°C (figures 3 and 4). Figure 3 (a) shows that the skin reaction after
combined irradiation and 43°C heat treatment of animals that received 20 Gy 90 days
before, was higher at all doses compared to the controls. With previously irradiated
animals it took about 4 Gy less dose (about 20 per cent of the initial radiation dose) to
reach the same damage level (1*5) as with mice which had not been irradiated before.
A priming heat treatment of 30 min at 43°C, given 24 hours before the combined
irradiation-heat treatment clearly led to resistance against the combined treatment
both in previously irradiated skin and in skin of control mice. Also in this case, it took
about 4 Gy less dose (about 20 per cent of the initial radiation dose) in previously
irradiated mice to give the same damage level (T5) as with mice which had not been
irradiated before. From the data in figure 3 (a) the thermal enhancement ratios
(TER: ratio of the dose X-rays alone to that combined with heating to produce a
certain skin damage) may be estimated. A TER of 1*9, calculated at an average
damage level of 1-5, can be deduced from the data in figure 3 (a) for one hour heating
at 43°C in previously irradiated skin and of 1-6 for skin in control mice. A priming
heat dose of 30min at 43°C, which induced resistance against the combined
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Figure 3. Influence of previous X-irradiation (20 Gy) on the skin reaction on the feet of mice to combined irradiation
and heat treatment with and without priming heat treatment, (a) Acute skin reaction (average score day 10-30),
and (b) late skin reaction (average score day 60-80) on the feet of mice as a function of the radiation dose for mice
treated with X-rays immediately followed by one hour of heating at 43 "C. The hind legs of the mice were treated
90 days after irradiation. Mice treated with (—IJ—,—•—) and without (—O—,—•—) previous irradiation.
( —••—••, —•—): animals given a priming heat treatment (30min at 43' C) 24 hours prior to the combined
irradiation and heat treatment. The dose-response curve for X-rays alone with (— A--) and without (— V-—)
previous irradiation is also shown. Kach point represents the mean + standard error of the mean (6-8 mice).
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Figure 4. Influence of previous X-irradiation (20 Gy) on the skin reaction of the feet of mice to combined irradiation
and heat treatment with and without priming heat treatment, (a) Acute skin reaction (average score day 10-30),
and (6) late skin reaction (average score day 60-80) on the feet of mice as a function of the radiation dose for mice
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treatment, led in previously irradiated skin to a reduction of the TER from 1 "9-1-5
and in skin of control mice from 1-6-1-3.
When in the combined irradiation-heat treatment the temperature was increased
from 43-44°C thermal enhancement ratios were larger. With previously irradiated
animals, combined irradiation and 44°C heat treatment did not result in a significant
increased skin reaction, in fact the skin reaction proved to be slightly lower (figure
4 (a)). A TER of 3-8 was observed at an average damage level of 1-5 in previously
irradiated skin whereas a TER of 5-9 was observed in the skin of control mice.
When the skin of the mouse foot was treated with a priming heat treatment
(30 min at 43°C, 24 hours before the combined irradiation and 44°C heat treatment)
thermal enhancement of radiation effects decreased as with combined irradiation and
43°C heat treatments. A priming heat treatment led to a reduction of the TER to
about 1-6 both in previously irradiated skin and in the skin of control mice. In the
experiments using combined irradiation and 43DC heat treatments the 'memory' of
the previous irradiation treatment (20 Gy) proved to be equivalent to about 4Gy
whether skin was treated with a priming heat treatment or not. In combined
irradiation and 44 C heat treatments, no 'memory' for the previous irradiation could
be observed. This 'memory' reappeared, however, to some extent (equivalent to 23 Gy, i.e. about 10-15 percent of the initial radiation dose) when skin of the mice was
made resistant against the combined treatment by a priming heat treatment.
3.5. 'Late' skin reaction
Many of the phenomena described for the acute skin reaction after heat,
irradiation or after irradiation combined with hyperthermia, with regard to the
influence of previous irradiation of the foot, were also observed when the late skin
reaction was considered. However, in the late skin reaction always a larger 'memory'
of the previous irradiation treatment was evident (<ƒ. figures 2 (a) and (b), 3 (a) and
(b), 4 (a) and (b)).
In contrast to the observations with the acute skin reaction, heating times of 75
and 90 min at 44 C, without priming heat treatment, still led to an increased late
reaction in previously irradiated skin compared to control skin. For previously
irradiated mice, with and without priming heat treatment, it took respectively about
30 and 40 fewer min heating to give the same late damage as with mice which had not
been irradiated before (calculated at an average damage level of 1-0). The
thermotolerance ratio, calculated at an average damage level of 1-0, was 2-6 in
preirradiated skin and 2-2 in skin of control mice.
Late skin damage after X-irradiation alone showed a larger remembered
irradiation dose compared to the data on acute skin damage. The 'memory' of the
previous irradiation treatment was 4-6 Gy, i.e. about 23 per cent of the initial
radiation dose.
The dose 'remembered' in the late skin reaction as a result of combined
irradiation and 43°C heat treatment was 8 Gy (about 40 per cent of the initial radiation
dose) i.e. about two times the remembered dose in the acute skin reaction,
irrespective of induced resistance. The late skin reaction as a result of combined
irradiation and 44°C heat treatment did not show a significant 'remembered'
irradiation dose. However, when the skin was treated in the resistant state a
'remembered' dose, equivalent to about 7 Gy (about 35 per cent of the initial
radiation dose) was observed, again about two times as high as the remembered dose
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Table 2. Thermal enhancement ratios (TER) for normal and previously irradiated skin on
mouse feet. The mouse feet were preirradiated with 20 Gy, 90 days before the combined
irradiation and heat treatment. The TER for the 'acute' skin reaction was calculated at
an average damage level of 15; the TER for the 'late' skin reaction was calculated at an
average damage level of l'O.

normal skin

preirradiated skin

Treatment

Acute reaction

X-H43°Ct
h-X-H43°C
X-H44"C
h-X-H44'C

1-6
1-3

X-H43°C
h-X-H43°C
X-H44°C
h-X-H44 C

Late reaction
1-4

1-3
6-4
1-4

5-9
1-6

1-8
1-6

1-9

1-5
3-8
1-6

6-101
1-9

fX Irradiation treatment.
H One hour of heating applied immediately after irradiation.
h Priming heat treatment (30min at 43 C, 24 hours before the combined irradiation
and heat treatment).
+ Rough estimate.
observed in the acute reaction. Values of T E R observed in the late skin reaction did
not differ much from the TER's observed in the acute skin reaction (see table 2).
4.

Discussion
This study demonstrates that previous irradiation of the foot of mice with 20 Gy
90 days prior to heat treatment, to irradiation or to irradiation combined with heat
(1 hour at 43°C) in most cases led to an increase both of the early and late skin damage
(table 3). Apparently the previous irradiation treatment is partly 'remembered'.
When the late skin reaction was considered, always a larger memory of the previous
irradiation treatment was evident compared to the acute skin reaction.

Table 3. Summary of the observed fractions of the X-ray dose, applied 90 days previously,
which were 'remembered' upon retreatment of the skin on the mouse foot. The
'remembered' dose was calculated at an average damage level of 15 for the 'acute' skin
reaction and of l'O for the 'late' skin reaction. Data on the 'remembered' dose are given
as fractions of the previously received X-ray dose (20 Gy).
Retreatment

xt
X-H43°C
h-X-H43°C
X-H44°C
h-X-H44°C

Acute reaction
(per cent)
13
20
20
0

15

Late reaction
(per cent)
23
40

40
0

35

tX Irradiation treatment.
H One hour of heating applied immediately after irradiation.
h Priming heat treatment (30min at 43°C, 24 hours before the combined irradiation
and heat treatment).

142

Treatment of previously irradiated mouse skin
4.1. Effects of previous irradiation on the response to irradiation alone

After previously irradiation with 20 Gy 90 days prior to a subsequent irradiation
treatment, the dose necessary to reach an acute skin reaction (average of the scores
between day 10-30) at a damage level of 1"5 was decreased with about 2-6 Gy (about
13 per cent of the initial X-ray dose) when compared with previously unirradiated
mice (figures 3 (a) and 4 (a)). This observation confirms previous data on acute skin
reactions by Brown and Probert (1975) and by Denekamp (1975). Brown and
Probert (1975) reported that when the skin was irradiated 6 months after a previous
treatment either with 10 fractions of 4 Gy X-rays or with 10 fractions of 5 Gy X-rays,
a 'memory' of the previous irradiation could be observed in the acute skin reaction
which was equivalent to 6 or 10 per cent of the initial dose. Also Denekamp (1975)
observed after irradiation of previously irradiated mouse skin (10—30 Gy, 6 months
before) a 'dose remembered' of about 10 per cent of the original dose when the acute
skin reaction was considered. Field and Law (1976), however, reported that the acute
skin response of the ears of the rats to single irradiation treatments was the same in
animals which received a previous irradiation treatment (20 Gy, 8 months before)
and in control animals. Hendry et al. (1977), who studied tail necrosis, reported that
when rat tails were reirradiated six months after treatment with several fractions of
X-rays a 'memory' of the previous irradiation could be observed equivalent to 10 per
cent of the initial dose.
When we consider in our experiments the late skin reaction (average of the scores
between day 60-80) after irradiation alone, previous irradiation with 20 Gy led to a
'remembered' dose of 4'6 Gy (calculated at a damage level of 1-0) which is about 23
per cent of the initial dose and about two times as high as the 'remembered' dose
observed in the acute skin reaction. Also Brown and Probert (1975) and Denekamp
(1977) studied late reactions after irradiation, different from ours. They studied 'late'
deformity of the mouse limb as described by Field (1969). Brown and Probert (1975)
observed in this way a 'remembered' dose approximately two times as high as in the
acute skin reaction. Denekamp (1977), however, did not observe an increase in the
'remembered' initial X-ray dose when considering late damage.
4.2. Effect of previous irradiation on the response to heat alone

In our experiments an increase of thermal sensitivity after heat alone as a result of
previous irradiation with 20Gy could be observed (figure 2). The 'remembered'
dose in the late skin reaction (average of the scores between day 60-80) was clear.
When the acute skin reaction (average of the scores between day 1-20) was
considered, the 'remembered' dose was not very marked. An increase in thermal
sensitivity as a result of previous irradition was also found in a study by Law and
Ahier (1982) for skin of mouse ears. They observed an increased thermal sensitivity
at the higher dose used for the previous irradiation (20 Gy compared to 18 Gy). Also,
in mouse feet a clear 'memory' may be observed in the acute skin reaction after larger
initial X-ray doses. In experiments where we increased the dose of the previous
irradiation treatment from 20-30 Gy, a larger 'memory' in the acute skin reaction
was obvious when the mouse foot was retreated by only hyperthermia (44°C): this
memory was equivalent to about 10-20 min heating after 30 Gy relative to about
0-10min after 20Gy. In experiments where severe heat treatments were applied
alone, e.g. 60-90 min heating at 44°C, the previous irradiation was not remembered
in the acute skin reaction, but still a 'memory' was observed in the late skin reaction.
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4.3. Effect of previous irradiation on the response to combined irradiation-heat
treatment
A -'-nificant increase of the sensitivity to combined irradiation and 43°C heat
trc ainent, as a result of previous irradiation, could be observed both in the acute and
late skin reaction. However, when the temperature of the heat treatment was
increased from 43°C-44"C no 'memory' in the acute skin reaction and only a small
'memory' in the late skin reaction could be observed. Apparently the skin damage
after combined irradiation and 44°C heat treatment (at radiation doses larger than
10 Gy) was so severe that the damage resulting from the previous irradiation
treatment was masked. When the irradiation dose in the combined treatment, was
decreased to 2-5 Gy, a 'memory' of the previous irradiation treatment could again be
observed. In these experiments previous irradiation increased the subsequent
response to irradiation combined with heat as well as that to irradiation alone.
However, it had little effect on the thermal enhancement ratio's both for acute and
late skin reactions.
4.4. Effect of previous irradiation on development of thermotolerance
A priming heat treatment induces resistance against a subsequent heat treatment
either applied alone or in combination with X-rays. This resistance is very probably
mainly the result of the development of thermotolerance in the cells of the skin. Resistance might result also from physiological changes induced by the 30 min at 43°C heat
treatment. However, Stewart and Begg (1983) showed that a mild treatment with
heat produced only a transient effect on blood flow in the skin. A few days after mild
hyperthermia (60 min at 42'5°C), any effect could no longer be observed. The
phenomenon of therrnotolerance was also observed in the present studies in
previously irradiated mouse skin. In previously irradiated skin the decrease of the
skin reaction after hyperthermia alone (44°C), as a result of the development of
thermotolerance, was similar to control mice: the thermotolerance ratio (calculated
at a damage level of 1 -5) in preirradiated skin was 2-5 and for the skin of control mice
this value was 2-4. Resistance against combined irradiation and heat treatment led to
a decrease in thermal enhancement from 1-9-1-5 using 43°C and from 3-8—1-6 using
44°C. In normal skin the reduction of thermal enhancement after a priming heat
treatment was similar (cf. table 2). After a priming heat treatment always a 'memory'
of the previous irradiation is evident both when acute and late skin damage after heat
treatment alone, or combined irradiation and heat treatment, are considered. We
may conclude that previous irradiation does not influence the ability to develop
resistance in the skin, both to a subsequent heat treatment and/or to a subsequent
combined irradiation and heat treatment.
In our experiments the 'remembered' X-ray dose, as a result of previous
irradiation, after heat alone or heat combined with irradiation was always larger in
the late skin reaction when compared with the acute skin reaction (table 3). A
priming heat treatment, when given 24 hours prior to hyperthermia alone or
combined with irradiation, did not alter this difference between early and late skin
damage. In most of the experiments the 'remembered' dose in the late skin reaction
was about two times the 'remembered' dose in the acute skin reaction.
4.5. Comparison with clinical data
The increase in thermal sensitivity after previous irradiation observed in our
study and in other experimental studies (Hume and Marigold 1982, Law and Ahier
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1982) seems, at first sight, to be in contrast with the results obtained in clinical
studies. Marmor and Hahn (1978), Marmor et al. (1979), and Perez et al. (1981)
studied the effects of previous irradiation on the skin response to hyperthermia alone
or combined with irradiation. Marmor and colleagues (1978, 1979), treating
superficial human tumours by local hyperthermia, reported that radiotherapy given
several months before did not affect the response of the skin to hyperthermia alone or
combined with irradiation. In this study, however, the skin of the patients was cooled
(39'1C-43r'C) during hyperthermia. Also Perez et al. (1981), without making special
efforts to cool the skin, could not find an increased thermal response of previously
irradiated skin after hyperthermia combined with irradiation. Both groups of
investigators applied hyperthermia alone or combined with radiotherapy in fractionated treatment schedules. When hyperthermia is applied in fractions, the effect of
the heat treatment probably is affected by the development of thermotolerance. In
thermotolerant skin it is difficult to observe the influence of previous irradiation
treatment on the thermal response as the skin reaction remains low even after
relatively strong heat treatments (figure 2).
Our results on skin, as a model for normal tissue, show that previous irradiation
treatment may lead to limitations on the application of a second treatment including
heat either applied alone or in combination with X-rays. In clinical treatment of skin
tumours with hyperthermia after previous radiotherapy a small area of normal skin
bordering the tumour may be at risk. But generally skin in previously irradiated areas
will not be a problem in clinical practice as it may be cooled adequately during
treatment. Other normal tissues in previously irradiated areas may lead to limitations
in the heat treatment to be applied. Further data on responses of other normal tissues
are clearly required as these may differ from the skin. Moreover, further studies
concerning the relative impact of thermotolerance on tumour and on normal tissue
are necessary as in clinical practice hyperthermia will be applied mostly in fractions
in conjunction with radiation therapy.
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CHAPTER X
DISCUSSION

DISCUSSION
Based on the results of a large number of experimental studies, interest in the clin'^al application of hyperthermia for the treatment modality of cancer 'as been revived. For several years now an increasing number
of clinical pilot studies have been started. Our results on experimental
animals show that heat, when applied alone, may lead to tumor growth delay, however, tumor cures can not be achieved without extensive damage to
the overlying skin and other normal tissues adjacent to the tumor. When
heat was combined with irradiation, the reaction to irradiation may be
enhanced and after combined treatment curf of the tumors may be obtained
(chapt. III). Also in skin combined treatment led to an enhanced effect
(chapt. VI - IX). Thermal enhancement of the radiation response proved to
be maximally expressed i/v.ien heat and irradiation were given immediately
following each other or with a very short time interval.
Roughly speaking the chapters of this thesis pertain broadly to three
aspects of the complex situation of tumor treatments by combined modalities:
1. The influence of various types of experimental conditions on responses of tumors and normal tissues. These studies were required
as a basis for the evaluation of experimental results to be obtained for assessment of responses in general.
2. Effects of combined treatments of an experimental tumor.
3. Effects of combined treatments of skin as a model for a normal
tissue.
Experimental conditions of the animals during treatment may strongly
influence the response of tumors and skin to irradiation and/or heat
(chapt. II, III, and VI). Immobilization of the mice with nembutal anesthesia may lead to a decreased response of the tumor to irradiation
(chapt. II). On the other hand anesthesia led to an increased response of
the skin to irradiation (chapt. VI). This is presumably due to stress in
the animal, which may lead to vasoconstriction of blood vessels in the
skin. In order to obtain a correct interpretation of the effect of irradiation, heat, radiosensitizers and possibly other antirancer drugs, these
experimental conditions have to be taken into account.
In order

to assess the therapeutic potential of combined heat and
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Table 1.

Therapeutic gain factors (TGF) for hyperthermia (60 min at
43

C) applied immediately after irradiation.

Experimental
condition
r

TERt
*
tumor

TER , . **
skin

TGF

with anesthesia

1.2

1.6

0.75

without anesthesia

1.6

1.6

1.0

100 mm

300 mm

tumor

tumor

with anesthesia

1.6

without anesthesia

2.0

*

TER tumor: calculated at the radiation dose required to cure 50% of the
tumor bearing animals.

*• TER skin : calculated at an average damage level of 1.5.

iradiation, thermal enhancement ratios (TER) for the transplantable tumors
(chapt. Ill) must be compared with those obtained from skin as a model for
a normal tissue (chapt. VI). When the tumors and skin were
the same experimental conditions, in which the mice were
nembutal and heat (60 min at 43

treated

under

anesthetized

by

C) was applied immediately after irradia-

tion, the thermal enhancement ratios (TER) obtained for

100 and

300 mm

tumors were 1.2 and 1.6 respectively (Table 1 ) . The TER for skin proved to
be 1.6. These results show that the

therapeutic

gain

factor- (TGF : TFR

tumor /TER skin) is < 1.0. A TGF value below 1.0 obtained under these conditions

suggests

that

combined irradiation-heat treatment might be less

benificial

than treatment by X-rays alone. Hill and Denekamp (1979), com-

paring the

TER

of six mouse tumors with the

TER

of skin also concluded

that for experiments were heat and irradiation were given immediately following each other no therapeutic gain could be observed. As stated before,
the estimation of thermal enhancement ratios in tumors may strongly be in-
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fluenced by experimental conditions (Table l)(chapt. III). The TER obtained in tumor experiments with anesthesia is

considerably

lower than those

obtained from experiments where no anesthesia was used. Moreover, the
values

increase

and

in

was

carried

with

TER

increasing tumor volume. Furthermore, in our study

several other studies (e.g. Hill and Denekamp, 1979) hyperthermia
out by means of the hot waterbath technique. Calculations of

TER's for tumors and skin at the same

waterbath

temperature

may lead to

underestimation of the benificial effect of heat because of the fact
the actual temperature in the center of the tumor
than the temperature of the waterbath
subcutaneously

is only

0.2

whereas

is

the

0.3 - 0.4
temperature

C

that
lower

measured

C below the temperature of the waterbath. It

still seems reasonable, however, that TGF's much higher than 1.0 cannot be
expected.

From

the many experiments which have been carried out thus far

(this thesis, and Hahn, 1983), it seems reasonable to rely more on
heat effects on radioresistant cells in tumors, with

regard

to

direct
possible

therapeutic advantage than on radiosensitization by heat.
If the combination of heat and X-rays is to be used clinically, it is
likely
skin

that fractionated treatments will be given. Experiments with mouse
(chapt. VII - IX) show that prior exposure to heat may influence the

response
ned

of the skin to subsequent treatment by heat alone or heat combi-

with

irradiation. The development of resistance to a subsequent heat

treatment

after

a priming heat treatment was relatively fast compared to

development of resistance to a combined irradiation-heat treatment. Figure
1 shows that within 6 hours after a priming treatment thermotolerance fully

developed

first

heat

both

in

treatment

skin

and in tumors. In skin, two weeks after the

some resistance can still be observed: however, in

tumors thermotolerance is already lost after two days. Rofstad and Brustad
(1984), studying the kinetics of thermoto'prance of a human melanoma xenograft

in

maximum
mors:

immune
at

16

deprived

mice, observed that thermotolerance reached a

hr and decayed slowly compared to experimental animal tu-

thermotolerance was lost after 7 days. Nevertheless, differences in

decay of thermotoleance between malignant and normal tissue may be benificial with regard to the clinical application of hyperthermia. If the thermotolerance
regimen,
eien

a

induced

in

the

normal tissue, as a result of some clinical

is larger than in the tumor, possibly because of slower decay or
larger

TTR, a therapeutic gain is likely to occur. Fractionation
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Figure 1. Tumor growth delay (upper diagram) and skin reaction
(average
score day 1 to 20) of the feet of mice
(lower diagram) caused by 1 hour
heating at 44 C dependent on the interval between a priming heat treatment (30 min at 43 C) and the subsequent heat treatment. Dashed lines indicate the tumor growth delay (upper diagram) and the skin reaction (lower
diagram) after 1 hour of heating at 44 C without priming heat treatment.
The volume of the tumor at the time of the lirst heat treatment was 100 to
150 mm . Each point represents the mean + s.e.m. (eight mice).
intervals should thus be sufficiently long to ensure more decay of thermotolerance

in the tumor than in the normal tissue. Data on the kinetics of

development and decay of thermotolerance in several other
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normal

tissues

and of course in human tumors as well are a prerequisite to

exploit

this

phenomenon.
Our
may

results

lead

IX).
to

mouse skin show that previous irradiation treatment

to limitations on the application of a second treatment (chapt.

Previous
subsequent

with

on

irradiation did not orily increase the response of the skin
irradiation

treatment

but also to heat alone or combined

X-rays. In clinical treatment of skin tumors with hyperthermia after

previous

radiotherapy,

a small area of skin adjacent to the tumor may be

at risk. But generally skin in previously irradiated areas will not be the
problem

in clinical practice as it may adequately be cooled during hyper-

thermic treatment. Other normal tissues in previously irradiated areas may
also lead to limitations in the heat treatment to be applied. Further data
on

responses to heat and/or irradiation of previously

irradiated

normal

tissues are clearly required as these may differ from skin.
Data

obtained

tastases
portant

to

on

the

response

of

artificial and spontaneous lung me-

irradiation show that the timing of therapy is extremely im-

(chapt.

IV). Our results indicate that in clinic adjuvant radio-

therapy should be given as soon as possible when the number of tumor cells
in

the

lung is still limited. After elective treatment in the clinic, in

cases

where

lungs

only

to

as a result of the reduced cell number of tumor cells in the
a few solitary metastases occur, metastatectomy may be useful

improve the prognosis of the patient. Combined radiotherapy and chemo-

therapy
enhanced

may

lead

to enhanced effects on metastases but may also lead to

damage to the lung tissue (chapt. V ) . Further experiments to in-

vestigate lung toxicity to combined radiation and chemotherapy compared to
effects of this treatment on lung metastases are required.
The present study shows that experiments with
contribute,
possible
from

within

laboratory animals may

limits, to further knowledge about the feasibility of

new ways of clinical treatment of cancer. The generation of data

animal

experiments

is relatively fast compared to the way in which

data can be obtained in the clinic (e.g. clinical trials). Progress in the
clinic

will

certainly be faster when backed by knowledge obtained in the

laboratory.
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SUMMARY
In chapter II the influence of the hypoxic cell sensitizer
zule

misonida-

on the radiation response of murine tumors of different size is des-

cribed.
tumor
the

The
volume

radiosensitivity
probably

of MB013X tumors decreased with increasing

as a result of the appearance of hypoxic cells in

tumor during growth. Administration of misonidazole prior to irradia-

tion resulted in the disappearance of this "volume" effect. Immobilization
of the animals with the anesthetic pentobarbital sodium (nemtubal) decreased

the

radiosensitiuity

of large tumors, probably as a result of acute

hypoxia in these tumors.
The effect of hyperthermia and misonidazole on

the

radiosensitiuity

of tumors with different uolume is presented in chapter III. In the

range

of investigated tumor volumes, the size of the tumor did not influence the
response to heat alone. Howeuer, when the heat treatment was combined with
irradiation, calculated

TER's increased with increasing tumor volume. An-

esthesia of the animals during treatment decreased the TER values both for
small and large tumors. Administration of
response

misonidazole did not affect the

of tumors to heat alone, but greatly enhanced the effect of heat

combined with irradiation.
In chapter IV data on the influence of thorax irradiation on the survival
ted.
An
are

of

mice with spontaneous or artificial lung metastases are presen-

Our

results show that the timing of therapy is extremely important.

increase
supposed

of

the interval between the moment at which lung metastases

to originate and the thorax irradiation resulted in a rapid

decrease of the effectiveness of this treatment in preventing the development of lung metastases.
Chapter V shows that combination of
diation may lead to

improvement

case

lung

of

treatment

artifical

of the

chemotherapeutic agents with raresults of thorax irradiation in

metastases. However, combined

irradiation-drug

may also lead to enhanced trapping of tumor cells in the lungs.

Moreover, combined treatment

decreased the survival time of mice as a re-

sult of enhancement of radiation induced lung damage.
Chapter VI decribes the
response
stress in

of

influence of

the skin of the mouse foot to

experimental conditions on the
irradiation. It appeared that

unanesthetized mice had a large influence on the radiation res-
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ponse of the skin. Stress in the animal led to a decrease of the radiation
response of the skin. The use of tranquillizers or anesthesia may override
this factor. Taping of the legs of animals, which results in clamping, reduces the radiation response. Based on the experiments with misonidazole
it can be concluded that the skin of the mouse foot does not contain hypoxic cells under optimal experimental conditions.
The effect of a priming heat treatment on the reaction of the skin of
mouse feet after heat alone or combined with X-rays is presented in chapter VII. The present experiments show that a priming heat treatment induced resistance both to a subsequent heat treatment and to a subsequent
combined irradiation-heat treatment. The development of resistance to a
combined irradiation-heat treatment after priming was relatively slow compared to development of resistance to a heat treatment without irradiation. The expression of resistance to combined treatment was dependent on
the severity of the heat treatment used in combination with X-rays: however, the severity of the "combined" heat treatment did not alter the kinetics of the development of the resistance. Administration of misonidazole prior to treatment did not influence the sensitivity of the skin to
heat, on the other hand, the reaction of the skin to combined irradiation
heat treatment was significantly increased.
In chapter VIII more attention was paid to the influence of thermotolerance on the thermal enhancement of radiation damage in the mouse foot
after combined treatment. In this chapter another assay was used, namely
mouse foot deformity instead of the acute skin reaction described in chapter VI, VII and IX. When the mouse foot was made thermotolerant by prior
heat treatment, thermal enhancement was always reduced, regardless the sequence of heat and irradiation were given. The kinetics of the development
of resistance to combined treatment proved to be dependent on the X-ray
dose used in combination with heat. A priming treatment of 30 mïn at 43 C
led to a decrease of effect of a combined treatment equivalent to an apparent decrease in the effective temperature employed in the combined heat
treatment of approximately 1.0 C.
The results of hyperthermia alone or combined with irradiation on
previously irradiated mouse skin are presented in chapter IX. It appeared
that previous irradiation of the feet of mice decreased the tolerance of
the skin to subsequent hyperthermia and/or irradiation. The data in this
156

chapter also show that a priming heat treatment induced thermotolerance
not only in normal skin but also in previously irradiated skin.
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SAMENVATTING
De invloed van de "hypoxic cell sensitizer" misonidazole op de
lingsrespons van

muizetumoren

stra-

van verschillende grootte is beschreven in

hoofdstuk II. De stralingsgevoeligheid van

M8013X tumoren nam af met toe-

nemend tumorvolume, waarschijnlijk tengevolge van het ontstaan van hypoxie
in de tumor tijdens de groei. Toediening van misonidazole voor

bestraling

resulteerde in het verdwijnen van dit "volume" effect. Het verdoven van de
dieren met

natrium pentobarbital (nembutal) verlaagde de stralings gevoe-

ligheid van grote tumoren, waarschijnlijk tengevolge van de

inductie

van

acute hypoxie in deze tumoren.
Het effect van

hyperthermie en irusonidazole op de stralingsgevoelig-

heid van tumoren van verschillende grootte is beschreven in hoofdstuk III.
De omvang van de tumor had, binnen de range van onderzochte volumina, geen
invloed op de respons voor verwarmen alleen. De berekende TER's namen echter toe met toenemend tumorvolume wanneer de
bineerd met bestraling. Verdoving van de

warmtebehandeling was gecom-

dieren

tijdens

de

behandeling

verlaagde de TER waarden voor zoroel kleine als grootte tumoren. Toediening
van misonidazole voor de behandeling had geen effect op de respons van tumoren voor verwarmen alleen, maar leidde echter wel

tot

een

aanzienlijk

verhoogd effect van verwarming gecombineerd met bestraling.
Gegevens
muizen

over de invloed van "thoraxbestraling" op de overleving van

met spontane of kunstmatige longmetastasen worden gepresenteerd in

hoofdstuk IV. Onze resultaten laten zien dat de keuze van het juiste tijdstip

van behandeling zeer belangrijk is. Verlenging van het tijdsinterval

tussen het moment waarop verondersteld wordt dat de metastasen ontstaan en
de

thoraxbestraling resulteerde in een snelle afname van de doeltreffend-

heid van deze behandeling om de ontwikkeling van metastasen te voorkomen.
Hoofdstuk V laat zien dat ingeval van
combinatie
van

de

van

longmetastasen,

met bestraling kan leiden tot

verbetering

resultaten van thoraxbestraling. Combinatie van radiotherapie met

chemotherapie
morcellen

chemotherapie

"kunstmatige"

kan echter ook leidden tot een verhoogde "trapping" van tu-

in de long. Bovendien

neemt na

gecombineerde

behandeling

de

overlevingstijd van de muizen af tengevolge van verhoogde stralingsgeinduceerde longschade.
De invloed van

experimentele condities op de stralingsrespons van de
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huid van de muizevoet is beschreven in hoofdstuk VI. Het bleek dat stress,
in onverdoofde muizen, een grote invloed had op de respons van de huid
voor bestraling. Stress leidde tot een afname van de stralingsrespons. Het
vastplakken van de poten, wat afknelling tot gevolg heeft, heeft ook een
afname van de stralings response tot gevolg. Aan de hand van de experimenten uitgevoerd met misonidazole moeten wij niettemin concluderen dat, onder optimale experimentele condities, de huid van de muizepoot geen hypoxische cellen bevat.
Het effect van een voorafgaande warmtebehandeling op de reactie van
de huid van de muizevoet na verwarmen alleen of gecombineerd met bestraling is beschreven in hoofdstuk VII. De experimenten tot nu toe laten zien
dat een voorafgaande warmtebehandeling leid tot bescherming zowel tegen
een volgende warmtebehandeling als tegen een volgende "gecombineerde" bestralings-verwarmingsbehandeling. De ontwikkeling van resistentie tegen de
gecombineerde bestralings-verwarmingsbehandeling was relatief langzaam
vergeleken roet de ontwikkeling van resistentie tegen een warmtebehandeling
zonder bestraling. De expressie van resistentie tegen de "gecombineerde"
behandeling was afhankelijk van de warmte behandeling die gebruikt werd in
combinatie met bestraling, maar de hevigheid van de gecombineerde warmtebehandeling veranderde de kinetiek van de ontwikkeling van resistentie
niet. Het toedienen van misonidazole voor de behandeling had geen invloed
op de warmtegevoeligheid van de huid, de reactie van de huid na gecombineerde bestralings-verwarmingsbehandeling was echter duidelijk verhoogd.
In hoofdstuk VIII werd uitgebreid aandacht besteed aan de invloed van
thermotolerantie op de versterking door warmte van de stralenschade aan de
muizevoet na gecombineerde behandeling. In dit hoofdstuk werd gebuik gemaakt van een ander soort essay, misvorming van de voet in plaats van de
acute huidreactie die reeds beschreven is in hoofdstuk VI. Thermotolerantie, tengevolge van een voorafgaande warmtebehandeling bleek'de versterking door wamte van de stralingsreactie van de muizepoot te verminderen.
Deze vermindering was onafhankelijk van de volgorde waarin verwarming en
bestraling waren gegeven. De kinetiek van de ontwikkeling van resistentie
tegen gecombineerde behandeling bleek afhankelijk te zijn van de stralings
dosis die gebruikt werd in combinatie met verwarming. Een initiële warmtebehandeling van 30 min 43 C leidde tot afname van het effect van de
daaropvolgende gecombineerde behandeling die gelijk was aan een verlaging
160

van de effectieve temperatuur van de met bestraling gecombineerde warmtebehandeling van ongeveer 1.0 C.
In hoofdstuk IX zijn de resultaten beschreven van hyperthermie alleen
of gecombineerd met bestraling van reeds eerder bestraalde muizehuid. Het
bleek dat een "vroegere" bestralingsbehandeling de tolerantie van de huid
voor een later gegeven behandeling met hyperthermie en/of bestraling verlaagde. Uit de gegevens in dit hoofdstuk blijkt verder dat een initiële
warmtebehandeling leid tot thermotolerantie niet alleen in gezonde huid
maar ook in reeds eerder bestraalde huid.
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