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pO2, and Cell Survival in lÃ¯imors1

Jyh-Cherng Lin and Chang W. Song

Department of Therapeutic Radiology-Radiation Oncology, University of Minnesota Medical School. Minneapolis, Minnesota 55455

ABSTRACT

Vascular thermotolerance in SCK tumors of A/,1 mice was studied by
comparing the changes in blood flow, as measured by the 86Rb uptake

method, from a single heating with those from two heatings. The heat-
induced decline in ""Kh uptake in tumors could be substantially inhibited

when the tumors were preheated, indicating the development of vascular
thermotolerance. In SCK tumors, the vascular thermotolerance peaked 5
or 18 h after the tumors were heated for l h at 41.5 ( or 42.5 C. respec
tively. Consequently, the tumor blood flow decreased by 50% in 81 min
when the tumors were heated at 4.1.5 C without preheating, whereas the
tumor blood flow decreased by 50% in 195 min at 43.5Â°Cwhen the tumors
were preheated 18 h earlier at 42.5Â°Cfor 1 h. The influence of vascular

thermotolerance on the heat-induced changes in intratumor pO2 was also

investigated. The average intratumor pO2 was 8.9 mm Hg before heating.
Heating at 43.5Â°Cor 44.5 C for l h dramatically decreased the intratumor

pO2 to 3.0 or 1.2 mm Hg, respectively. However, the intratumor pO2
decreased to 6.6 or 3.8 mm Hg when the tumors were heated at 43.5Â°Cor

44.5 (, respectively, 18 h after preheating at 42.5 ( for 1 h. Heating the
tumors when tumor vasculatures were at peak thermotolerance was rel
atively ineffective in suppressing tumor growth. The data demonstrate
that vascular thermotolerance in tumors may exert profound effects on
tumor response to multiple heatings in clinical hyperthermia.

INTRODUCTION

Development of thermotolerance, a transient resistance to heat, has
been demonstrated in diverse biological systems both in vitro and in
vivo (1-13). For example, Henle and Leeper reported (14) that Chi
nese hamster ovary fibroblasts initially exposed to 45Â°Cfor 17.5 min

became resistant to subsequent heating when the cells were main
tained at 37Â°Cfor 10-20 h between the two heatings. Overgaard and

Suit (15) studied the effects of single and fractionated heatings on
normal and tumor-bearing feet of mice and observed the development

of marked thermotolerance in the feet 24 h after the first heat treat
ment.

It is known that blood circulation plays a cardinal role in heat-
induced tissue damage (16-20) and we have previously demonstrated

that the thermotolerance for gross tissue damage may be attributed, at
least in part, to the development of thermotolerance in the circulatory
system in addition to that developed in the parenchyma! cells (21, 22).
The purpose of the present study was to further our understanding of
vascular thermotolerance in the tumors and to determine the implica
tions of vascular thermotolerance on the response of other physiolog
ical factors in the tumors, such as pO2, to fractionated heatings.
Vascular thermotolerance in the tumor was quantitated by comparing
the changes in tumor blood perfusion, as measured by the 86Rb uptake

method, from a single heating with those from two heatings.

MATERIALS AND METHODS

AnimalsandTumors.ThetumorsusedwereSCKmammaryadenocarci-
nomasgrownin therighthindlegsof maleA/Jmice(TheJacksonLaboratory,
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Bar Harbor, ME) (10). SCK tumor cells growing exponentially in culture were
harvested by treating the cells with 0.25% trypsin solution (Difco Laboratories,
Detroit, MI) at 37Â°Cfor 10 min. The resulting single cells were washed with

RPMI 1640 (GIBCO BRL, Grand Island, NY) containing 10% calf serum
(Hyclone Laboratories, Inc., Logan, UT) and suspended in RPMI 1640 without
serum. The hair on the right hind legs of A/J mice was clipped with an
electrical clipper, and approximately 2 x IO5 SCK cells in 0.05 ml of medium

were injected under the superficial layer of the gastrocnemius. The tumors
were used at 7-8 mm in diameter, about 8-10 days after implantation.

Heating. Unanesthetized mice were placed on specially designed Plexiglas
heating jigs and the tumor-bearing legs were extended and anchored ventrally

to the supporters on the jigs with surgical silk. The jigs were then placed on a
Plexiglas shelf which allowed the anchored legs to be immersed into a water
bath (Thermomix 1480; B. Braun Co., Melsungen, Germany) (21). The water
temperature and the intratumor temperature of sample tumors were measured
with needle-type, 29-gauge copper-constantan thermocouples, which were cal

ibrated against a certified mercury thermometer. The intratumor temperature
before heating was 33.TC and it was 0.1-0.3Â°C lower than the water temper

ature during heating. The sample tumors used for the measurement of tumor
temperature were excluded from further experiments. The water temperature
will hereafter be referred to as the heating temperature. When the tumors were
heated twice, the animals were removed from the heating jigs after the first
heating and kept in their cages until the second heating was administered.
When the tumors were heated with 41.5-45.5Â°C water for 1 h, the animals'
rectal temperature rose to 38^tt)Â°C. The control animals were treated in the

same manner except for the actual water bath heating.
Measurement of Blood Perfusion. Blood perfusion was measured by the

86Rb uptake method (21, 23). When 86Rb is injected i.V., 86Rb diffuses freely
into tissues and exchanges with potassium (K"1").Therefore, the amount of 86Rb

initially accumulated in a tissue is dependent on the blood perfusion in that
tissue. Although this method does not provide an exact quantity of blood flow
in tissues in terms of ml/min/g, the percentage of uptake of injected 86Rb in

tissues corresponds to the fraction of cardiac output to each tissue.
At the end of the first or second heating (reheating), 5 pCi of 86Rb in 0.1 ml

of phosphate-buffered saline (pH 7.4) were injected into the tail veins of mice

anesthetized about 10 min earlier with an i.p. injection of sodium pentobarbital
at 60 mg/kg. The animals were removed from the water bath 60 s after the 86Rb

injections and killed by cervical dislocation, and the tumor-bearing legs were

amputated with a pair of sharp scissors. The removal of the animal from the
water bath and freeing the animal from the heating jig took about 20 s so that
the leg amputation could be done 90 s after the isotope injection. The tumors
were dissected and weighed, and the radioactivity in tumors was counted with
a well-type gamma counter (1282 Compugamma Cs; Pharmacia LKB, Nu

clear, Inc., Gaithersburg, MD). The tail of each mouse was also removed and
the radioactivity was counted. Whenever the radioactivity in the tail exceeded
5% of the injected 86Rb, the injection was judged to be a failure, and the tumor

from that mouse was excluded from further analysis. Since heating causes
varying degree of edema, the tumors were dried overnight in a 100Â°Coven, and
the percentage of 86Rb accumulated per g of dried tumor tissue was calculated.

Measurement of pO2. The intratumor pO2 was measured by the polaro-
graphic method. Recessed-type oxygen microelectrodes with tip diameters of
50-60 urn were constructed as described previously (24). The relationship

between the current and pO2 was obtained for each electrode by calibration
using normal saline saturated with 0, 5, and 10% oxygen in special gas
mixtures containing 5% carbon dioxide and balanced with nitrogen. The elec
trodes were calibrated before and after each pO2 measurement and the elec
trodes showing drifts of more than 2% were discarded.

The tumor-bearing mice were anesthetized by an i.p. injection of 180 mg/kg
Inactin [sodium salt of ethyl-(l-methyl)malonylthiourea; BYK Gulden, Kon

stanz, Germany], mounted on a Plexiglas board, and placed in a Faraday cage.
A reference electrode was inserted into the edge of the tumor and a calibrated

2076

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/9/2076/2945661/cr0530092076.pdf by guest on 19 M

ay 2023



VASCULAR THERMOTOLERANCE

oxygen electrode was carefully inserted and advanced about 2 mm into the
tumor using a micromanipulator, followed by a backward motion of about
0.3-0.5 mm to reduce the focal pressure. After the current reading stabilized,

the current, i.e.. pO2, was recorded on a chart recorder. The electrode was then
advanced by 1.0 mm and then pulled backward as described above, and the
pO2 was read 2-3 min later. By repeating this procedure. 3-5 pO2 values were
measured along each of 3-5 tracks in each tumor. Thus, the pO2 values at

10-15 different loci in each tumor could be obtained. A total of 251 to 323 pO2
measurements in 20-26 tumors were determined for various treatments and

histograms of pCK were constructed for each treatment group.
Assay of Tumor Growth. The tumor-bearing mice were allocated ran

domly for different treatment groups when the tumors had grown to 7-8 mm
in diameter. The tumors were preheated at 42.5Â°Cfor l h and then reheated 18
h later at 43.5Â°Cfor 20-60 min. Other groups of tumors were heated at 43.5Â°C

for 20-60 min without preheating. The tumor size was measured 3-4 times a

week with a caliper and the tumor volume (V) was calculated using the

formula:

V = -a2b

where a and b are the shorter and longer diameters of the tumor, respectively.
The number of days for the tumors to grow to 4 times the initial volume was

determined.
Analysis of Data. Student's t test was used to determine the statistical

significance of any changes observed. Statistical significance was declared at
P < 0.05.

RESULTS

The 86Rb uptake (percentage of injected dose/g of dried tissue) in

the control SCK tumors grown s.c. in the anchored leg of A/J mice
was 17.6 Â±0.7% (SE)/g, which was not significantly different from
the 86Rb uptake in the tumors in the unanchored leg. Fig. 1 shows the
8flRb uptake in the SCK tumors at the end of heating for varying
lengths of time at 41.5-45.5Â°C. The 86Rb uptake remained unchanged
when the tumors were heated at 41.5Â°Cfor as long as 3 h but was
almost completely abolished when heated for 6-7 h. At 42.5Â°C,the
S6Rb uptake in tumors increased to about 23.0%/g in 1 h but began to
decrease reaching 2.5 Â±0.6%/g in 3 h. When heated at 43.5Â°C,the
86Rb uptake in tumors increased to 27.8 Â± 1.0%/g in 30 min and
began to decline thereafter. The 86Rb uptake was almost negligible
when the tumors were heated at 43.5Â°Cfor 2-3 h. Heating at 44.5Â°C
and 45.5Â°Cmarkedly decreased the 86Rb uptake in as short a time as
30 min and virtually abolished the 86Rb uptake in 1.5 h. The 86Rb

uptake in SCK tumors was found to decrease continuously during 3-5
h after heating at 42.5-44.5Â°C for 1 h (10, 22).

Control
41.5Â°C

42.5Â°C
43.5Â°C

41.5Â°Câ€”43.5Â°C

42.5Â°Câ€”43.5Â°C

Duration of Heating (hrs)
Fig. 1. Changes in H6Rb uptake in SCK tumors as a function of duration of heat

exposure for up to 7 h at five different temperatures. 86Rb uptake was measured upon
completion of the heatings. Symbols, mean for 8-16 tumors; bars. SE.

SS
O 12 24 48 72 96 120 144 168

Time between Two Heatings (hrs)
Fig. 2. Kinetics of vascular thermotolerance in SCK tumors. Tumors were preheated at

41.5.42.5, or43.5Â°C for I h and then reheated 0-168 h lateral 43.5Â°Cfor I h. ""Rb uptake
was measured upon completion of the reheatings. For comparison, KftRbuptake in control
tumors and in tumors singly heated at 41.5, 42.5, and 43.5Â°Cfor 1 h are shown. Symbol.-,;

mean for 8-16 tumors; bars. SE.

The changes in tumor blood flow or 86Rb uptake in tumors by
reheating at 43.5Â°Cfor 1 h, applied at various times after preheating

for 1 h at different temperatures, are shown in Fig. 2. When the tumors
were heated at 43.5Â°Cfor 1 h without preheating, the 86Rb uptake was

12.5 Â±2.5%/g. When reheated immediately after a preheating at
41.5Â°Cfor 1 h, the decrease in 86Rb uptake was much greater than that
caused by a single heating at 43.5Â°Cfor 1 h (P < 0.05). However,
reheating became less effective in reducing the 86Rb uptake demon

strating that vascular thermotolerance was developing soon after the
preheating at 41.5Â°Cfor 1 h. In fact, the 86Rb uptake by reheating,

applied 5 h after the reheating, was greater than that in the control
tumors. Thereafter, the increase in 86Rb uptake in tumors by reheating

became progressively smaller. When the reheating was applied 2 days
after the preheating at 41.5Â°Cfor 1 h, the 86Rb uptake was effectively

reduced.
Reheating at 43.5Â°C for 1 h immediately after a preheating at

42.5Â°Cfor 1 h reduced the 86Rb uptake to 6.4 Â±1.4%/g. The 86Rb
uptake in the tumors preheated at 42.5Â°Cfor 1 h and reheated 5 h later
was almost the same as that in the tumors heated at 43.5Â°Cwithout
preheating. Reheating at 18 h after the preheating at 42.5Â°Cfor 1 h
resulted in a 86Rb uptake of 27.6 Â± 1.4%/g, which was markedly
greater (P < 0.05) than the 86Rb uptake in the unheated control
tumors. Thereafter, the effect of reheating to increase 86Rb uptake

gradually diminished as the time interval between two heatings be
came longer than 18 h. When reheating was done 96 h after the
preheating, the 86Rb uptake in tumors was significantly smaller (P <
0.05) than the 86Rb uptake in the control tumors.

As shown in Fig. 2, the maximum increase in 86Rb uptake by
reheating at 43.5Â°Cfor 1 h occurred 5 h after a 1 h preheating at
41.5Â°Cwhereas it occurred 18 h after a 1 h preheating at 42.5Â°C.
Furthermore, the magnitude of the increase in 8ftRb uptake upon
reheating was greater in the tumors preheated at 42.5Â°Cthan that in
the tumors preheated at 41.5Â°C.When the preheating was done at
43.5Â°Cfor 1 h, vascular thermotolerance could not be detected, prob

ably due to extensive vascular damage by the heating.
Fig. 3 shows the 86Rb uptake after heating for varying lengths of

time at 42.5Â°Cin the control tumors and that in the tumors preheated
18 h earlier at 42.5Â°Cfor 1 h. When the tumors were heated at 42.5Â°C
without preheating, the 86Rb uptake initially increased during the first

1 h of heating and then rapidly declined when the heating was pro
longed. However, in the tumors which were preheated at 42.5Â°Cfor 1
h, the 86Rb uptake began to decrease without an initial increase when
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Fig. 3. Effects of healing at 42.5Â°Cfor varying lengths of time on *"Rb uptake in SCK

tumors with or without preheating for l h at 42.5Â°C18 h earlier. Symbols, mean for 8-16

tumors; bars. SE.
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Fig. 4. Effects of heating at 43.5. 44.5, or 45.5Â°Cfor varying lengths of time on H6Rb

uptake in SCK tumors with or without preheating for l h at 42.5Â°C18 h earlier. Symbols.
mean for 8-16 tumors; bars. SE.

reheated at 42.5Â°C.declining to 8.1 Â±2.0%/g at the end of 7 h of
heating. The effects of heating at 43.5, 44.5, or 45.5Â°Cfor varying
lengths of time on 86Rb uptake in SCK tumors with or without a
preheating at 42.5Â°Cfor l h are shown in Fig. 4. Heating the control
tumors at 43.5Â°Cfor l h caused a significant reduction in the 8ftRb
uptake. However, the same heat dose (43.5Â°C for 1 h) caused an
increase rather than a decrease in the 86Rb uptake when the tumors
were preheated 18 h earlier at 42.5Â°Cfor 1 h. A heating at 43.5Â°Cfor
2 h almost abolished the 8<>Rbuptake in control tumors whereas it took
3 h to abolish the S6Rb uptake in the preheated tumors. A heating at
44.5Â°Cfor as short a period as 30 min markedly decreased the 86Rb

uptake in the control tumors. However, heating the preheated tumors
at 44.5Â°Cfor as long as 90 min could reduce the 86Rb uptake by only
about 50% of initial value. The 86Rb uptake abruptly declined when
the control tumors were heated at 45.5Â°Cwhereas the 86Rb uptake in
the preheated tumors was still considerable after heating at 45.5Â°Cfor

as long as 1 h.
From the results shown in Figs. 3 and 4, the duration of heating at

different temperatures needed to reduce the 86Rb uptake by 50% in the

control tumors (no preheating) and in the tumors which were pre
heated for 1 h at 42.5Â°C18 h earlier are obtained and shown in Fig.

5. The iso-effect lines shown were the best fit to the data. The line for

the preheated tumors shifted rightward relative to that for the tumors
which received no preheating, demonstrating that a longer heating
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Fig. 5. Relationships between heating temperature and time required to reduce the
initial blood flow by 50*^ in SCK tumors with or without preheating at 42.5Â°Cfor I h. The
preheating was done 18 h earlier and the temperatures of test heating ranged from 41.5Â°C
to 45.5Â°C.Parallel lines were the best fit for control and preheated tumors.

0 10 20 30 40

Intratumor pO2 (mmHg)
Fig. 6. Histograms of pÃ–2distribution in SCK tumors with various treatments. The pOi

measurements for heated tumors were performed 3 h after reheatings. The mean (m) and
median (M) determined from 251 to 323 pO^ measurements in 20 to 26 tumors for each
treatment are shown.

time was required to reduce 86Rb uptake by 50% in the preheated

tumors than in the control tumors at any test temperature. For exam
ple, at the 43.5Â°Ctest heating temperature, the 86Rb uptake in the

tumors that received no preheating decreased by 50% in 81 min,
whereas the 86Rb uptake in the tumors that were preheated decreased
by 50% in 195 min. A 1Â°Cincrease in test heating temperature
decreased the exposure period needed to reduce S6Rb uptake to 50%

by one-half in both control and preheated tumors. For example, in the
preheated tumors, the test heating periods that reduced the 86Rb up
take by 50% at 43.5Â°Cand 44.5Â°Cwere 195 min and 95 min, respec

tively.
Fig. 6 shows the effect of heating at 43.5Â°Cor 44.5Â°Cfor 1 h on the

intratumor pO2 in control SCK tumors and that in the tumors pre-
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heated 18 h earlier at 42.5Â°Cfor 1 h. The mean and median of 309

measurements of pO2 in 24 control tumors were 8.9 and 6.9 mm Hg,
respectively. In the tumors heated for l h at 42.5Â°C 18 h earlier, the

mean pO2 was 7.2 mm Hg (266 observations in 22 tumors) and the
median pO2 was 4.5 mm Hg. When measured 3 h after heating at
43.5Â°Cor 44.5Â°Cfor 1 h, the mean intratumor pO2 were 3.0 mm Hg

(254 observations in 20 tumors) and 1.2 mm Hg (251 observations in
20 tumors), respectively, which were significantly (P < 0.05) lower
than the mean pO2 in the control tumors. The decreases in intratumor
pO2 by heating at 43.5Â°Cor 44.5Â°Cfor I h were lessened when the
tumors were preheated 18 h earlier at 42.5Â°C for 1 h; the mean
intratumor pO2. measured 3 h after the reheating at 43.5Â°Cand 44.
5Â°C,were 6.6 mm Hg (323 observations in 26 tumors) and 3.8 mm Hg

(321 observations in 25 tumors), respectively.
The growth delay of SCK tumors following heating at 43.5Â°Cfor

20, 40, and 60 min with or without preheating at 42.5Â°Cfor 1 h are

shown in Fig. 7. A linear dose-response curve in tumor growth delay

was observed when the tumors were heated in a single treatment. The
volume of control tumors (no heating) increased from 125 mm1 to 500
mm\ i.e., 4-fold increase, in 4.6 days. When heated at 43.5Â°Cfor 20,

40, or 60 min, the tumor volume increased 4-fold in 6. 8, and 10 days,

respectively. The tumor volume increased 4 times in 7 days when the
tumors received only preheating at 42.5Â°Cfor 1 h. When the tumors
were preheated 18 h earlier at 42.5Â°Cfor 1 h, reheating at 43.5Â°Cfor

20, 40, and 60 min could not further increase the tumor growth delay
beyond the growth delay by the preheating at 42.5Â°Cfor 1 h.

DISCUSSION

It is well known that thermotolerance is induced in cultured cells in
vitro and in tissues by prolonged exposures at relatively low temper
atures or by a brief exposure to high temperatures (1, 4-9, 12). The

thermotolerance developed in the experimental tumors in terms of
growth delay or tumor cure has been investigated quite extensively
(6-9, 12). The present study is an extension of our previous investi

gation on the development of vascular thermotolerance in tumors (10,
21, 25). Note that we used 86Rb uptake per g of dried tumor since

heating increases the wet weight of tumors. Nevertheless, because the
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Fig. 7. Growth delay of SCK tumors exposed to 43.5Â°Cfor 20, 40. and 60 min with or

without a preheating at 42.5Â°Cfor 1 h given 18 h earlier. The time required for SCK
tumors to grow from 125 mm' to 500 mm', i.e.. 4-fold increase, following various

treatments is plotted as a function of test heat doses.

increase in wet weight was small, i.e., <10%, the conclusion regard
ing the development of vascular thermotolerance would remain the
same whether the wet weight or dry weight is used.

The results shown in Fig. 2 unequivocally demonstrated that ther
motolerance promptly developed in the circulatory systems in SCK
tumors of A/J mice after heating at 41.5Â°Cor 42.5Â°Cfor 1 h. The

kinetics and magnitude of vascular thermotolerance in SCK tumors
were dependent on the preheating dose. Specifically, the vascular
thermotolerance developed more quickly after preheating for 1 h at
41.5Â°Cthan that at 42.5Â°C;vascular thermotolerance peaked at 5 and
18 h after the heating at 41.5Â°Cand 42.5Â°Cfor 1 h, respectively. The

magnitude of peak thermotolerance induced by heating for 1 h at
41.5Â°Cwas less than that induced by heating for 1 h at 42.5Â°Cand the
thermotolerance induced by a heating at 41.5Â°Cdecayed faster than
that at 42.5Â°C.These results concur with the findings by others (4, 12)

that the magnitude of thermotolerance and the time required to reach
peak tolerance in normal tissues and experimental tumors increased
with an increased heat dose. In our study, when the heat dose of
preheating was increased to 1 h heating at 43.5Â°C,vascular thermo

tolerance could not be observed, probably due to extensive vascular
damage resulting from the heating (Fig. 2). Fig. 3 shows that for a
50% decrease in ^Rb uptake in both control SCK tumors and tumors
preheated at 42.5Â°Cfor 1 h, a 1Â°Cincrease in heating temperature

resulted in a reduction in length of heating by a factor of 2. The length
of heating at a specific temperature needed to reduce the K6Rb in

tumors by 50% increased about 2.3 times in preheated tumors relative
to that in unconditioned control tumors. Consequently, for a given
length of heating, the heating temperature had to be increased by more
than 1Â°Cin preheated tumors above that in unconditioned control

tumors for the same degree of reduction in blood flow in SCK tumors.
The mechanism underlying the development of vascular thermo

tolerance is unclear. We previously excluded the possibility that sys
temic effects such as blood pressure or cardiac output are responsible
for the variance in KhRb uptake during the first and second heatings

(11). As with other mammalian cells, thermotolerance develops in
endothelial cells in vitro (26, 28). In view of the possibility that the
reduction in tumor blood flow by heat results from endothelial dam
age, at least in part (27, 28), the development of thermotolerance in
endothelial cells after a sublethal heating may be the cause for the
development of vascular thermotolerance in term of s<<Rbuptake as

observed in the present study. Other possible mechanisms for the
heat-induced decline in tumor blood perfusion are an increase in

adhesion of leukocytes and edema resulting from increased leakage of
water through the vessel wall. Since these changes may be due to
changes in endothelial cells, thermotolerance in endothelial cells
would influence the heat-induced adhesion of leukocytes and edema

by reheating. Heat shock proteins, induced in a variety of cells after
the application of heat shock, have been implicated in the develop
ment of thermotolerance. Whether heat shock proteins are induced in
endothelial cells has not been elucidated.

Whatever the mechanism of vascular thermotolerance, an important
fact is that vascular thermotolerance in tumors would affect other
physiological factors in tumors upon heating and influence the re
sponse of tumors to hyperthermic treatment used alone or in combi
nation with radiotherapy or chemotherapy. In contrast to normal tis
sues in which the blood supply meets the nutrient requirements of
parenchyma! cells, the blood supply in tumors is generally insufficient
and the microenvironment in tumors is acidic, hypoxic, and deprived
of nutrients and energy (7, 20). It has been reported that deterioration
of tumor blood flow by heat leads to further acidification, lower
oxygen tension, and poorer nutritional status in the tumor microenvi
ronment (20, 28-31). The average intratumor pO2 markedly declined

from 8.9 mm Hg before heating to 3.0 and 1.2 mm Hg after heating
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at 43.5Â°Cand 44.5Â°Cfor 1 h, respectively (Fig. 4). The pO2 values

lower than 5 mm Hg were more abundant in the heated tumors than
in the control tumors. The decline in tumor pO2 after hyperthermia is
probably a consequence of heat-induced reduction in tumor blood

flow. Such a decrease in blood flow and pO2, in turn, may be the cause
for the increase in the formation and accumulation of metabolic acids,
such as lactic acid and ÃŸ-hydroxybutyric acid (32), leading to a

reduction in intratumor pH as reported previously (21, 22). Recently,
"P nuclear magnetic resonance spectroscopy has been used to deter

mine heat-induced changes in energy metabolism and intracellular pH
of murine tumors in vivo (33-35). It was found that heating signifi

cantly decreased the ATP content and acidified the murine tumor.
Unlike observations in murine tumors, however, the pH in human
tumors did not decline significantly upon heating (36-38). The fact

that the temperature in the human tumors in the aforementioned stud
ies could not be raised properly and homogeneously may account for
the lack of changes in intratumor pH. Furthermore, the vessels in these
human tumors may have been rendered thermotolerant during the
course of fractionated heatings and thus the tumor pH did not de
crease.

It has been demonstrated that the greater the vascular damage, the
longer is the delay in tumor growth (28) and that more than 60% of the
blood flow in murine tumors had to be reduced by hyperthermia to
cause a significant tumor growth delay (27). Fig. 7 shows that when
tumor vasculatures were at peak thermotolerance due to a preheating,
reheatings could not suppress the growth of preheated tumors, while
the same heat doses caused a dose-dependent suppression of tumor

growth if applied as a single heat treatment. Although there is no
question that development of thermotolerance in the parenchymal
cells was partially responsible for the ineffectiveness of reheating to
suppress the tumor growth (Fig. 7), the development of vascular
thermotolerance probably played an important role in the gross re
sponse of tumors to fractionated heatings. A practical problem in
clinical hyperthermia is the extreme difficulty of uniformly heating
the entire tumor volume. The results of clinical trials for superficial
human tumors showed that six and two heatings were equally effec
tive (39). It is quite possible that development of thermotolerance in
the vascular system as well as in tumor cells in human tumors ren
dered the six heat treatments no more effective than the two heat
treatments.

In conclusion, vascular thermotolerance develops in tumors after
sublethal heating. The magnitude and kinetics of vascular thermotol
erance were dependent on the initial heat doses. In general, the larger
the initial heat dose, the longer was the time needed to reach the peak
thermotolerance. When the vascular thermotolerance was at its peak,
subsequent heatings could neither reduce the tumor blood flow and
pO2 nor suppress tumor growth beyond that by the preheating. It
appears that sufficient time, e.g., 3-4 days, should be allowed between

heatings in clinical hyperthermia to minimize the impact of thermo
tolerance in the vascular system as well as in tumor cells.
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