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Sensitivity of Human Cells to Mild Hyperthermia1
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ABSTRACT

The cytotoxic effects of short duration, high temperature, and long
duration, low temperature hyperthermia were determined in human cells
growing in culture. The human tumor cell lines A549 (lung carcinoma).
VV'iDr(colon carcinoma), and U87MG (glioblastoma) were used. In addi

tion, a normal human lung fibroblast cell type 18Lu was used. Sensitivity
to direct cell killing was measured at 41, 43, and 45 C. Heat induced
perturbations of cell cycle and proliferation were also analyzed. The re
sults obtained on sensitivity of the above human cell lines at 43 and 45Â°C

are similar to those of the previous work of others in that the human cell
lines were observed to be relatively resistant to thermal killing at 43 or
45Â°C,when compared to heat sensitive rodent cell lines. The comparison

is important because most prior hyperthermic research has been per
formed with rodent cells and clinical protocols have been designed with
the use of rodent data. In contrast to the 43Â°Cresponse, most of the human
cells we tested were killed by 41Â°Cheating to an extent greater than that

observed for rodent cells. The heat sensitivities of the four different human
cell lines varied widely. This appeared to be due to differences in both
intrinsic heat sensitivity and tolerance development. During 41 t heating,
human cells did not proliferate and cell cycle perturbations developed but
did not correlate with sensitivity to killing. Our heat sensitivity measure
ments point out the shortcomings of using data derived from rodent
systems to predict clinical outcome of hyperthermia therapy.

INTRODUCTION

Enthusiasm for the use of long duration, mild temperature hyper
thermia in conjunction with low dose rate irradiation in the treatment
of certain malignant diseases has recently developed. Results from in
vitro experiments have demonstrated that heating rodent cells at 40 or
41Â°Cduring low dose rate irradiation can greatly enhance cell killing

(1-5). These previous observations predict greatly enhanced tumor

cell killing from the addition of long duration, mild hyperthermia to
low dose rate irradiation. Successful application of this form of hy
perthermia to clinical therapy requires an understanding of the role of
exposure conditions such as temperature, length of heating, and se
quencing of heat and radiation. Predicting optimal parameters from
experimental results requires the utilization of pertinent exposure con
ditions and appropriate biological models. Most basic research in the
hyperthermia field has been performed on rodents or rodent cells (6).
Although some aspects of the response of cells to heat are ubiquitous,
other characteristics are undoubtedly species and cell type specific.
Cellular sensitivity to hyperthermic killing is one characteristic that
varies widely in different cell types. The clinical importance of this
last aspect has been demonstrated by several investigators who have
reported that cell lines of human origin are generally more heat
resistant than rodent cells (7-9). Although little is known about the

effectiveness of heat in directly killing human tumor cells in situ, the
poor outcome of clinical trials using hyperthermia as a single modality
( 10) may be a reflection of the in vitro resistance. One must therefore
proceed with a great deal of caution when using data from rodent
models to predict response of human tumors to hyperthermia treat
ments. Such data may be useful, but interpretation of the data requires
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the understanding that temperature dependent responses are species
and cell type specific.

Previously observed resistance of human cells to 43 and 45Â°C
heating raised the question of whether 41Â°Ctreatment was capable of

producing radiation sensitization in human cell lines and patients as
had been seen in rat cells. As a first step in determining the clinical
effectiveness of long duration, mild hyperthermia in thermoradiother-

apy. the temperature dependence of heat induced cell killing was
determined in human cells in vitro. We have used human tumor and
normal cell lines to compare their low and high temperature sensitiv
ities to that of rodent cells.

MATERIALS AND METHODS

Four human cell lines were used in these experiments. A human colon
carcinoma cell line (WiDr) was obtained from Dr. Michael Borrelli [William
Beaumont Hospital, Royal Oak. MI). Human glioblastoma-astrocytoma
(U-87MG). human lung carcinoma (A-549), and normal human lung fibroblast
(CCD-lSLu) cell lines were obtained from the American Type Culture Col

lection (Rockville. MD). These cell lines were maintained as monolayer cul
tures in 50% Dulbecco's modified minimum essential medium (Mediatech)
and 50% Ham's F-12 medium (Mediatech) containing iron supplemented

bovine calf serum (HyClone) added to 10%, 0.5% vitamins (Irvine Scientific).
0.1 m.Mnonessential amino acids (Mediatech), and 1.0 msi t-glutamine (Me-

diatech). The cells were grown in a humidified. 5% CO,/95% air incubator at
37Â°C.Fresh cultures of tumor cells were restarted from frozen stock after 15

passages. The 18Lu cells were between passages 2 and 14 when used in
experiments.

A rodent cell type was chosen to serve as a basis for comparing thermal
sensitivities of rodent cells to the above human cell types. The rodent cell type
chosen was rat 9L/SF gliosarcoma, because our laboratory has a large amount
of data related to mild hyperthermia and low dose rate irradiation with these
cells. The rat 9L cells are relatively heat resistant at 43Â°Ccompared to Chinese

hamster ovary and other commonly used rodent cell lines (7. 11. 12) that are
widely used in the hyperthermia biology field. The culturing methods for the
rat 9L gliosarcoma cells used in this study have previously been described by
Armour el nl. (1. 13). In summary, cells were maintained as monolayers in
Dulbecco's modified minimum essential medium supplemented with 10%

newborn bovine serum (Hazelton Biologicals, Inc.), 0.1 mM nonessential
amino acids, 1% vitamins, and 2.0 m.ML-glutamine.

In all experiments, cells were exposed to hyperthermia while growing
exponentially in tissue culture flasks. Approximately 5 x IO5cells were seeded
into 25-cm2 plastic tissue culture flasks (Corning) with 5 ml of medium 24 h

before initiation of hyperthermia treatment, except for WiDr cells, which were
seeded at approximately 3 X IO5 cells/flask in 5 ml of medium 48 h before

initiation of treatment. Heating was carried out by sealing the tops of flasks
with Parafilm and submerging in a water bath regulated to within 0.05Â°Cof the

appropriate temperature. The temperature at the cell growth surface within the
flasks was measured in representative flasks with a microthermocouple.

In all experiments, cells were removed from flasks with trypsin immediately
after heating and the cell number in each treatment flask was determined by
using a particle counter (Coulter Electronics). Appropriate numbers of cells
were seeded into 60-mm tissue culture dishes for colony formation. After 10 to
14 days' incubation, depending upon cell type, colonies having more than 50

cells were scored. During colony formation experiments, dishes were undis
turbed except for those with WiDr cells. In experiments using WiDr cells,
incubation medium in colony formation dishes which were seeded with more
than 1 x IO4 cells/dish was changed once after 5 days. Preliminary investi

gation had demonstrated that radiated WiDr cells which were seeded at a
density higher than 1 X IO4 cells/60-mm dish had reduced plating efficiency

compared to cells plated at a lower density. This density dependent effect was
eliminated if medium was changed after 5 days' incubation. In each experi-
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mem, medium on untreated control dishes was also changed and was observed

to have no effect on the number of resulting colonies (data not shown). This

density related toxicity was not observed with heat killed cells, but the pro

cedure was performed in these hyperthermia experiments so the results would

he consistent with experiments in which kmi/ln radiation was investigated.

Plating efficiencies for untreated cells, in the colony formation assay, varied
from 20 to 40% for U-87MG and CCD-18L.U cells. 70 to 90% for WiDr and

A-549 cells, and 40 to 60% for rat 9L cells. The data for WiDr. A549. IXLu.

and U87MG were obtained from 5. 4. 7. and 2 experiments each, respectively,
at 43Â°C:5. 3. 5. and 1 experiments each, respectively, at 45Â°C:and at least 6
experiments each at 41Â°C.

Samples from each exposure condition were analyzed for cell cycle distri
bution. An aliquot of cells from each sample used for colony formation seeding
was stained with Hoechst 33258 at 3 /ng/ml in a solution of 0.1 MTris. 2 m.vi
MgCl:. 0.1 % Triton X-100. and 9 g/liter NaCl with a final pH of 7.5. The DNA

content per cell was determined by now cytometry (Partek, GmbH) and the
resultant data were analyzed by using a computer program (Phoenix Flow

Systems).

RESULTS

Compared to the sensitivity of most rodent cells (7, 13), the 4
human cell lines which we tested were relatively resistant to killing by
exposure to 43 or 45Â°Chyperthermia. Survival of the human cells at

these temperatures has been compared to that for 9L cells in Fig. 1 and
2. Resistance to 43Â°Cheating was cell line dependent for the four

human cell lines tested. The human cell types arranged in order of
least sensitive to most sensitive at 43Â°Care; WiDr, 18Lu, A549, and

U87MG. Only the most heat sensitive human cell line, U87MG had
survival lower than 9L cells when heating was at 43Â°Cfor 3 h or more.
Human cell resistance at 43Â°Cwas manifested primarily as a plateau-

ing of the survival curves for exposure lengths beyond 2 h. Compared
to 9L cells, the relative resistance of human cells was not evident for
43Â°Cexposures of 2 h or less. The relative sensitivity of the cell types
to 45Â°Cheating was similar to that at 43Â°Cexcept for WiDr cells. For
45Â°Cheat exposures shorter than 30 min. WiDr survival was similar

to that of 18Lu, but for longer heatings the WiDr cell survival de
creased rapidly, whereas the 18Lu survival curve bent upward beyond

10Â°

10'

c
o
1 102

o>
c

CO

104

10 !

human

xiST^\ t\Ã¬\ \ 18LuNj \ "Â»^ human >I

\
Rat 9L

, y~-
<* I

uman |

human *
U87MG

02468
Time at 43Â°C(h)

Fig. 1. Survival after 43Â°Chyperthermia of 4 human cell lines and a rodent cell line is

plotted against length of heating. At this temperature three of the human lines. l8Lu.
WiDr. and A549 were significantly more resistant than the rat 9L cell line due to a
plateauing of the survival curves. The U87MG cells were relatively sensitive with short
heat exposures but also appeared to have a tail on their survival curve. Survival of the
rodent cells appeared to be purely exponential for the exposure periods used. The data for
WiDr. A549. 18Lu. and U87MG were obtained from 5. 4. 7. and 2 experiments, respec
tively. Bars. SD.
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Fig. 2. Survival after 45Â°Chyperthermia of the cell lines in Fig. I. The human normal

fibroblast cell line. l8Lu. was the most resistant at this temperature. Only one of the
human tumor lines. U87MG. had sensitivity greater than the rat line tested. The other two
human tumor lines were more resistant. The data for WiDr, A549, 18Lu, and U87MG were
obtained from 5. 3. 5. and I experiments, respectively. Bara, SD.

1.5 h. A slight plateauing effect also occurred in A549 cells. The 45Â°C

survival curves of WiDr and U87MG cells showed no sign of pla
teauing within the durations of heat exposures presently utilized. One
difference between human and rodent cells at 45Â°Cwas that 9L cells
had a distinct shoulder on their 45Â°Csurvival curve, whereas the
human cells did not. Human cell resistance at 45Â°Cwas observed as

shallower final slopes compared to rodent survival curves.
When the human cells were heated at 41Â°Cfor long durations,

survival of some cell lines was unexpectedly lower than that for the
presently tested rodent cell line (Fig. 3). The surviving fraction of 9L
cells decreased to 0.6 over the first 6 h at 41Â°Cbut stabilized with

longer heating times and did not drop below 0.4 for heat exposures up
to 96 h. Each of the human cells expressed a steady decrease in
survival after the start of heating at 41Â°C.This trend continued al

though the curves for WiDr, A549, and 18Lu cells appeared to bend
upward after 48 h at 41Â°C.The cell sensitivity to 41Â°Cheating varied

in the different cell types. The surviving fractions for WiDr, A549,
U87MG. and 18Lu cells after 48-h heating at 41Â°Cwere 0.4, 0.2,0.04,

and 0.07, respectively. Except for WiDr cells which had sensitivity
similar to that of 9L cells, heating at 41Â°Ckilled the human cell types

to a greater degree than the 9L cells.
The number of cells per flask during 41Â°Cheating, relative to the

number at the start of the experiment, are plotted in Fig. 4. The
number of WiDr and A549 cells per flask remained stable for 96 h.
Between 96 and 168 h the WiDr cell population increased by less than
a factor of 2 and the A549 population decreased by approximately
50%. The 18Lu cell population remained stable for the entire 168-h
treatment at 41Â°C.The U87MG population remained stable for 48 h

but decreased to 20% of the starting number between 48 and 120 h.
The 9L cell number initially did not increase, but doubled by 48 h after
the start of heating.

Cell cycle perturbations during 41Â°Cheating were distinct in each

of the cell lines (Fig. 5). Continuous movement of WiDr cells through
G, and S was accompanied by accumulation in G2 during the first 72
h at 41Â°C.Beyond 72 h the percentage of G2 cells decreased from 80

to 50% with a rise in both G, and S phases. This loss of G2 block in
WiDr cells was concurrent with a rise in number of cells per flask
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Fig. 3. Relative cellular survival after 41 Â°Chyperthermia was markedly different than

that observed at higher temperatures. Three of the human cell lines were relatively
sensitive rather than resistant. The rat cell line plateaued at a relatively high survival level.
Survival of the human cell lines appeared to level off after exposure durations beyond 48
h, but at significantly lower survival than the rodent cell line with the exception of WiDr
which was similar to 9L. The relative sensitivity of the 3 human tumor cell lines remained
constant at all three temperatures tested. The 18Lu cells went from most resistant at 45Â°C
to next to the most sensitive at 41Â°C.The data for WiDr. A549. 18Lu. and U87MG were

obtained from at least 6 experiments each. Bars, SD.

(Fig. 4). The percentage of A549 cells in G, remained stable and the
S phase population decreased from approximately 40 to 15% during
the first 24 h at 41Â°C.An increase in the percentage of G2 cells

accompanied the loss of S phase cells. Cell cycle distribution for A549
cells remained relatively constant beyond 24 h. In 18Lu cells, no
change in cycle distribution was observed over the first 48 h at 41Â°C.

Beyond 48 h, the S population rose from about 30 to 50% and both G,
and Go populations were reduced. The 41Â°Cinduced cell cycle per

turbations in U87MG cells were similar to those of WiDr cells. The G2
population rose and G, dropped. Unlike WiDr cells the percentage of
U87MG cells in S did not change. Rat 9L cells heated at 41Â°C

increased in number after a 24-h initial delay. During the first 12 h at
41Â°C,the cell cycle distribution of 9L cells remained stable. An S

phase buildup occurred between 12 and 24 h. The 9L cells had
returned to their original distribution by 36 h.

DISCUSSION

Clinical trials utilizing hyperthermia as an adjuvant to radiation
therapy have been designed with the assumption that human tumor
cells respond to hyperthermia similarly to the response of rodent cells.
In particular, much of the hyperthermic research from which clinical
heating temperatures and durations were derived has utilized rodent
cells (14). Our present data, along with results from several other
investigations (7-9, 15, 16), demonstrate that in general the response

of human cells to hyperthermia is substantially different from that of
rodent cells. Research using rodent cells has been useful in determin
ing qualitative responses of cells such as the general shape of time and
temperature response characteristics (13), thermotolerance (17), and a
variety of heat induced subcellular and molecular responses (18-21).

On the other hand, using rodent cells to predict human tumor response
to hyperthermia presents problems. The major issue is that of assum
ing quantitative similarity between rodent and human cell response.
The therapeutic efficacy of hyperthermia may be over- or underesti

mated, depending upon the temperature of treatment. As demonstrated
previously by Hahn et al. (7), Roisen-Towle and Pirro (8), and Raa-

phorst et al. (9, 15), and sustained by our current data, most human
cells are more resistant than rodent cells to heat induced killing when
heating is applied at temperatures above 42Â°C.

In contrast to the high temperature situation, our data predict that
killing of some human tumor cells may be greater than that predicted
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Fig. 4. The number of cells per flask during 4IÂ°C incubation was determined at each

survival measurement time point. In each experiment, all flasks were seeded with the same
number of cells. The relative change in number of cells is plotted against duration at 41 Â°C.

The cells types are as follows: WiDr, A549, ISLu, U87MG. and 9L. The density of the
human cells remained stable throughout most of the heating periods. The number of 9L
cells increased after an initial delay of about 24 h.
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Fig. 5. Cell cycle parameters were determined on the cell samples used for survival
determination. Cell cycle distributions are presented in graphs as described in Fig. 4. Each
cell type went through distinct cycle perturbations. These changes could not be correlated
with 4IÂ°C induced cell killing. Bars. SD. +, G,; A, S; â€¢,G2 + M.

for rodent cells when exposure is at temperatures around 41Â°Cfor

durations of 6 h or more. This response is similar to that described
recently by Mackey ei al. ( 16, 22) who compared 41Â°Csensitivity of

HeLa and Chinese hamster ovary cells. Evidence for mild temperature

sensitivity of human cells can be obtained indirectly by extrapolating
the Arrhenius analysis of Roisin-Towle and Pirro (8) down to 41Â°C.

Although this Arrhenius analysis was obtained with the use of higher

temperature data, it provides an Indication thai some human cell types
may be relatively sensitive to 41Â°Cheating compared to rodent cell

lines. In addition, sensitivity of human tumor cells to long duration,
low temperature hyperthermia could explain the response of tumors in
patients receiving long duration, fever inducing therapies described
many years ago by Coley (23). Although these observations indicate
that many human cell lines are sensitive to long duration, mild hy
perthermia. human tumor cell types in general undoubtedly have a
broad range of thermal sensitivities. This heterogeneity is demon
strated by our observation that WiDr cells are resistant at both 41 and
43Â°Cand by Mivechi (24), who showed that leukemia cells are

sensitive to hyperthermia at all temperatures. Nevertheless, our con
clusion that most human tumor cells are resistant at higher hyperther-

mic temperatures, and some are relatively sensitive to long duration,

mildhyperthermia,indicatesa novelapproachtoclinicalhyperther
mia.

Survival curve shape may give clues about why human cells are
more heat resistant at 43 or 45Â°Cthan most rodent cell types at higher

temperatures. A flattening of the survival curves beyond 3-h heating at
43Â°Coccurred in all four human cell lines tested. Similar survival
curve flattening at 42Â°Cor lower in rodent cells has been attributed to

development of thermotolerance (25). Resistance of human cells to
long durations at 43Â°Cmay thus be due to their ability to develop

tolerance during heating at this temperature. This presumed develop
ment of tolerance was also observed during 45Â°Cheating with 18Lu
and A549 cells but not with WiDr and U87MG cells. At 41Â°Cthe

human cells showed less flattening of their survival curves compared
to 9L cells. Survival of these rodent cells heated at 41Â°Cstabilized

after 6 hours and remained constant thereafter. Chinese hamster ovary
cells are known to develop thermotolerance during heating at 41 or
42Â°Cbut not at 43Â°Cor higher (26). A lack of thermotolerance
development during 41Â°Cheating in human cell lines U87MG or

18L.Ucould explain their sensitivity and is currently under investiga
tion. The temperature range over which thermotolerance appeared to
develop during heating was higher in all human cells than in rodent
cells, although the range was higher in some cell lines than in others.
In addition to this proposed thermotolerance explanation for differen
tial sensitivity, it appears that individual cell lines have varying in
trinsic heat sensitivities. For instance, the U87MG cells were more
sensitive than the other human cell lines at all temperatures. Although
human cell sensitivity to long duration, mild hyperthermia has been
observed in the present and other (16, 22, 27) cell systems, a great deal
has yet to be learned about the temperature dependence of human cell
heat sensitivity.

Cell cycle specific interactions during heating at 41.5Â°Chave been

associated with lethality in HeLa cells (16). Mackey el al. (16) ob
served that during 41.5Â°Cheating, HeLa cells in G, continued into S

phase and became blocked. This blockage in S phase corresponded
with lethality. In contrast, CHO cells remained blocked in GÂ¡during
41.5Â°Cheating and had very high survival. Cell cycle distributions
were analyzed during 41Â°Cheating for each of the cell lines used in

this investigation. Each of the cell lines had distinct changes in their
cell cycle distributions. None of the cell cycle changes correlated with
sensitivity to killing. In particular, failure to progress out of G, was
not associated with resistance (18Lu and A549) and S phase buildup
was not related to lethality. The only cell line to have a distinct S
buildup was 9L which was resistant to 41Â°Ckilling. Similar cycle
perturbations were observed in the most 41Â°Cresistant and most

sensitive human cell lines. The sensitive line, U87MG, had cell cycle
redistributions similar to those of resistant WiDr cells. Both cell types
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blocked in G2 with depletion of G,. The only difference in U87MG
and WiDr cycle redistributions was that S phase remained stable in the
former but became depleted in the latter. The 25% of U87MG cells in

S could not have accounted for the difference in sensitivity. Cell cycle
specific injury may play a role in certain cell types and at certain
temperatures, but our data indicate that they do not in general play a
major role in cell killing by mild hyperthermia.

The benefits of clinical hyperthermia radiotherapy as applied pres
ently at most institutions have been ascribed to direct heat killing
rather than to synergistic sensitization of radiation (28). These treat
ments have typically utilized a clinical treatment goal of 43Â°Capplied

for I h before or after irradiation. Due in part to misunderstandings
about temperature dependence of human tumor cell heat sensitivity,
the potential benefits of hyperthermia have not been optimally tapped.
Other factors which have limited therapeutic gains from hyperthermia
include clinical toxicities and technical deficiencies (29-32). Treat
ment induced pain has limited clinicians' ability to reach desired

temperature elevation in many settings. Presently available clinical
hyperthermia apparatus is another major problem. Institutions using
the best available apparatus and techniques (29. 30) have not been
able to heat 90% of tumor volumes above approximately 41Â°C.At
taining temperatures in the range of 43 to 45Â°Cwhich are capable of

killing significant fractions of human tumor cells with 1- to 2-h

treatments has therefore not been feasible in tumors that are bulky or
deep seated. These inadequacies have resulted in the majority of
hyperthermic therapy sessions having thermal doses which are pre
dicted to kill very few cells (33). Our observation that some human
tumor cells may be sensitive to long durations (24 to 48 h) of mild
hyperthermia opens a new avenue for application of hyperthermia.
This mild hyperthermia probably will be tolerated well and is tech
nically feasible. The extended duration aspect of the treatments prob
ably will not greatly increase normal tissue toxicity, although this
factor is not well understood. Normal tissue toxicity should receive
further attention in light of our observation that exponentially growing
normal fibroblasts are relatively sensitive to mild hyperthermia. A
very distinct temperature threshold for toxicity has been observed with
whole body hyperthermia (34), whereas length of treatment has not
been a factor when temperature is kept below the toxic threshold. In
the past, practical clinical systems capable of heating tumors over very
long durations were not available. At least two such systems have
recently been developed and are being used in clinical trials (35, 36).
These systems utilize interstitial heating methods which are capable of
heating for indefinite durations with minimal supervision other than
normal clinical care used with brachytherapy patients. They do have
the drawback of being invasive. Although their application is pres
ently limited, these systems are ideally suited for combination with
interstitial irradiation treatment. If long duration hyperthermia proves
to be beneficial in a brachytherapy setting, development of better
technology may bring about noninvasive and more broadly applicable
heating systems which can be used in conjunction with external beam
irradiation.

ACKNOWLEDGMENTS

The authors wish to thank Nadia Bluj for her assistance during this project.

REFERENCES

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

1. Armour. E. P.. Wang, Z.. Corry. P. M., und Martinez. A. M. Sensilization of rat 9L
gliosarcoma cells to low dose-rate irradiation by long duration 4IÂ°C hyperthermia.

Cancer Res.. 5/: 3088-3095, 1991. 34.
2. Wang. Z.. Armour. E. P., Corry. P. M.. and Martinez. A. Elimination of dose-rate

effects by mild hyperthermia. Int. J. Radial. Oncol. Biol. Phys., 24: 965-973. 1992.
3. Spiro. I. J., McPherson, S., Cook. J. A.. Ling, C. C, DeGraff. W.. and Mitchell. J. B. 35.

Sensitization of low-dose-rate irradiation by nonlethal hyperthermia. Radial. Res.,
127: 111-114. 1991.

4. Ben-Hur. E.. Elkind, M. M.. and Bronk. B. V. Thermally enhanced radio-response of 36.
cultured Chinese hamster cells: inhibition of repair of suhlethal damage and enhance-

2744

ment of lethal damage. Radial. Res., 58: 38-51, 1974.
Harisiadis. L., Sung. D., Kessaris, N., and Hall. E. J. Hyperthermia and low dose-rate
irradiation. Radiology. 129: 195-198. 1978.
Hahn. G. M. Hyperthermia and Cancer, pp. 55-72. New York: Plenum Publishing

Corp.1982.
Hahn, G. M., Ning, S. C., Eli/aga, M., Kapp. D. S., and Anderson, R. L. A comparison
of thermal responses of human and rodent cells. Int. J. Radial. Biol. Relat. Stud. Phys.
Chem. Med.. 56: 817-825, 1989.
Roizin-Towle, L., and Pirro. J. P. The response of human and rodent cells to hyper
thermia. Int. J. Radial. Oncol. Biol. Phys., 20: 751-756, 1991.
Raaphorst. G. P.. Feeley, M. M.. Da Silva. V. F.. Danjoux, C. E., and Gerig. L. H. A
comparison of heat and radialion sensiiivily of three human glioma cell lines. Int. J.
RadiÃ¢t.Oncol. Biol. Phys., 17: 615-622, 1989.

Oleson. J. R.. Calderwood. S. K., Coughlin, C. T.. Dewhirst. M. W., Gerweck, L. E..
Gibbs. F. A., Jr.. and Kapp. D. S. Biological and clinical aspects of hyperthermia in
cancer therapy. Am. J. Clin. Oncol., //: 368-380. 1988.

Sapareto. S. A.. Hopwood, L. E., Dewey, W. C., Raju. M. R., and Gray. J. W. Effects
of hyperthermia on survival and progression of Chinese hamster ovary cells. Cancer
Res., 38: 393^100. 1978.
Dewey. W. C., Freeman, M. L., Raaphorst, G. P.. Clark, E. P.. Wong, R. S. L..
Highfield, D. P. Spiro. I. J., Tomasovic. S. C., Denman, D. L., and Coss, R. A. Cell
biology of hypenhermia and radiation. In: R. E. Meyn and H. R. Withers (eds.),
Radialion Biology in Cancer Research, pp. 589-621. New York: Raven Press, 1980.

Armour. E. P.. Wang, Z., Corry. P. M., and Martinez. A. M. Equivalence of continuous
and pulse simulated low dose-rate irradiation in 9L gliosarcoma cells at 37Â°and 41 Â°C.

Int. J. RadiÃ¢t.Oncol. Biol. Phys.. 22: 109-114. 1992.

Sapareto, S. A. Thermal isoeffect dose: addressing the problem of thermotolerance.
Int. J. Hyperthermia. 3: 297-305. 1987.

Raaphorst. G. P., and Azzam, E. I. Hyperthermia and thermal tolerance in normal and
ataxia telangiectasia human cell strains. Cancer Res., 43: 2618-2621, 1983.
Mackey. M. A.. Anolik. S. L., and Roti Roti, J. L. Cellular mechanisms associated
with the lack of chronic thermotolerance expression in HeLa S3 cells. Cancer Res.,
52: 1101-1106, 1992.

Gemer. E. W., and Schneider. M. J. Induced thermal resistance in HeLa cells. Nature
(Lond.), 256: 500-502, 1975.

Henle. K. J.. and Leeper. D. B. Interaction of hyperthermia and radialion in CHO
cells: recovery kinetics. Radial. Res., 66: 505-518, 1976.

Li, G. C.. Pelersen. N. S.. and Mitchell, H. K. Induced thermal tolerance and heat
shock protein synlhesis in Chinese hamster ovary cells. Int. J. RadiÃ¢t.Oncol. Biol.
Phys., 8: 63-67, 1982.
Henle. K. J.. and Leeper. D. B. Effects of hyperthermia (45Â°C)on macromolecular
synthesis in Chinese hamster ovary cells. Cancer Res.. 39: 2665-2674, 1979.

Cole, A., and Armour, E. P. Ultrastructural study of mitochondria! damage in CHO
cells exposed to hyperthermia. RadiÃ¢t.Res., 115: 421^*35. 1988.
Mackey, M. A.. Anolik, S. L., and Roti Roti, J. L. Changes in heat and radiation
sensiiivily during long duration, moderate hyperthermia in HeLa S3 cells. Int. J.
Radial. Oncol. Biol. Phys., 24: 543-550. 1992.

Coley, W. B. The Irealmenl of malignant tumours by repeated inoculations of
erysipelasâ€”wilh a report of 10 original cases. Am. J. Med. Sci., 105: 487-511, 1893.

Mivechi. N. F. Heat sensitivily. thermotolerance, and profile of heat shock prolein
synlhesis of human tnyelogenous leukemias. Cancer Res., 49: 1954-1958, 1989.
Li, G. C.. Fisher, G. A., and Hahn, G. M. Induction of thermotolerance and evidence
for a well defined thermotropic cooperative process. RadiÃ¢t.Res.. 89: 361-368, 1982.

Hahn. G. M., and Shiu, E. C. Prolein synthesis, thermotolerance and step down
heating. Int. J. Radial. Oncol. Biol. Phys.. //: 159-164, 1985.
Heller. D. P., and Raaphorst. G. P. Low dose-rate irradiation of human glioma cells
combined with continuous mild hyperthermia. P-18-5. In: Fortieth Annual Meeting of

the Radiation Research Society, Salt Lake City, Utah. 1992 (abst.)
Overgaard, J. The current and potential role of hyperthermia in radiotherapy. Int. J.
Radial. Oncol. Biol. Phys., 16: 535-549. 1989.

Kapp, D. S.. Fessenden, P., Samulski, T. V.. Bagshaw, M. A., Cox, R. S., Lee, E. R.,
Lohrbach, A. W., Meyer, J. L., and Prionas, S. D. Stanford University instituiional
report. Phase I evaluation of equipment for hyperthermic trealment of cancer. Int. J.
Hypenhermia. 4: 75-116. 1988.

Corry, P. M.. Jabboury, K., Kong, J. S., Armour, E. P., McCraw. J. F, and LeDuc, T.
Evaluation of equipment for hyperthermia treatment of cancer. Ini. J. Hyperthermia,
4: 53-74, 1988.

Sapozink, M. D., Gibbs, F. A.. Gibbs, P., and Siewart. J. R. Phase 1 evalualion of
hyperthermia equipmentâ€”University of Utah inslilulional report. Int. J. Hyperther
mia 4: 117-132, 1988.
Shimm. D. S., Cetas, T. C.. Oleson, J. R.. Cassady, J. R., and Sim, D. A. Clinical
evaluation of hyperthermia equipment: The Universily of Arizona institutional report
for the NCI hyperthermia equipment evalualion conlracl. Int. J. Hyperthermia, 4:
39-52. 1988.
Oleson. J. R.. Samulski. T. V.. Leopold, K. A., Clegg. S. T., Dewhirsl. M. W.. Dodge.
R. K.. and George. S. L. Sensitivity of hyperthermia trial outcomes to temperatures
and time: implications for thermal goals of Ireatment. Int. J. Radial. Oncol. Biol.
Phys., 25: 289-297, 1993.
Larkin. J. M.. Edwards, W. J., Smilh, D. E., and Clark, P. J. Systemic thermotherapy:
description of a method and physiologic lolerance in clinical subjects. Cancer (Phila),
40: 3155-3159. 1977.
Corry. P. M. A flexible multielectrode HF interstitial hyperthermia system. Abstracl.
p. 33. North American Hyperthermia Group Annual Meeting. New Orleans, LA,
1990.
Marchosky. J. A., Moran, C. J.. Fearnot, N. E., and Babbs. C. F. Hyperthermia catheter
implantation iherapy in Ihe brain. J. Neurosurg.. 72: 975-979. 1990.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/12/2740/2450486/cr0530122740.pdf by guest on 19 M

ay 2023




