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ABSTRACT

In order to improve local control of tumors over that achievable with
local hyperthermia and radiation, we are testing the use of systemic cis-

diamminedichloroplatinum(II) (CDDP) in conjunction with the other two
modalities. In the FSalIC fibrosarcoma, growth delay experiments indi
cated that the use of any two modalities resulted in at least additive
effects on growth delay. When the trimodality treatment was tested, the
sequence CDDP followed by hyperthermia followed by X-ray produced

a growth delay of approximately 25 days which was superior to the
growth delay produced by the sequences CDDP, X-ray, and hyperthermia
(19 days) and X-ray, CDDP and hyperthermia (14 days). In excision

experiments, also performed in the FSalIC tumor system, we again
observed clearly superior cytotoxicity in the sequence CDDP, hyperther
mia, and X-rays over the other sequences tested. Our results indicate

that scheduling CDDP just prior to heating and following the heat
treatment with the radiation fractions results in the best tumor cell kill,
probably because this sequence takes maximum advantage of the radi-
osensitizing properties of the combined heat-CDDP treatment. In addi

tion, the strong cytotoxic interaction between CDDP and hyperthermia
is also optimized by this scheduling. We believe these results have
significant clinical implications.

INTRODUCTION

The advantage of utilizing combination therapies for the
treatment of disseminated diseases such as leukemia has been
recognized for some time (1). The use of combined modality
therapies to achieve local control of tumors, however, has been
attempted less frequently. Radiation therapy is often the most
appropriate modality for the treatment of local tumors (2);
therefore, it seems worthwhile to develop combination treat
ments which will augment the effects of radiation.

The use of radiation sensitizing drugs (3), chemotherapeutic
agents (4), and hyperthermia (5) in conjunction with radiation
therapy have each shown promise in the clinic. The rationale
for the use of radiation, hyperthermia, and a chemotherapeutic
agent in combination for the treatment of local disease is 2-
fold: first, some chemotherapeutic agents (6-8) and hyperther
mia (9-11) can effectively attack radioresistant subpopulations
of the tumor such as hypoxic cells at low pH, and second, some
chemotherapeutic drugs are strongly cytotoxically interactive
with both radiation and hyperthermia (12). In this report, we
focus on the use of CDDP3 with hyperthermia and radiation as

a trimodality therapy (4, 12).
CDDP is a particularly promising agent for use in this

trimodality approach because it is known to interact positively
with hyperthermia both in vitro (13-16) and in vivo (17-19),
and the normal tissue effects of this combination have also been
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investigated (20, 21). In addition, CDDP is also known to
interact positively with radiation both in vitro (22, 23) and in
vivo (24-27) and is thought to sensitize normal tissue less than
tumor tissue to the effects of radiation (27).

In planning trimodality therapy, questions regarding the se
quence of the different modalities become very significant. In
this study, using the FSalIC fibrosarcoma murine tumor sys
tem, we have examined the combination of CDDP with hyper
thermia and radiation by tumor growth delay and tumor exci
sion assay to quantitate the tumor cell kill by each treatment,
and have defined what we consider an optimum schedule,
which, we believe, has implications for the clinic.

MATERIALS AND METHODS

Drug. CM-Diamminedichloroplatinurn(II) was a gift from Drs.
Donald Picker and Michael Abrams, Johnson Matthey, Inc. (West
Chester, PA).

Tumor. The FSall fibrosarcoma (28) adapted for growth in culture
(FSalIC) (29) was carried in male C3H/He mice (The Jackson Labo
ratory, Bar Harbor, ME). For the experiments, 2 x IO6 tumor cells

prepared from a brei of several stock tumors were implanted i.m. into
the legs of male C3H/He mice 8 to 10 weeks of age.

Tumor Growth Delay Experiments. When the tumors were approxi
mately SO mm3 in volume, treatment was initiated. In those groups
receiving the drug, CDDP (5 mg/kg) in 0.9% phosphate-buffered saline
(0.2 ml) was injected as a single dose i.p. on the first day of treatment.
In those groups receiving hyperthermia, heat was delivered locally as a
single dose on day 1 of the treatment to the tumor-bearing limb by
immersion in a specially designed Plexiglas water bath at 44V which
allowed the centers of tumors to reach 43 Â±0.2'C as measured by a

digital readout thermistor (Sensortech, Inc., Clifton, NJ) placed into
the center of the tumor in selected control animals as previously
described (29). In those groups receiving radiation, X-rays were deliv
ered locally to the tumor-bearing limb at a dose of 3 Gy daily for S
days. No anesthetic was used. The progress of each tumor was measured
thrice weekly until it reached a volume of 500 mm3. Tumor growth

delay was calculated as the days taken by each individual tumor to
reach 500 mm3 compared to the untreated controls. Each treatment

group had 7 animals and the experiment was repeated 3 times. Days of
tumor growth delay are the mean Â±SE for the treatment group
compared to the control.

Tumor Excision Assay. When the tumors were approximately 50
mm3 in volume (about 1week after tumor cell implantation) the animals

were given injections i.p. of various doses of CDDP (0, 5, 10, or 20
mg/kg) alone, or immediately followed by hyperthermia (43Â°C,30

min), as described above, to the tumor-bearing limb. Other treatment
groups received various doses of radiation (5,10, or 15 Gy) whole body
without anesthetic alone or with CDDP (10 mg/kg) prior to or follow
ing X-ray treatment or with hyperthermia (43Â°C,30 min) prior to or

following hyperthermia. Three treatment groups received trimodality
combinations: (a) radiation (5, 10, or 15 Gy), followed by CDDP (10
mg/kg), then hyperthermia (43Â°C,30 min); (*) CDDP (10 mg/kg),
followed by radiation (5, 10, or 15 Gy), then hyperthermia (43Â°C,30
min); or (c) CDDP (10 mg/kg), followed by hyperthermia (43*C, 30

min), then radiation (5, 10, or 15 Gy). Mice were sacrificed and soaked
in 95% elHanoi 24 h after treatment to allow for full expression of drug
cytotoxicity and repair of potentially lethal damage. The tumors were
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excised under sterile conditions in a laminar flow hood and minced to
a fine brei with 2 scalpels. Four tumors were pooled to make each
treatment group. Approximately l g of tumor brei was used to make
each single-cell suspension. All reagents were sterilized with 0.22-^m
Millipore membranes and were added aseptically to the tumor cells.
Each sample was washed in 20 ml of a-minimal essential medium
(Grand Island Biological Co., Grand Island, NY) in a SO-ml centrifuge
tube, after which the liquid was gently decanted and discarded. The
samples were resuspended in 450 units/ml collage-naso (Sigma Chemi

cal Co., St. Louis, MO) and 0.1 mg/ml DNase (Sigma) and incubated
for 10 min at 37Â°Cin a shaking water bath. The samples were centri

fugad at 200 x g and the supernatant was discarded. The samples were
resuspended as above and incubated for another IS min at 37Â°C.One

ml of 1 mg/ml DNase was added and incubation was continued for S
min at 37'C. The samples were then filtered through 2 layers of sterile

gauze. The samples were washed twice, then resuspended in a minimal
essential medium supplemented with 10% fetal bovine serum (Sterile
Systems, Logan, UT). These single-cell suspensions were counted and
plated at three different cell concentrations in duplicate for the colony-
forming assay. One week later the plates were stained with crystal violet
and colonies of more than 50 cells were counted. The untreated tumor
cell suspensions had a plating efficiency of 10-16%. The results are
expressed as the surviving fraction Â±SE of cells from treated groups
compared to untreated controls (30).

RESULTS

The FSalIC fibrosarcoma is responsive to treatment with
CDDP. A single treatment with 10 mg/kg of CDDP produces
a tumor growth delay of 8.0 Â±1.7 days in this tumor. For the
combination treatment reported in this study, a dose of 5 nig/
kg CDDP, which produced 4.4 Â±0.9 days of tumor growth
delay, was used (Table 1). Treatment with hyperthermia alone
(43Â°C,30 min) produced a minimal effect on the tumor, giving

about 1.4 days of tumor growth delay. When treatment with
elevated temperature was immediately preceded by drug admin
istration, a tumor growth delay of about 6 days resulted, which
appears to reflect additivity of the individual treatments. Other
schedules for CDDP combined with local hyperthermia have
been tested previously in our laboratory. CDDP i.p. immedi
ately prior to local heating always caused the largest growth
delay.

Fractionated radiation therapy consisting of one 3-Gy frac
tion/day for 5 days produced 6.3 Â±1.5 days of tumor growth

Table 1 Growth delay of the FSal 1Cfibrosarcoma produced by combinations of
CDDP, heat, and X-rays

Treatment group Tumor growth delay0 (days)

CDDP (5 mg/kg)*

CDDP (10 mg/kg)
43-C, 30 minc

CDDP -Â»heat

X-rays (5x3 Gy)d

Heat â€”Â»X-rays
CDDP â€”X-rays

X-rays -
CDDP-
CDDP-

CDDP â€”heat
â€¢X-rays -Â»heat
â€¢heat â€”Â»X-rays

4.4 Â±0.9
8.0 Â±1.7
1.4 Â±0.7

5.9 Â±1.1

6.3 Â±1.5

8.4 Â±2.2
11.7Â± 1.8

13.9 Â±2.3
19.3 Â±3.4
25.2 Â±2.8

" Tumor growth delay is the difference in the number of days for treated tumors
to reach 500 mm3 compared to untreated control tumors. The data are presented

as the mean of 14 animals Â±SE.
*CDDP was injected in phosphate-buffered saline as a single dose i.p. on day

I of treatment.
' Heat was delivered as a single dose on day 1 of treatment locally to the

tumor-bearing limb by immersion in a water bath at 44*C which allowed the
tumors to reach 43*C.

* X-rays were delivered locally to the tumor-bearing limb at a dose of 3 Gy

daily for 5 days. No anesthetic was used.

delay in the FSalIC fibrosarcoma. Preceding the radiation
fraction on day 1 of the treatment regimen with hyperthermia
(43Â°C,30 min) or CDDP (5 mg/kg) increased the tumor growth

delay to 8.4 Â±2.2 and 11.7 Â±1.8 days, respectively.
Three sequences of the trimodality combination treatment

were examined. In two treatment groups, CDDP i.p. was given
just prior to local hyperthermia, and the radiation fraction was
given prior to or after the drug and hyperthermia. In the third
treatment group, the CDDP was followed by radiation and the
hyperthermia was given last. When radiation was given prior
to CDDP and heat on the first day of treatment, the tumor
growth delay was about 14 days; when radiation was given
between the drug and heat on the first day of treatment, the
tumor growth delay was about 19 days; and when radiation was
given after CDDP and heat on the first day of treatment, the
resulting tumor growth delay was about 25 days. Therefore,
each sequence of the trimodality tested led to measurably dif
ferent tumor responses.

FSalIC tumor cell kill by CDDP increases linearly with
increasing dose of the drug as measured by in vitro tumor cell
survival following treatment of tumors in vivo (Fig. 1). Hyper
thermia (43 Â°C,30 min) killed only about 20% of the tumor

population. However, treatment with CDDP followed by hy
perthermia (43Â°C,30 min) led to markedly increased tumor cell

kill. Approximately 2 decades more tumor cells were killed by
the drug/heat combination than by the drug alone across the
dosage range of CDDP. Radiation from 5 to 15 Gy also killed
FSalIC tumor cells treated in vivo in a linear, dose-dependent
manner (Fig. 2). For two modality combinations with radiation,
hyperthermia was administered at 43Â°Cfor 30 min and CDDP

was administered at a dose of 10 mg/kg i.p., which kills about
50% of the tumor cells. There was no difference in tumor cell
kill whether hyperthermia was administered prior to or after
radiation. In this test system, the effects of hyperthermia and
radiation appeared to be additive. When CDDP was adminis
tered immediately after radiation treatment, the effects of the
drug/radiation combination on tumor cell kill appeared to be
additive to subadditive. However, if CDDP was given just prior

1.0
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Fig. l. Survival of FSalIC cells from FSalIC tumors treated with various

doses of CDDP with (O) hyperthermia (43'C, 30 min) delivered immediately

after drug administration or without (â€¢)hyperthermia. The data are shown as
the mean of three independent experiments (Â±SE).
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Fig. 2. Survival of FSallC cells from FSallC tumors treated with various
doses of radiation alone (â€¢),followed by CDDP (10 mg/kg) (â€¢),followed by
hyperthermia (43'C, 30 min) (A), preceded by CDDP (10 mg/kg) (D) or preceded
by hyperthermia (43Â°C,30 min) (A). The data are shown as the mean of three

independent experiments (Â±SE).
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Fig. 3. Survival of FSallC cells from FSallC tumors treated with various
doses of radiation in three trimodality sequences: (a) radiation followed by CDDP
(10 mg/kg) then hyperthermia (43Â°C,30 min) (O); (6) CDDP (10 mg/kg) followed
by radiation then hyperthermia (43'C, 30 min) (â€¢);or (c) CDDP (10 mg/kg)
followed by hyperthermia (43'C, 30 min) then radiation (â€¢).The data are shown

as the mean of three independent experiments (Â±SE).

to radiation treatment, there was a significant increase in tumor
cell kill as compared to giving the CDDP after the radiation
fraction. A relatively greater difference in the cytotoxicity of
CDDP followed by radiation treatment was seen at the lower
dose of radiation (5 Gy) than at the higher doses of radiation
(10 and 15 Gy).

Tumor cell survival was also examined with three sequences
of trimodality therapy (Fig. 3). Measurable differences in tumor
cell killing were also found among each of the three trimodality
treatment sequences in the excision assay as in the tumor
growth delay experiments. If radiation was given just prior to
CDDP followed by hyperthermia, tumor cell killing increased
from 2.4 to 3.5 decades as the dose of radiation increased from

5 to 15 Gy. When the radiation fraction was given just after
the CDDP and prior to the hyperthermia, tumor cell killing
increased from about 3 to 4.5 decades as the dose of radiation
increased from 5 to 15 Gy. However, the sequence CDDP
followed by hyperthermia and then the radiation fraction pro
duced the greatest cytotoxicity and the tumor cell kill increased
from 3.5 to almost 5 decades as the dose of radiation increased
from 5 to 15Gy.

DISCUSSION

After administration of CDDP, the highest concentrations of
platinum within the cell are found in the nuclei, cytosol, and
microsomes (31 -33). There is considerable evidence that DNA
is the principal intracci lutar target of CDDP in vivo (34). Several
studies have shown that hyperthermia enhances the damage to
DNA produced by CDDP both in cells and in in vitro extracel
lular systems (29, 35,36).4 It appears that temperatures of 42"C

or greater increase the rate of the reaction of CDDP with DNA
(29).Â«

The effects of local hyperthermia upon the vasculature of
tumor and surrounding normal tissue have been studied exten
sively in animal systems (37-40) and in human tumors (41,
42). A general finding was that blood circulation to the tumor
was initially increased by hyperthermic temperatures. Most, but
not all, of these investigators found that tumor circulation in
animal but not in human tumors subsequently diminished to
below unperturbed levels with continued heating. The exact
temperatures and treatment durations necessary to induce these
vascular changes appeared to be tumor type specific. In our
experiments, it is likely that the hyperthermia-induced increase
in tumor blood flow resulted in more CDDP being delivered to
the tumor over the time course of hyperthermia. In addition,
there is evidence that hyperthermia may cause more CDDP to
be extracted by tissues by mechanisms other than increased
blood flow (43). It is also very likely that hyperthermia increased
the rate of reaction between CDDP and DNA within the tumor
cells (37).4

The mechanism by which CDDP acts as a radiosensitizer
remains controversial (44, 45). However, one possibility in
volves formation of a Pt(I) intermediate by erq reduction of
CDDP which loses both chlorides rapidly, interacts with O2 to
form a platinum-oxygen adduct, which reacts with the hydroxyl
radical adducts of DNA and disproportionates to platinum
metal. Reactions of this type would operate with drug bound to
DNA as well as free CDDP. Therefore, the delivery of CDDP
and hyperthermia prior to radiation would not compromise the
interaction between the drug and radiation.

The use of the trimodality approach has been explored in
other animal model systems (46-50). The combination of mi-
sonidazole/hyperthermia/radiation was studied in the C3H
mouse mammary adenocarcinoma (47) and in the MT2 mouse
mammary carcinoma (48, 49). The application of heat locally
to the tumors caused a significant increase in the misonidazole
tumor concentration (48, 49), and the trimodality treatment
was also found to be optimal when the drug and heat were given
prior to radiation as in our own study. The combination of
bleomycin, hyperthermia, and radiation was studied in the
Ehrlich ascites tumor, and optimal results were obtained with
concomitant application of the three modalities (50). This
schedule, however, is not possible in the clinic at present.

4T. S. Herman, B. A. Teicher, V. Chan, L. S. Collins, and M. J. Abrams.

Effect of heat on the cytotoxicity and interaction with DNA of a series of platinum
complexes, submitted for publication.
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We are currently testing CDDP, hyperthermia, and radiation
in patients with superficial tumors that can be heated adequately
with an external hyperthermia applicator.5 The realities of the

clinical setting do not allow for as close a temporal sequence
between radiation and the other modalities as is possible in the
laboratory. However, we have been able to optimize the timing
between CDDP and hyperthermia by giving the drug rapidly
i.v. over approximately S min and beginning hyperthermia
(43Â°Ctarget minimum tumor temperature for 60 min) during

the last 2 min of the drug infusion. Because of the laboratory
studies presented above, we have changed the order of treatment
from radiation prior to CDDP and hyperthermia to after CDDP
and hyperthermia. Initially we had given the radiation first to
prevent the theoretical occurrence of hyperthermia-induced
shutdown of the tumor circulation, which has been observed in
animal tumors (38-41), from causing hypoxic radioresistance
when the radiation fraction followed the heat treatment. How
ever, it appears to us from the temperature decay slopes ob
served with power off that hyperthermia-induced shutdown of
tumor circulation does not occur in human tumors at clinically
achievable temperatures. It is our strong clinical impression
that the antitumor responses we are now observing occur much
more promptly with this new sequence of treatments as pre
dicted by these laboratory experiments.
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