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Sensitization of Rat 9L Gliosarcoma Cells to Low Dose Rate Irradiation by Long
Duration 41Â°CHyperthermia1
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ABSTRACT

Modification of survival by long duration, 41Â°Chyperthermia in com

bination with low dose rate radiation (0.5 Gy/h) was determined in rat
9L gliosarcoma cells. Cells were exposed to radiation in a manner that
simulated continuous irradiation at a dose rate relevant to clinical brach-
ytherapy. High dose rate X-irradiation was fractionated in 1.0-Gy frac
tions at 2-h intervals (FLDRI). Previous studies had demonstrated that
9L cells exposed to FLDRI with these parameters have survival charac
teristics that are equivalent to continuous low dose rate irradiation. Cells
exposed to 41Â°Cthroughout FLDRI were sensitized significantly (thermal
enhancement ratio of 2.07) compared with cells irradiated at 37Â°C.
Incubation for 24 h at 41Â°Cbefore and/or after FLDRI at either 37Â°Cor

-II ( did not increase the slope of the radiation survival curves but did
reduce the shoulder. Similarly, heating at 43Â°Cfor 30 or 60 min before

and/or after irradiation at 0.5 Gy/h also did not enhance cell sensitivity.
Survival of cells after irradiation at high dose rate (60 Gy/h) was
independent of the temperature during irradiation. Preheat at -41( for
24 h did not sensitize cells to high dose rate irradiation by increasing the
slope of the survival curve, although a loss of shoulder was observed.
Sensitization of cells heated at 43Â°Cfor 30 or 60 min before high dose

rate irradiation was expressed as classical slope modification. Our results
demonstrate that 4IÂ°Cheating during FLDRI greatly sensitizes cells to

radiation-induced killing for exposure durations up to 36 h. Heating 9L
cells at 41Â°Cor 43Â°Cadjacent to FLDRI at 0.5 Gy/h resulted in no

additional enhancement of terminal sensitivity, although shoulder modi
fication was observed. The Sensitization by simultaneous heating de
scribed above occurred even though thermotolerance developed during
extended incubation at -11(. These in vitro data demonstrate that
simultaneous protracted heating at modest temperatures could greatly
enhance the cytotoxic effects of low dose rate interstitial irradiation and
could be of significance in clinical application.

INTRODUCTION

Clinical hyperthermia has primarily utilized protocols with
target temperatures in the range of 43-45Â°C for durations of

30 to 60 min (1,2). Such heat treatments have most commonly
been combined with conventional external beam radiation. Sim
ilarly, investigation into biological effects of heat alone and in
combination with radiation have concentrated on short dura
tion, "high temperature" hyperthermia, and "high dose rate"

radiation. Less is known of the efficacy of hyperthermia when
combined with LDRI1 in the range of 0.3 to 1.0 Gy/h as is used

in conventional brachytherapy. In particular, little is known of
how extended duration, low temperature hyperthermia may be
effective in enhancing LDR1. A few in vitro investigations (3-
5) have demonstrated that continuous exposure at 41Â°Cor
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lower during LDRI can enhance radiation killing. All of these
investigations had the disadvantage of being performed at dose
rates significantly higher than the brachytherapy range. In vivo
evidence of hyperthermic enhancement of LDRI has focused
on short exposures in the 43-45Â°C range before or after irra

diation (6, 7). Interest in application of moderate temperature
hyperthermia for durations that extend over hours or days has
been limited because clinical utilization has previously not been
practical. Recently, at least one system has been developed (8)
that will allow controlled heating of tumors over extended
periods. This methodology, which utilizes computer control of
interstitially implanted radiofrequency electrodes and other
technological advances, could greatly enhance the clinical utility
of hyperthermia. Another impetus for interest in lower temper
atures is the clinical observation that attaining temperatures of
43Â°Cor higher throughout tumors, other than small superficial

ones, has not been practically achievable. The 2 major limiting
factors have been: (a) induced pain; and (b) an inability to
produce appropriate heating patterns due to limitations of
current technology (9-12). A separate phenomenon that has
dampened interest in the clinical utilization of temperatures
below 42Â°Cis the specter of thermotolerance development (13,

14). Although thermotolerance develops during extended low
temperature hyperthermia in vivo (15), there is no reported
evidence that this event eradicates radiosensitization induced
by prolonged 41Â°Cheating. Extended exposures at lower tem

peratures may thus be a useful alternative for sensitizing radia
tion killing in certain clinical situations. We have carried out
experiments in vitro to determine whether addition of simulta
neous or adjacent low and high temperature hyperthermia can
enhance the efficacy of low dose rate interstitial irradiation.
Fractionated X-irradiation, with small fraction size, was utilized
to stimulate continuous low dose rate irradiation. Exposure of
9L cells to FLDRI, as applied herein, has been demonstrated
to be equivalent to continuous irradiation at both 37Â°Cand
41Â°C.4

MATERIALS AND METHODS

Rat 9L/SF gliosarcoma cells growing exponentially as monolayers
were used in all phases of this project. The 9L cells were obtained from
Dr. Michael Borrelli and were of the type used by Deen et al. (16). The
culturing conditions for these cells are similar to those described
previously (17). Cultures were grown in Dulbecco's modified minimal

essential medium (Mediatech) supplemented with 10% newborn bovine
serum (Hazelton Biologies, Inc.), 1% vitamins (Irvine Scientific), 0.1
HIMnonessential amino acids (Sigma), and 2 imi L-glutamine (Sigma).
Stock cells were maintained in a humidified incubator at 37Â°Cin 5%

CO2 (pH 7.2-7.4). The ability of these cells to grow as intracerebral or
s.c. tumors in Fisher 344 rats, as previously described (18, 19), was
confirmed.

In all experiments, approximately 3 x IO5 cells were seeded into
each 25-cm2 plastic tissue culture flask (Corning) 24 h before initiation
of X-ray or hyperthermia treatment. Heating was carried out by sealing

4 E. Armour, Z. Wang, P. Corry, and A. Martinez. Equivalent of continuous
and fractionated low dose rate irradiation in 9L gliosarcoma cells at 37Â°Cand
41Â°C.submitted for publication.
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41'C HYPERTHERMIA AND LDR IRRADIATION

the tops of flasks with parafilm and submerging them in a water bath
regulated to within 0.05Â°Cof the appropriate temperature. Throughout

experiments, pH was checked at intervals by measuring medium from
samples removed for survival assay. Medium in all appropriate flasks
was removed and replaced with new warm medium when the pH was
observed to drop below 7.1. The replacement process required less than
5 min. Medium pH was observed to remain stable for approximately
72 h. Change of medium was necessary only in FLDRI experiments
that had a pre- and/or post-radiation incubation at 41Â°Cfor 24 h. The

doubling time of 9L cells increased from 18 to 34 h when incubation
temperature was increased from 37Â°Cto 41Â°C.Irradiation at 0.5 Gy/h
at 37Â°Cfor up to 42 h increased the doubling time during irradiation
by only a few hours, but irradiation at 41Â°Cresulted in a doubling time
of approximately 50 h. Cells were irradiated at either 37.0Â°Cor 41.0Â°C

with a GE Maximar 250-III X-ray machine. The temperature of the
cells was controlled during irradiation by placing the flasks with cells
on the surface of a water bath. The flasks were suspended on the bath
surface with a nylon monofilament net. Continuous low dose rate
irradiation at 0.5 Gy/h was simulated by irradiating with 1.00-Gy
fractions at 2.0-h intervals. The 1.00-Gy fractionation scheme was
chosen because this dose is much less than the width of the shoulder
on the acute survival curve. The Dq of acutely irradiated 9L cells was
measured to be 3.0 Gy. Fractionated irradiation as described above has
been demonstrated to be equivalent to continuous irradiation. The
equivalence was found to be true at both 37Â°Cand 41Â°C."The appro

priate temperature was maintained between irradiation fractions by
transferring the flasks to a water bath outside the shielded irradiation
cabinet. Each 1-Gy fraction consisted of a 55-s exposure at a dose rate
of 66 Gy/h. Incubation at 41Â°C,where applicable, was started simul

taneously with the first 1-Gy faction. Acute exposure at a high dose
rate of irradiation consisted of continuous irradiation at 66 Gy/h. The
X-ray exposure conditions were as follows: tube voltage, 250 kV peak:
tube current, 15 mA; beam filtration, 0.25 mm Cu + 1.0 mm Al; and
source-to-sample distance, 45 cm. The dose rate in the center of the
field was measured before each experiment with an ionization chamber
and was found to vary by less than 2% from one experiment to another.
The dose rate within the exposure field was measured to be homoge
neous within 3% by film densitometry.

In addition to the conditions of irradiation at 37Â°Cor 41 Â°C,the

effect of pre- and post-heating was determined. Cells were heated at
41"C for 24 h or 43Â°Cfor 30 or 60 min before and/or after irradiation
at 37Â°Cor 41Â°C.Culture flasks with cells were heated by submerging

in water baths set at the designated temperature. The time between
heating and start or completion of irradiation was less than 1 min. The
development of thermotolerance during 41Â°Cincubation was also as
sayed by challenging the cells with graded lengths of exposure at 43Â°C
after incubation at 41Â°Cfor 24 h. Induction of thermotolerance by
heating at 43Â°Cfor 30 min followed by incubation at 37Â°Cfor 24 h
and then challenging with 43Â°Cwas used for comparison to thermotol

erance induced by acute heating. Survival was assayed by colony for
mation using a standard colony formation technique. Immediately after
an appropriate radiation-heat exposure, cells were removed from flasks
with trypsin, diluted, and seeded into tissue culture dishes for survival
assay. After 14 days of incubation, colonies were stained with crystal
violet and counted. Colonies having more than 50 cells were scored.

RESULTS

Emphasis in this investigation has been directed at under
standing the role of long duration, low temperature (41Â°C)

hyperthermia combined with radiation in the dose rate range
used in conventional clinical brachytherapy (0.3 to 1.0 Gy/h).
A dose rate of 0.5 Gy/h was used experimentally to represent
typical LDRI. Survival data for 9L cells after irradiation or
heat combined with radiation are presented as survival curves
with radiation dose as the abscissa. The error bars on the data
points represent standard deviations. The slopes of the expo
nential portion of the survival curves were fitted to a first order

polynomial using least squares polynomial regression (Slide
Write Plus-Advanced Graphics Software). Interaction of hyper
thermia with radiation has been analyzed in terms of 2 thermal
enhancement ratio parameters. The first, "TER-S," is defined

as ratio of the slope of the terminal portion of the survival curve
for heated cells to the slope of the survival curve for cells
irradiated at 37Â°C.The second parameter is designated "TER-
1%" which is defined as the ratio of radiation dose to reduce

survival to 1% in control cells to the 1% survival dose for heated
cells. The thermal enhancement ratio data for selected experi
ments are presented in Table 1. The major conclusions to be
drawn from the data are: (a) simultaneous heating at 41Â°C

throughout the entire duration of FLDRI results in a TER-S
of 2.07; (b) heating at 41Â°Cor 43Â°Cbefore and/or after FLDRI

does not significantly increase TER-S; (c) adjacent heating does
increase TER-1%, although this is primarily due to direct heat
killing and shoulder modification.

The role of temperature during irradiation in modifying cell
killing was determined by exposing cells to 41Â°Cthroughout

fractionated low dose-rate X-irradiation. Irradiation at the ele
vated temperature produced substantial sensitization compared
with cells incubated at 37Â°Cthroughout irradiation (Fig. 1).

The TER-S and TER-1% were 2.07 and 1.87, respectively, for
the above condition. The primary effect of simultaneous irra
diation and 41Â°Chyperthermia was to increase the slope of the

survival curve. The shoulder region was not significantly
changed. The slope increase in the survival curve for cells
irradiated at 41Â°Cis not a result of additive heat-induced killing

due to the fact that heat killing does not increase with heat dose
(length of exposure) beyond approximately 6 h. The survival of
cells heated at 41Â°Cdecreased to approximately 60% after 12

h, but subsequently, no further killing was observed for expo
sures up to 72 h (Fig. 2). Killing with 41Â°CFLDRI was greater

than with acute irradiation, although much of the difference
can be accounted for by direct cell kill by heat. The mechanism
of sensitization was further explored by heating at 41 Â°Cor 43 Â°C
before and/or after FLDRI at 37Â°C.These experiments were

performed to determine whether sensitization could be activated
by heating adjacent to, rather than during irradiation at 0.5
Gy/h. Heating at 41Â°Cfor 24 h before or after, or both before
and after FLDRI at 37Â°C,caused a downward shift of the

radiation survival curves, but the slopes of the curves remained
parallel (Fig. 3). The small amount of sensitization observed
was primarily due to simple additive killing from the initial

Table 1 Selected thermal enhancement ratios for text Figs.

Slope-Do
thermal

enhancement
Conditions ratio TER-1%

Fig. 1â€”FLDRI 0.5Gy/hX
at 41TFig.3â€”FLDRI 0.5 Gy/h at37'C41'C

24 h + X at 37'C -1-41 T 24hFig.
4/1â€”FLDRI 0.5 Gy/h at37'C43'C

30 min + X at 37'C + 43'C 30minFig.
4Ã„â€”FLDRI 0.5 Gy/h at37'C43'C

60 min + X at 37'C + 43'C 60minFig.
5â€”acute X-ray 66Gv/h43'C

30 min + X at37'CFig.
6â€”acute X-ray 66Gy/h41'C

24 h + X at 37'C + 41T 24hFig.
7â€”FLDRI 0.5 Gy/h at41Â°C41'C

24 h + X at 41'C + 41'C 24hFig.
8/1â€”FLDRI 0.5 Gy/h at41'C43'C

30 min + X at 41'C + 43Â°C30minFig.
Â»Bâ€”FLDRI 0.5 Gy/h at41'C43'C

60 min + X at 41'C + 43'C 60 min2.070.971.020.901.661.082.141.261.391.871.251.181.591.61.712.752.003.20
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37Â°C-FLDRI

6 9 12 15
DOSE (Gy)

18 21

Fig. 1. Continuous low dose rate irradiation at 0.5 Gy/h was simulated by X-
irradiating 9L gliosarcoma cells with 1-Gy fractions at 2-h intervals (FLDR1).
Heating at 4I'C throughout the irradiation period (A A) substantially reduced
survival compared with irradiation at 37'C (O O). The resultant TÃ‰R-Swas

2.07. A first order polynomial fit to the log of survival beyond the shoulder region
is plotted. Cells exposed to FLDRI at 41 "C had survival that was slightly lower

than that for cells acutely irradiated at 66 Gy/h (â€¢ â€¢).Much of this
difference can be attributed to direct killing of cells by heat.
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Fig. 2. Survival of 9L cells heated at 41Â°Cdecreased to approximately 60Cc

after 12 h but remained stable thereafter for up to 72 h.

41Â°Cheat treatment. As a comparison to more "traditional"

high temperature hyperthermic exposures, cells were heated at
43Â°Cfor 30 (Fig. 44) or 60 (Fig. 4B) min before, after, or both
before and after FLDRI at 37Â°C.These adjacent heatings

resulted in survival curves with slopes no different than that for
cells irradiated identically but with no contiguous heating.
Adjacent heating with 43Â°Cfor 60 min produced an unexpected

drop in survival after 2 Gy, followed by normal sensitivity. This
minor anomaly could have resulted from sensitization due to
the close proximity of heat and the initial few hours of FLDRI.
Recovery from this heat-induced sensitization over the first 4
to 6 h would explain why no further sensitization was observed
beyond the 2-Gy exposure.

Thermal sensitization of radiation with high temperature
hyperthermia has most commonly been investigated with acute.

"high dose rate," irradiation and observed as a change in slope
(20). Less research has been done with 40Â°Cor 41Â°Chyper

thermia combined with acute irradiation, but the general con
sensus is that shoulder reduction of the radiation survival curve
is the major modification (21, 22). As a confirmation of the
hyperthermia/high dose rate interaction phenomenon, 9L cells
were heated at 43Â°Cfor 30 or 60 min or 41Â°Cfor 24 h before
acute irradiation of 9L cells. Heating cells at 43Â°Cfor 30 or 60

min immediately before acute irradiation produced substantial
sensitization by increasing the slope of the survival curves (Fig.
5). Resultant TER-Ss of 1.66 and 1.52 for 30 and 60 min,
respectively, were measured. Incubation at 41Â°Cfor 24 h before

and/or after acute irradiation did not significantly modify the
slope of the survival curves. These treatments did shift the
curves to lower survival due to additive cell killing and in the
"before and after" condition reduction of shoulder (Fig. 6). In

further contrast to low dose rate exposure, cell sensitivity did
not depend upon the temperature (37Â°Cor 41Â°C)during acute

(66 Gy/H) X-irradiation (data not shown). This was not unex
pected due to the very short duration of exposure (maximum
of 18 min) to 41Â°Cduring acute irradiation.

Heating before and after FLDRI at 41Â°Cwas investigated to

determine whether this supplemental heating could further
enhance cytotoxicity. Heating 9L cells at 41Â°Cfor 24 h before
and/or after FLDRI at 41Â°Cdid not significantly change the

slope of the survival curves (Fig. 7). A downward shift of the
curves was due mainly to additive reduction of shoulder and
heat killing. Pre- and/or postheating at 43Â°Cfor 30 (Fig. 8/1)
or 60 (Fig. 8ÃŸ)min in combination with FLDRI at 41Â°C

resulted in subadditive cell killing at high radiation doses. The
survival curves of the pre- and/or postheated cells converged
with the survival curve of cells receiving only FLDRI at 41Â°C.
Cells preheated at 43Â°Cwere sensitized at doses less than 6 to

9 Gy, but lost the sensitivity at higher doses. The early sensitiv
ity was expressed as a loss of shoulder on the survival curve.
The cells apparently recovered from the 43Â°C-induced sensiti
zation during 41Â°CFLDRI.

Development of thermotolerance during heating at 41Â°Cwas

assayed to determine whether induced resistance to heat killing
was associated with reduced radiation sensitization. The data

10

E-
o
QÃ•
U.

0 3 6 9 12 15
DOSE (Gy)

Fig. 3. Cells Â»ereheated at 41Â°Cfor 24 h either before (A A), after (*â€¢
â€¢â€¢â€¢*).or both before and after â€¢ â€¢)FLDRI at 37*C. Compared with cells
irradiated at 37*C with no adjacent heating (O O), pre- and/or postheating

reduced survival due to heat killing, but the slope was not modified.
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Fig. 4. Heating at 43Â°Cfor 30 (A) or 60 (B) min before (A A), after (Â«â€¢
â€¢â€¢â€¢*),or both before and after (â€¢ â€¢)FLDRI at 37Â°Cresulted in no increase

in survival curve slope compared with that of cells receiving no preheat (O
O).

in Figs. 2 and 9 demonstrate the predicted result that thermo-
tolÃ©rancedeveloped during an extended exposure at 41Â°C.This
is revealed as a plateauing of the 41Â°Csurvival curve and as

reduced sensitivity to a high temperature challenge after heating
at 41Â°Cfor 24 h. The surviving fraction of 9L cells receiving
only a heat exposure at 41Â°Cdecreased to approximately 60%

of control after 6-h heating, but survival was not further reduced
for exposures up to 72 h. Tolerance of 9L cells to killing by
43Â°Cheating was induced by either continuously heating at
41Â°Cfor 24 h or the combination of 43Â°Cfor 30 min followed
by 37Â°Cfor 24 h. The amount of heat tolerance that developed

after these 2 conditioning treatments was nearly identical. The
thermotolerance ratios (ratio of slopes) for these conditions
was approximately 4. Although sensitization of LDRI by si
multaneous heating at 41Â°Ccannot be performed without the

development of thermotolerance, and thus provide a base sen
sitivity for comparison, the data in Figs. 1 and 7 demonstrate
that 9L cells were sensitized to FLDRI by simultaneous heating
at 41Â°C even though a large degree of thermotolerance

developed.

DISCUSSION

The biological rationale behind the development of clinical
application of combined radiation therapy and hyperthermia
has been dominated by the concepts that short duration (30- to
60-min) exposure to temperatures of 43Â°Cor higher will: (a)

kill cells that are radioresistant due to their tumor environment;
and (b) sensitize cells to acute exposures of ionizing radiation.
Several clinical trials in recent years have supported the hy
pothesis that addition of hyperthermia to radiation therapy can
enhance tumor response. Reviews by Oleson et al. (1), Over-
gaard (2), and Perez and Emami (23) have summarized these
data. Despite the encouraging results, a great deal has yet to be
learned about the optimal conditions for clinical application of
heat and radiation, this is especially true for low dose rate
interstitial or intracavitary irradiation due to the paucity of both
experimental and clinical data. Theoretically, the combination

10'

37Â°X

3 6 9 12 15 18 21
DOSE (Gy)

Fig. 5. Heating at 43Â°Cfor 30 (A A) or 60 (â€¢ â€¢)min before acute

irradiation at 66 Gy/h was observed to exhibit its greatest effect by increasing the
slope of the survival curves, compared with survival of cells acutely irradiated at
37Â°Cwith no hyperthermia (Oâ€”â€”O).
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B B H-37'Acute-H

0 6 9 12 15 18 21
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Fig. 6. Heating at 41 Â°Cfor 24 h immediately before (A A) or after (4- â€¢
â€¢â€¢*)acute X-irradiation of 9L cells at 66 Gy/h resulted in a reduced shoulder
but no modification of the survival curve slope compared with unheated cells
(O O). Heating both before and after acute irradiation (â€¢ â€¢)only slightly
increased the slope but further reduced the shoulder.
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s 10"
Â«C
oÃ
EL.

ÃŠÂ£io-'

IO-Â»

H=41'C-24Hr

O 0 --41TLDRI--

A Â¿H-4TFLDRI--

Â« Â«--41TLDRI-H

â€¢ B H-41-FLDRI-H

O 3 6 9 12 15 18 21
DOSE (Gy)

Fig. 7. Heating 9L cells at 4TC for 24 h before (A A), after (* â€¢â€¢â€¢Â»),or
both before and after â€¢ â€¢)FLDRI at 41Â°Cdid not change the slope but

did reduce the shoulder of the survival curves relative to cells irradiated at 0.5
Gy/h at 41'C with no pre- or post-heating (O O).

of low temperature hyperthermia and interstitial irradiation has
certain unique advantages. One of the most important of these
is the concurrence of heating and irradiating. Previous data
utilizing high temperature hyperthermia and high dose rate
irradiation predicts the maximum interaction when treatments
are simultaneous (2). The results presented in this report indi
cated that simultaneous low temperature heating can greatly
enhance the cytotoxicity of low dose irradiation in the dose rate
range commonly used in brachytherapy. Prior in vitro research
(3, 4) has also suggested that this approach could be beneficial
in enhancing cytotoxicity, although the dose rate used was
higher than is commonly used for clinical interstitial irradia
tion. In these previous investigations, simultaneous LDRI at
2.0 Gy/h and heating at 41 Â°Cproduced sensitization of Chinese

hamster V-79 cells with thermal enhancement ratios of 1.75 (3)
and 1.9 (4). Ling and Robinson (5) also reported that heating
V-79 cells at the lower temperature of 40Â°Cenhanced irradia

tion at 7 Gy/h. Although the combination of long duration,
low temperature hyperthermia, and low dose rate irradiation
appears to be very promising, it has yet to be attempted clini
cally or with animals. The major impediment has been the
feasibility of applying heat for periods of time longer than a
few hours. Recently, at least one computer-controlled intersti
tial heating system has been developed for clinical application.
It is capable of simultaneously heating tumors during irradia
tion over periods of days (8).

The advent of heating technology, which will allow more
options in temperature control, length of exposure, and se
quencing, leads to the question of what is the best approach to
combining heat and LDRI. Long duration, low temperature
hyperthermia may be useful clinically because of one reason
based on published biological results and 2 others that stem
from clinical observations. The first reason is that in essentially
all laboratory situations, simultaneous application of heat and
radiation has produced greater sensitization than sequential
application (2, 24). Application of heat and low dose rate
interstitial irradiation simultaneously for periods of 60 h or
more, if direct acute heat toxicity is to be avoided, requires
maintaining temperatures below 42Â°C.A threshold for direct
heat toxicity in the range of 42Â°Chas been observed in several

normal tissues (25-27). From a pragmatic standpoint, low
temperature hyperthermia is also of importance because diffi
culties have been encountered in attaining temperatures above
42Â°Cin clinical practice. Large and nonsuperficial tumors have

proved to be especially difficult (9-12). These problems have
resulted in treatments in the range of 40-42Â°C. One of the

major factors limiting satisfactory achievement of temperatures
of 43Â°Cor greater is the inadequacy of present technology (28).

Progress in the next few decades may overcome some of these
shortcomings, but in the interim, a better understanding of the
biology of radiosensitization of low temperature hyperthermia
is needed. Another limiting factor that will not be easily over
come is that of normal tissue toxicity. The most common
toxicity seen in hyperthermia clinical trials, when temperatures
above 43Â°Care applied, has been pain (9-12). Local elevation
of temperatures to less than 42Â°Cis feasible and should seldom

produce limiting toxicity such as severe pain. The combination
of low temperature hyperthermia and low dose rate irradiation
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Fig. 8. Exposing 9L cells to 43'C for 30 min (A) before (A A), after (Â«â€¢
â€¢â€¢â€¢*),or both before and after (â€¢ â€¢)FLDRI at 41 Â°Cresulted in subadditive
sensitization compared with nonpreheated cells irradiated at 41Â°C(O O). The
survival curves converged above 9 Gy with those of cells receiving no pre- or
postheating. This effect was also observed when cells received heat exposures at
43Â°Cfor 60 min (B). The longer adjacent heat produced more heat killing, but

the survival curves again converged at high radiation doses.
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Fig. 9. Thermotolerance induced in 9L cells after incubation at 41Â°Cfor 24 h

(A A) resulted in a large degree of resistance to a subsequent heat challenge
at 43Â°Ccompared with the 9L cell's normal sensitivity to 43Â°C(O O).
Although a large degree of thermotolerance was induced during 41"C heating,
substantial sensitization was produced by simultaneous 41'C heating and FLDRI,
as well as FLDRI at 41 "C immediately after incubation at 41Â°Cfor 24 h as can

be seen in Figs. 1 and 7, respectively.

may thus be beneficial because of increased tumor cell sensiti
zation, as well as improved patient tolerance.

In contrast to our conclusion that there are obvious benefits
when heat and LDRI are simultaneously combined, these in
vitro results also indicate that heating before or after irradiation
will not result in additional radiation sensitization. Heating at
either 41Â°Cor 43Â°Cbefore or after concomitant incubation at
37Â°Cor 41Â°Cduring irradiation resulted in only marginal gain

in sensitizing cells. The slopes of the survival curves of 9L cells
were identical whether cells were given additional heating at
41Â°Cfor 24 h before and/or after 0.5 Gy/h irradiation at 37Â°C.

The difference in survival was due primarily to cell killing along
with a small decrease in the shoulder. At high radiation doses
that are clinically relevant, these latter effects would become
trivial compared with the sensitization due to the slope change
caused by simultaneous heating at 41Â°C.Pre- and postheating
with 43Â°Cfor 30 or 60 min also did not sensitize cells irradiated
at 37Â°C.Heating at 43Â°Cor 41Â°Cadjacent to 0.5 Gy/h irradia
tion at 41Â°Calso did not increase the slope of the survival
curves of 9L cells compared with their non-pre- and postheated
counterpart. In fact, it appeared that the survival curves for
cells heated at 43Â°Cbefore and, both before and after 41 Â°C

FLDRI converged at high radiation doses. This convergence
may have been due in part to high temperature heat sensitiza
tion in the early stages of the low dose rate exposure. This
temporary 43Â°Csensitization would explain the depressed sur

vival at 2 and 4 Gy. Convergence of the survival curves at higher
doses could have resulted from decay of 43Â°Csensitization.
Early, although marginal, sensitization of 37Â°CFLDRI by 43Â°C
for 60 min was also observed in the 2-Gy data points. The 43Â°C
exposure before 37Â°CFLDRI results conflict with one part of
an in vitro study by Gerner et al. (29), and the 41Â°Cpre- and

post-heat conflict with results of Harisiadis et al. (3). Gerner et
al. (29) observed an increase in the slope of the survival curve
of RT-9 cells heated at 43Â°Cfor 30 min before irradiation at

0.34 Gy/h. A possible explanation for the conflict is that Gerner
et al. (29) did not reduce survival to a sufficiently low level to
determine the true terminal slope of the curves. In agreement

with the observations in this paper, Gerner et al. (29) observed
no sensitization of RT-9 cells irradiated at 3.6 Gy/h. Although
dose rate appears to be an important parameter in determining
the outcome of heat interaction with radiation, there is no
obvious explanation of why a 43Â°Cexposure would produce a

slope change at 0.34 Gy/h but not at 0.5 or 3.6 Gy/h. Although
the cell types (RT-9 and 9L) used are similar, cell line specific
factors may be important. In this regard, Gerner et al. (29) did
not see a slope change when RT-9 cells were heated at 43Â°C

before acute irradiation, whereas slope modification was ob
served when 9L cells were exposed to the same conditions in
the present investigation and that of Ross-Riveros and Lieth
(30). The lack of sensitization by 41Â°Cpreheat is in contrast

with observations at higher dose rates by Harisiadis et al. (3)
and Ling and Robinson (5). In both reports, 41Â°Cfor 6 h before
irradiation at 2 Gy/h in the former and 40Â°Cfor 4 h with 7

Gy/h in the latter, sensitization of V-79 cells was observed as
an increase in survival curve slope. Again, the disparity observed
may have been due primarily to dose rate differences. Overall,
our knowledge of heat interaction with LDRI is still incomplete,
but there is no convincing evidence that heating before or after
LDRI in the 0.3 to 1.0 Gy/h range is effective in sensitizing
cells in vitro.

In contrast to the lack of radiosensitization by high temper
ature hyperthermia in vitro, in vivo and clinical experience has
presented a contrasting conclusion. Experimental combination
of hyperthermia in the 43-45Â°Crange with brachytherapy-type

irradiation of mouse tumors has been observed to produce
significantly greater growth delay when compared with tumors
receiving only irradiation (6, 31). This in vivo sensitization
could be due to heat-induced killing of heat-sensitive/radio-
resistant cells, heat-induced growth delay, or physiological ef
fects such as vascular damage. Although these direct heat effects
may play a dominant role, thermal enhancement ratio depend
ence on sequencing of heat and radiation in the study by Jones
et al. (6) implied that the heat/radiation interaction was not
completely independent. Clinical data have also shown a posi
tive effect of heating tumors to temperatures above 42Â°Cfor 30

to 60 min immediately before brachytherapy (2, 11, 22). The
clinical results are even more difficult to interpret in terms of
whether hyperthermic enhancement is mediated by sensitiza
tion of radiation or independent heat effects. If the in vitro
results are correct in predicting that adjacent heating at high
temperatures for short lengths of time has little radiation-
sensitizing effect, then hyperthermia's major role would be in

killing of sensitive cells. This situation would predict that the
best application of hyperthermia with LDRI would be a short
duration, high temperature exposure before irradiation and
simultaneous low temperature hyperthermia throughout LDRI.
The short high temperature pulse would produce independent
heat killing and the simultaneous heat would sensitize all other
cells to the radiation.

The mechanism by which 41Â°Cheat enhances radiation kill

ing has been hypothesized to be inhibition of the same type of
repair that produces the radiation dose rate effect. Previous
results of Ben-Hur et al. (4) and Harisiadis et al. (3), in which
heating at 41Â°Cduring 2-Gy/h irradiation increased cellular

sensitivity to a point equivalent to acute exposure, support this
hypothesis. In the present investigation, 41Â°Cduring 0.5 Gy/h

also produced survival similar to that for irradiation at 66 Gy/
h. The fact that 41 Â°Cbefore and after high dose rate irradiation

reduced the shoulder of the survival curve further sustains this
type of mechanism. One interesting aspect to this hypothesis is
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that 41Â°Cshould eliminate the dose rate response and result in

relatively greater heat sensitization at lower radiation dose
rates. The work of Ben-Hur et al. (4) followed this predicted
response within the limited dose rate range utilized. Before the
present investigation, no related hyperthermia-LDR work had
been published for dose rates below 2.0 Gy/h.

The consensus with 41Â°Cheat and acute irradiation has been

that shoulder reduction is the primary effect. This conclusion
is confirmed in the present investigation where 41Â°Cbefore or

after acute irradiating did not alter the slope of the survival
curves. This role of low temperature hyperthermia contrasts
with high temperature effects, which primarily are manifested
as alteration in survival curve slope. High temperature slope
sensitization has been observed almost universally in many
types of cells (32) including 9L cells (30). Even for heat doses
that have similar heat killing (41 "C-24 h versus 43Â°C-30min in

the present investigation), the interaction with radiation is very
different. As hypothesized previously (33), the mechanism of
interaction may be different at high and low temperatures. High
temperature interaction as seen at high doses of high dose rate
irradiation may be due to inhibition of a set of radiation repair
processes that are different than those altered by lower temper
atures. As dose rate is reduced, the low temperature sensitive
processes become more important in affecting survival. The
present 9L data indicate that adjacent heating does not sensitize
when combined with 0.5-Gy/h irradiation. Sensitization at 2 or
7 Gy/h was observed by others when V-79 cells received prior
heating at 40Â°Cor 41Â°C.This effect may have been due to a

different sensitizing mechanism at the higher dose rates or
alternatively, greater separation of heat exposure and irradia
tion due to the lower dose rate could allow recovery from the
heat insult. Reduction of sensitization by separating heat and
radiation temporally has been well documented (34, 35). The
early dip in the survival curves for cells heated at 43Â°Cfor 60
min or both 30 and 60 min before FLDRI at 37Â°Cor 41Â°C,

respectively, is supportive of the hypothesis that high temper
ature short duration heating is not effective in sensitizing
FLDRI due to recovery of heat-induced damage during

irradiation.
One of the stigmas associated with utilization of temperatures

below 42Â°Cfor clinical therapy has been the predicted problems

associated with thermotolerance. Development of thermotoler-

ance has been demonstrated to render cells and tissues resistant
to both heat-induced damage (36) and heat enhancement of

radiation damage (36, 37). These data are based on sequential
heat exposures and heat sensitization of high doses of high dose
rate irradiation. The present data demonstrate that a large
degree of thermotolerance does develop during exposure of 9L
cells to 41Â°Cfor 24 h. At the same time, these tolerant cells are
sensitized to FLDRI by extended exposures at 41Â°C.The fact

that cells were sensitized to radiation while in the thermotoler-
ant state does not mean that thermotolerance did not alter their
sensitivity relative to nontolerant cells. The above argument
cannot be resolved because the length of continuous exposure
at 41Â°Crequired to detect FLDRI sensitization also induces

thermotolerance. This dilemma is demonstrated in the present
investigation, in which tolerance develops in less than 6 h (data
not shown), which was less than the time required to observe
radiation sensitization (Fig. 1). Because substantial FLDRI
sensitization occurred with extended 41Â°Cexposure, thermo

tolerance development would not contraindÃcate its clinical
application. These data do predict that cells would be protected

from direct killing effects of a subsequent heat exposure at 43Â°C

or higher.
Our data support the view that a simultaneous application of

low temperature hyperthermia with LDRI would greatly en
hance the cytotoxicity of the radiation. Heating before or after
LDRI would add little to the sensitization. However, additional
factors must be evaluated when assessing how in vitro results
might predict tumor response in vivo. In tumors in which
significant numbers of cells are hypoxic and at low pH, heating
for a short duration at high temperature before LDRI at mod
erate temperature might enhance the tumoricidal effect by
direct killing of radioresistant cells. Hyperthermia-induced vas
cular damage could increase cytotoxicity by nutrient and oxygen
depletion, but at the same time produce radiation-resistant
hypoxic cells. Under certain conditions, especially at lower
temperatures, increases in tumor blood flow could occur and
thus result in a smaller hypoxic cell fraction. These factors will
require evaluation using /// vivo and clinical investigation.
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