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SUMMARY

The solid Yoshida sarcoma implanted on the feet of mats
wassubjectedto localhyperthemmiabywaterbathimmer
sion. Tumor response was governed by the temperature and
duration of heating (i.e., the degree of heating) and by
tumor volume. With small tumors (1.0- to 1.5-mI volume) an
intratumon temperature of 42Â°maintained for 1 hr led to
tumor regression in 11 to 13 days, and the tumor volume

washalvedevery2.6days.Following2 hrhyperthemmia(42Â°)
the tumors disappeared in 6 to 7 days, and tumor volume
was halved every 1.2 days. Tumors of 2 to 3-mI volume had
left the exponential phase of the growth curve and required
2 hr at 42Â°for cure.

Following heating at 40Â°for 1 hm,there was a 50% increase
in 02 uptake and anaerobic CO2 production by the tumor,
accompanied by enhanced dissemination by lymphatic,
vascular, and direct routes, and tumor was found in organs
not usually the site of metastases (e.g., testis and stomach).
With large tumors (3.0 to 4.5 ml), the survival time of the rats
was significantlyreduced.Theseresultsoccurredin the
absence of a rise in body temperature of the animals. It is
concluded that in this animal-tumor system, hypenthenmia
at a temperature inadequate for tumor destruction (40Â°)can
result in changes in the tumor that represent a hazard to the
host.

INTRODUCTION

The use of elevated temperature (hyperthermia) as an
anticancer agent is currently receiving renewed interest (9,
11, 13, 20, 25, 27, 30, 35). Evidence is accumulating on the
selective destructive effects of heat on various types of
cancer cells in vitro and in vivo, and several workers have
applied hyperthermia in the clinic for the treatment of can
cem(4, 29, 34).
The use ofheatinsuch circumstancesatthe presenttime

can only be considered empirical, since little information is
at hand regarding optimal temperature and duration of
heating, susceptibility of various tumors, and relative effec
tiveness of heat applied to the tumor only (local hyperther
mia) versus total body heating. We have been investigating
some of these problems in animal tumor systems, and the
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results have been summarized and discussed (9). Recently,
wereportedthat,followinginadequateheatingof the heat
sensitive Yoshida tumor in rats at 42Â°,enhanced tumor
dissemination occurred (10). The need for further definition
of the possible hazards of heating tumors is emphasized by
the growing interest in hyperthermia as a potentiatom of the
cytocidal effects of drugs (13, 21, 28), and of irradiation (25,
30), and the consequent increasing enthusiasm for the use
of hyperthemmia for human cancer therapy. In this work, we
reportour findingswithadequateand inadequateheating
ofthesolidYoshidatumor inratsinrelationtointratumom
temperature, duration of heating, and tumor volume.

MATERIALS AND METHODS

Heating and Metabolic Studies. The history of the solid
Yoshida sarcoma and the details of its maintenance and
transplantation have been described elsewhere (13).

For this work, the tumor was transplanted as a 100-mg
homogenate into the domsum of 1 hind foot of rats. The
tumors were heated by water-bath immersion, and intratu
mom,abdominal, and rectal temperatures were measured by
thermistor probes in association with a multichannel direct
reading electric thermometer with a scale range of 36-46Â°
(Light Laboratories, Brighton, England; details of the heat
ing procedure were as in Ref. 13). For temperatures below
36Â°,a Nihon Kohden electric thermometer (direct reading,
multiple-channel, Model MGA-IIl, Type 219; Shebaumaelec
tronics Co. Ltd., Tokyo, Japan) was used with 5-cm needle
thermistor probes for intratumom measurements. The elec
tnic thermometers and the Warbung metabolic bath them
mometers were standardized against a mercury-in-glass
thermometer of the National Physical Laboratory, Cam
bridge, England, and the electrical instruments were
checked monthly for circuit â€œdrift.â€•

Respiration and anaerobic glycolysis were studied by
classic Wambung manometmy using 50- to 200-mg tumor
slices. A Krebs-Ringem phosphate buffer, pH 7.4, containing
sodium succinate (0.013 M) was used for respiration expemi
ments, and a Knebs-Ringer-bicambonate-phosphate solu
tion, pH 7.4, containing glucose (2 g/liter) for glycolysis
studies (further details as in Ref. 13).

Hlstopathological Studies. Eighty-five control rats were
examined at intervals ranging from 5 to 54 days following
implantation of Yoshida tumor into the foot to obtain a basic
knowledge of the extent and mode of dissemination of the
tumor in unheated rats. To economize in the use of animals,
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most controls studied were selected at 1 on 2 periods, 15 to
16 and 26 to 27 days after tumor implantation, and most of
the 44 test (heated) rats were examined at these times to
allow comparison.

All animals were examined postmortem to ascertain the

extent of local spreadof the tumor throughoutthe soft
tissues and bones of the foot and into the leg, the degree of
involvement of the regional and other lymph nodes, and the
distribution of visceral involvement by direct spread on â€˜by
metastasis. Hematoxylin- and eosin-stained paraffin sec
tionsof formalin-fixedtissueswereexaminedinall animals.
Blocks of tissue from the foot were decalcified in formic
acid prior to processing. Popliteal, inguinal, axillary, and
pamaaortic lymph nodes, together with sections from blocks
of liver,spleen,pancreas,mesentery,bowel,posteriorab
dominal wall, kidneys, adrenals, lungs, thymus, heart, and
brain were examined. In animals in which it was suspected
at postmortemthat other tissueswereinvolvedby tumor,
then histological confirmation was sought. In control and
heated matsat 15 to 16 and 26 to 27 days, a detailed histolog
ical comparison was made of the incidence and degree of
involvement of the popliteal and paraaortic abdominal
lymph nodes by examining multiple sections of the nodes
and assessing on a semiquantitative scale the amount of
tumor present in the subcapsular sinus, medullary sinuses,
or appearingasdiscretenodules.

RESULTS

Heating and Metabolic Studies

Chart 1 compares the respiration and anaerobic glycoly
sis of Yoshidasarcomaslices from the foot tumor with
slices from the tumor implanted in the leg muscle. Intratu
momtemperaturein the leg of the matapproximatedbody
temperatureasmeasuredintherectumsoftheanimals(38Â°)
and was usually 38-39Â°.On the foot, tumor temperature
related more closely to that of the environment and a tern
perature gradient was often present, the proximal pole of
the tumor (nearest the body mass) being warmer than the
distal pole. The mean intratumor temperature as assessed
from measurements in 3 positions (thermistor in proximal
pole, middle, and distal pole) on each of 60 foot tumors of
1.0- to 1.5-mI volume was 30.0 Â±1.2Â°.Oxygen uptake values
weresimilarat 38Â°and 30Â°for slicesobtainedfrom both
primarysites(Chart1A);anaerobicglycolysiswaslowerat
30Â°than at body temperature for both the leg and the foot

tumor (Chart 1B). At 40Â°,there was an increase in 02 uptake
and in CO2 production of approximately 50% with tumor
slices obtained from the leg or foot primary site. Tumor
slices from the 2 sources behaved similarly at 42Â°,there
being cessation of gas exchange after 4 to 5 hr at this
temperature(Chart1, A and B). Thus,althoughthe foot
tumor was maintained at approximately 8Â°below body tem
perature, its metabolic rate and response to heat were simi
lar to that of tumor growing at 38Â°.

Chart 2 depicts the growth curve of the Yoshida tumor on
the rat foot. From an initial implant of 100 mg of homoge
nate,thetumor increasedin volumeexponentiallyfromthe
5th to the 10th day after inoculation. Thereafter, volume

increased at a slower rate, in keeping with the â€œtailâ€•portion
of the Gompertz growth function for solid tumors (24).

Tumor Heating at 40Â°.

Chart 3 illustrates the temperature changes that took
place when the foot tumor was heated at 40Â°on Day 9 after
implantation (tumor volume, 1.0 to 1.5 ml). With the watQr
bath at 40.5Â°,the intratumortemperature rose withinmm

utes to 40Â°and was maintained there for 1 hr. Following
hyperthemmia, the tumor temperature fell rapidly to its nor
mal level. Nembutal anesthesia led to an initial fall in the
temperature of the mat; normal central body temperature
wasregained,butnotexceeded,duringtheheatingperiod.
Following heating, there was no significant alterations in
growth mateas measured by changes in tumor volume.

The changes in tumor respiration and glycolysis following
in vivo hyperthemmia at 40Â°are detailed in Chart 4. In tumors
examined immediately after a 1-hr heating period, both 02
uptake and CO2 production were increased by approxi
mately 50%, and this increase was maintained in tumors
removed 1 day later. Respiration had returned to normal in
tumors removed 3 days after heating, while glycolysis was
still elevated at this time.
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Chart 1. 0, consumption (A) and CO, production (B) of slices (50 to 200
mg) from the Yoshida sarcoma transplanted into the leg (â€”) or foot (- - -)
of rats. The leg tumors were approximately 10 ml in volume and the foot
tumors 1.0 to 1.5 ml in volume. Gas exchange was measured over 6 hr in
Warburg manometers at 30. 38, 40, and 42Â°.For respiration, the buffer was
Krebs-Ringer phosphate, pH 7.4. and contained 0.013 t@isodium succinate;
for anaerobic glycolysis a Krebs-Ringer-bicarbonate-phosphate buffer, pH
7.4, supplemented with glucose (2 g/llter) was used. All manometric obeerva
tions were performed in duplicate flasks. Each point is the mean value from 4
(foot tumor) or 6 (leg tumor) different experiments. and the S.D. values were
Â±16to Â±20%at all time points.
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sion equations mean that after 1 hr at 42Â°,tumor volume was
halved every 2.64 days from the 12th day after inoculation;
whereas after 2 hr at 42Â°,tumor volume was halved every
1.22 days over the same period. The metabolic and histolog
ical changes that accompany regression of Yoshida foot
tumors following curative hyperthermia have been detailed
elsewhere (13).

As the tumor enlarged and the volume progressed beyond
the exponential part of the growth curve, a longer heating
period was required for tumor destruction (Chart 2). At a
volume of 2 to 3 ml on the foot, a 1-hr heating period at 42Â°
on Day 12 after inoculation led to only a temporary restraint
and decrease in tumor volume, followed by return to an
exponential mateof growth. The heated animals had a de
creased survival timecompared to that of control untreated
rats (31.6 Â±36 days versus 45.2 Â±6.8 days after tumor
inoculation, p < 0.05). The tumor could be cured by a 2nd hr
at 42Â°appliedup to Days16 to 17 beforerapidincreasein
volume occurred again or by a continuous 2-hr heating
sessionon Day12. The slope of the regressionline for
tumor volume following 2-hr heating of a 2- to 3-mI tumor
was not significantlydifferent from the regressionslope
after 1-hr heat treatment of the 1.0- to 1.5-mI tumor (Chart
5A).

With tumor volumes of 3 ml and over, water bath immer
sion led to an elevation of the body temperature of the
animals beyond the normal range (maximum rectal temper
atume in the experiments with tumor volume of approxi
mately 3 ml was 40.5Â°,the range of normal body (rectal)
temperature in the rats being 36.2-39.1Â°with a mean of
38.0 Â±0.5Â°[185 rats (Chart 3)]. When the primary tumor
volume was in excess of 3 ml (3.5 to 4.7 ml), 2-hr hyper
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Chart 2. Changes in mean Yoshida tumor volume following hyperthermia
(intratumor temperature, 42Â°)for 1 or 2 hr at 2 points (9 and 12 days after
tumor implantation) on the tumor growth curve. Volumes for the growth
curve were obtained from caliper measurements on 230 foot tumors; num
bers in parentheses, number of tumors (animals) studied at each point.
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Chart 3. Simultaneously recorded water bath (0), and intratumor (x),

intraabdominal (0), and rectal (A) temperature profiles for a rat with a
Yoshida tumor implanted on the dorsum of the left hind foot. The tumor was
treated by water bath immersion of the affected limb (10 to 70 mm) on the 9th
day after tumor inoculation (tumor volume, 1.4 ml). Strippled region, the
range of rectal temperatures measured under resting conditions in 185
experimental and control animals; there was no significant difference in the
mean rectal temperature of the 2 groups.

Tumor Heating at 42Â°

When the tumor (1.0 to 1.5 ml) was heated at 42Â°on Day 9
after implantation, there was a restraint of growth, followed
by a decrease in tumor volume that was related to the
duration of heating (Chart 2). In Chart 5, regression lines
have been fitted to the tumor volume measurements follow
ing heating at 42Â°for 1 and 2 hr. For 1-hr heating (Chart 5A)
the equation to the line is:

y = 2.58 â€”0.114x

and for 2-hr heating (Chart SB), the equation to the line is:

y = 4.03 â€”0.246x

The difference in slope of the regression lines is highly
significant (p < 0.001). In terms of tumor volume, the megnes

a
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Chart 4. 0@uptake (- - - -) and anaerobic CO2production (â€”) of Yosh
ida sarcoma slices after in vivo therapy. The foot tumors were heated by
water bath immersion (intratumor temperature, 40Â°for 1 hr) on the 9th day
after implantation, and then removed at intervals, and slices studied by
Warburg manometry over 6 hr at 38Â°.Each set of values for respiration and
glycolysis is the mean from 3 different tumors. The incubation buffers was as
for Chart 1.

1190 CANCER RESEARCH VOL.36

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2396287/cr0360031188.pdf by guest on 19 M

ay 2023



Percentage incidence and severity of involvement of poplitealandparaaortic
lymph nodes in control and heated (40â€•)rats at 15 to16and

26 to 27 daysafter foot implantation of Yoshidatumor%

of histologically confirmed tumorinnode

zonesOtherPeripheral

Medullary (patchesorsinus
sinusnodules)Popliteal

node15-16
daysControl

(21)@ 47.6 38.04.8Heated
(25) 88.0 60.04.026-27

daysControl
(13) 77.0 54.07.7Heated
(8) 75.0 75.050.0Paraaortic

node15-16
daysControl

(18) 44.5 16.70Heated
(25) 72.0 44.04.026-27

daysControl
(14) 57.0 35.87.1Heated
(9) 66.6 55.5 11.1

Table2Percentage

incidence of viscera! involvement by Yoshida tumorat15
to 16 and 26 to 27 days after implantation into thefoot.The

tumors were heated at 40Â°on the 9th day afterimplantation.%

of histologically verified tu

moms ateachsite
Duration of
tumor im- Other All vis

plant (days) Group of rats Heart visceracera15â€”16

Controls (18)@ 11.1 011.1Heated
(15) 13.3 13.320.026-27

Controls (16) 0 6.36.3Heated
(10) 30.0 50.0 50.0

Response of Solid Yoshida Sarcoma to Hyperthermia

with the precise identification of tumor cells except where
these were well preserved or arranged in groups within the
peripheral sinus. With more advanced involvement, tumor
wasreadilyrecognizablein the nodes,eventuallyforming
discrete nodules and even replacing nodes and infiltrating
investing adipose tissue. By 26 to 27 days, the popliteal and
paraaortic intraabdominal nodes were involved by such tu
momin 77 and 57% of mats,respectively (Table 1).

Visceral spread of tumor was not observed in control mats
until the 15th day when isolated microscopic metastatic
deposits of tumor cells were found in the myocandium of 2
of 18 mats[11.1% (Table 2)]. This was exceptional, however,
since from the 15th to the 54th days a total of only 4 of 52
control mats(7.5%) had myocardial metastases. Only occa
sional rats showed other visceral involvement, e.g., adrenal
gland (1 natat 17 days) and mesentery and cecum (1 rat at 27
days); brain, hepatic, on pulmonary metastases were not
encountered.

The distribution of disseminated tumor in these control
animals with Yoshida tumor implanted into the dorsum of
the foot differed from that previously observed following
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Chart 5. Regression lines fitted to tumor volume measurements from 11

to 12 days onward following tumor implantation. Hyperthermia was applied
to the tumor-bearing limb for 1 hr (A) or 2 hr (B) on Day 9 after tumor
inoculation. The individual tumor volumes for all experiments shown in Chart
2 have been plotted, and the equation to the regression line in each case is
given.

thermia at 42Â°did not cause tumor regression. The heating
led to an accelerated growth rate of the tumor that had
spread beyond the foot, and the matshad a significantly
reduced life-span [24.2 Â±4.3 days (7 rats), p = 0.002].
Further prolongation of the heating period was not possi
ble, since continuous water bath immersion beyond 2 hr led
to irreversible damage to the normal tissues of the foot and
ankle.

Histopathological Studies

Control Rats. Following implantation into the donsum of
the foot, the Yoshida tumor infiltrated tissues locally but
remained confined to the foot for 13 days. In most mats,
tumor was still confined to the foot by the 16th day, but
subsequently tumor extended into the leg and then the
thighmuscles.

Lymphatic spread occurred to the popliteal lymph node
and then the inguinal, iliac, and intnaabdominal paraaomtic
nodes. By the 8th day, themewere frequently what appeared
to be degenerating Yoshida tumor cells in the peripheral
and medullany sinuses of the popliteal node, and the same
cells were observed in paraaortic nodes in 50% of rats by
this time. A constant feature of the regional lymph nodes
wastheoccurrenceof markedreactivechangeswithoverall
enlargement, and the nodes became packed with lympho
cytes and plasma cells. This is a well-recognized reaction in
lymph nodes that drain immunogenic tumors in expenimen
tal animals (1), and it has been reported that the solid
Yoshida tumor evokes an immune response following trans
plantation (14). The lymph node reaction tended to interfere
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0 Heat(42Â°2hr

y= 4.03 - 0.246x
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16 18 20 Table 1

a Numbers in parentheses, total number of animals examined in
each group.

a Numbers in parentheses, total number of rats examined.
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implantation of the tumor into the thigh muscle, when there
was more commonly direct spread of tumor into the poste
non abdominal wall accompanied by a greaten incidence of
myocandial metastases (10).

Heated Rats. Yoshida tumors of 1.0- to 1.5-mI volume
were heated at 40Â°for 1 hr by water bath immersion 9 days
after implantation into the foot. For the statistical compani
sons with controls, exact probability (â€˜â€˜2-tailedâ€•)tests were
used throughout.

From the implantation site on the domsumof the foot, the
tumor grew through the intenosseous spaces to involve the
ventral aspect of the foot, the pemiosteum, and the bone or
marrow. Analysis of histological involvement of the different
tissues of the foot by the growing tumor showed no signifi
cant difference between control and heated mats.There was,
however, a statistically significant increase in the degree of
involvement of these named sites with time (p@ 0.002) in
both control and heated animals. Thus, for example, the
peniosteum was involved in 61.1% of 18 control and 50% of
14 heatedmatsat15 to 16 days,and in100% of17 control
and 83.8% of 12 test animals at 26 to 27 days.

Comparison of tumor involvement of the leg muscles at
different levels in the tumor-bearing limb showed no signifi
cant difference between control and heated rats at either
the 15- to 16-day or 26- to 27-day periods. Thus, at 15 to 16
days tumor was still confined to the foot in 88.9% of 18
control and 86.7% of 15 heated mats,and in only 1 animal in
each grouphad tumorextendedtothelegand thigh.By 26
to 27 days the ankle was infiltrated in 68.8% of 16 control
and 70% of 10 heated rats. The incidence of spread of tumor
to the mid or upper leg had by this time increased to 37.5%
and 40% in control and heated rats, respectively.

Spread of the tumor via the lymphatics is illustrated by the
detailed figures of lymph node involvement in Table 1. For
the popliteal node at 15 to 16 days, there was a statistically
significant association between heat and tumor involve
ment in the peripheral sinus (p < 0.01). In the medullary
sinus, the association between heat and involvement did
not reach statistical significance. At other sites in the poplit
eal node, the control and heated groups did not differ in the
proportions showing the presence of tumor. In the paraaom
tic node at 15 to 16 days, the peripheral and medullary
sinuses had higher proportions of involvement in the heated
group than in the controls, but when compared statistically
this did not quite reach significance. For the other sites,
only 1 of 25 matsin the heated group and none of 18 control
rats showed tumor involvement. At 26 to 27 days, there was
no significant association found between heat and tumor
involvement at any of the sites examined for either node.

Visceral spread was not a marked feature of the Yoshida
tumor when implanted on the foot. In Table 2, the effect of
heat on tumor spread has been examined, the results being
separated into incidence of myocardial involvement and
incidence of tumor in various other viscera (e.g., small
intestine and kidney). At 15 to 16 days after implantation,
there was no significant difference between visceral in
volvement by tumor in the matswith control and heated
tumors. However, at 26 to 27 days themewas a significantly
greater involvement of the viscera by tumor in the heated
animals [p (2-tailed) = 0.05]. Considering the heart only,

heat did not lead to an increased involvement of the organ
examined at 15 to 16 or 26 to 27 days after implantation, as
determined by a 2-tailed exact probabilities test.

The statistical analysis does not reveal the marked differ
ences found in the degree of visceral involvement by tumor
in the control and heated animals. In the control mats,vis
ceral involvement was not encountered until the 15th day, at
which time 2 of 18 matshad myocardial metastases. One
animal at the 27th day had tumor in the mesentenic nodes
and cecum. In contrast to these findings, the heated mats
with metastatic disease showed extensive visceral involve
ment by tumor. This was especially marked at 26 to 27 days
after implantation.At this time, 1 heat-treatedmatshowed
tumor in the pemirenal fat, mesentery, small bowel wall,
muscles of the posterior abdominal wall, 1 testis, and in the
mediastinum directly involving the heart. Another showed
tumor in the mediastinum and heart, subnephnic fat, mesen
tery and small bowel, as well as in the regional nodes. In a
3rd heated mat,themewas tumor infiltrating the full thickness
of the small-bowel wall, the omentum, the deep cervical
lymph nodes, and thymus, together with an isolated my
ocardial metastasis. A 4th matshowed massive mediastinal
replacement by tumor with infiltration around the esopha
gus, bronchi, and vessels at the hilum of the lungs. In a 5th
mat,there was a pemigastnicmass of tumor measuring 2 x 1
cm and, although this animal showed no other evidence of
visceral metastatic tumor, the histological appearances
wereconsistentwith it's beinga metastasisfrom the im
planted Yoshida foot tumor.

In a group of 8 animals with 1.0- to 1.5-mI tumors heated
at 40Â°for 1 hr to determine the effect of hyperthermia on
survival time, the matsdied at 38.1 Â±5.2 days after tumor
implantation. This was not a significantly reduced life-span
compared to control mats(p > 0.05).

To investigate the possibility that the introduction of a
thermistor probe into the tumor as part of the heating pro
cedure might influence spread of the tumor, a group of 10
matswas treated by water bath immersion of the tumor
bearing foot (tumor volume, 1.0 to 1.5 ml) at 30Â°for 2 hr with
1 or 2 needle probes inserted into each tumor. The rats were
killed on Day 16 or on Day 27, and at autopsy the pattern and
severity of tumor spread was similar to that found in the
control series of animals with a comparable duration of
implant. In previous experiments, the insertion of thermistor
needles into large (10-mI) Yoshida tumors sham-heated at
38Â°did not augment tumor dissemination from an implant
site in the leg muscles(10).

Effect of Heat (40Â°)on Large Yoshida Tumors. An addi
tional group of 18 rats in which the foot tumors had left the
exponential part of the growth curve, and ranged between
3.0 and 4.5 ml in volume (13 to 17 days postimplantation),
wassubjectedto immersionof thetumor-bearingfoot for 1
hr at 40Â°.Twelve rats died within 10 days of hyperthermia,
and 6 were killed 7 days after heating for detailed pathologi
cal studies. The extent of the disease in the heated matswas
compared with that in animals with unheated tumors of
initially similar volume killed at comparable times (Table 3).
Spread of the tumor by lymphatic, vascular, and direct
routeswas morerapidand moreextensivein the heated
animals. Fig. 1 shows the marked enlargement of the super
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Table 3

Comparisonof the incidence and severityof tumor in abdominaland thoracic organsand in ipsi!atera!lymph nodesin controls (C,6 rats)
and following inadequateheating (H, 6 rats) (intratumor temperature40Â°for 1 hr) of large Yoshidatumors

ficial lymph nodes and widespread involvement of abdomi
nal and thomacic viscera following heating of a large foot
tumor at 40Â°.The heart was the only organ affected by tumor
in the control animals. In the heated group, 3 rats had
involvement of other viscera. In 1 mat[3.0-mi tumor (Table 3)]
the left kidney and the thymus were the site of extensive
tumor, and in the other 2 animals the tumor involved the left
kidney and spermatic cord as well as a considerable length
of small intestine and the thymus (3.6-mI tumor), and the left
kidney plus adrenal (4.1-mI tumor). A large tumor mass was
present on the posterior abdominal wall in all the heated
animals, and the superficial and deep lymph nodes exam
med were enlarged and extensively replaced by tumor in all
cases. In 4 of the 6 heated rats tumor was present in the
contralateral inguinal and axillary nodes. Statistically, the
difference in tumor incidence at each site in the heated and
control groups did not quite attain significance on an exact
probability test. The difference in survival time of the 2
groups was highly significant, however. The heated mats
died at 23.5 Â±3.5 days after tumor implantation, compared
with 45.2 Â±6.8 days for the control animals (p = 0.001).

Although the large foot tumors contained considerable
amounts of necrotic tissue, slices of the viable peripheral
tumor had an 02 uptake and CO2 production that were not
significantly different from that for smaller (1.0- to 1.5-mI)
tumors at the temperaturesexamined in Chart 1. Overthe 1-
hr period during which the large tumors were maintaned at
40Â°, the rectal temperature of the rats did not exceed the
upper limit of normal body temperature (39.1Â°).

DISCUSSION

In previous work it was found that following inadequate
heating (42Â°for 1 hr) of the Yoshida tumor (10-mI volume) in
the leg muscles of the rat, there was enhanced tumor dis
semination (10). The maintenance of an intratumor temper
ature of 42Â°for 1 hr was accompanied by a progressive
elevation of central body temperature to the region of 42Â°,
due to the relatively large body mass immersed in the heat
ing bath in relation to the small blood volume of the rat. The
elevation of body temperature led to a high death rate in the
rats and rendered the leg unsuitable as a primary inocula

tion site for further studies on the Yoshida tumor. In addi
tion, the total body hyperthermia made it impracticable to
separate the possible molesplayed by changes in the host
normal tissues or â€œsoilâ€•(26) and alterations in the cells of
the heated primary tumor in the augmented dissemination.
Subsequent studies indicated that the Yoshida tumor (when
1.0 to 1.5 ml in volume) could be cured by 42Â°in vivo as
predicted from in vitro metabolic measurements (13) and
suggested that tumor response to heat was governed by
tumor volume. The present experiments with the tumor
implanted on the foot have enabled us to extend these
observations and to study dissemination of the heated tu
momin the absence of a rise in central body temperature.

Following heating of the foot tumor at 40Â°,there was an
increase in tumor metabolism as indicated by 02 uptake and
CO2 production (Chart 4). This was in keeping with the
augmented respiration and glycolysis obtained in vitro at
this temperature with slices from foot or leg tumors (Chart
1), in spite of the finding that the foot tumor was normally
maintained at a temperature considerably below that in the
nest of the body. Johnson and Newell (22) have recently
reported data for mitochondrial suspensions of Ehmlich as
cites tumor cells and liver cells from the same mice showing
that the mateof 02 consumption is essentially insensitive to
temperature change between 30Â°and 39Â°.At higher temper
atunes (approximately 40.5Â°for the cancer cells and approx
imately 43Â°for the Iiver'cells), themewas a marked increase
in metabolism (22). Selawry et al. (31) found that the meta
bolic mateof HeLa cells, as measured by lactate production,
increased progressively over the mange 36Â°(the normal
maintenancetemperature)to 40Â°;maximumgrowth rateoc
cumredat 38Â°,although the slower replication at 38-40Â°may
have been due to the rapid decrease in pH of the cultures. In
previous studies from this laboratory we reported that at 39-
40Â°in vitro there was a marked increase in the respiration of
freshly isolated VX2 rabbit carcinoma cells (11), and also in
that of a malignant cell line from a rat breast adenocarci
noma (12). As long ago as 1906, Clowes and Baeslack (5)
described the response pattern of the Jensen mouse tumor
to elevated temperatures preceding 42Â°(the tumor-lethal
temperature). It was found that both the take rate and the
growth mateof the neoplasm in mice were markedly in
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creased by a 15-mm preincubation of the tumor at 40Â°in
vitro before transplantation. These workers also reported
that a 30-mm preincubation period at 38.5-39.5Â°was the
best method of establishing transplantable tumor lines from
primary mouse carcinomas referred to their laboratory.
There are also suggestions in the olden clinical literature of
a stimulatomy temperature zone for tumors before the inhibi
tory range is attained, e.g., in the apparent accelerated
growth of human cancers heated at 38-40Â°by shortwave
diathermy (2, 36).

In this work, the response of the tumor to 42Â° was gov

emnedby the size of the primary mass. When tumor volume
wassmall (1.0to 1.5ml) and the tumor remainedconfined to
the domsumand superficial tissues of the foot, tumor negres
sion was directly related to the duration of heating and theme
was 100% cure of the host animals, although tumor may
have been present in the regional lymph nodes at the time of
heating. Larger tumors (up to 3 ml) also showed a dose
related response to 42Â°,and the animals were cured by a 2-
hr water bath immersion of the foot; at the time of heating
the tumor involved the foot tissues extensively and distant
metastases were sometimes present. Tumors in excess of
approximately 3 ml were not affected by heating for 2 hr at
42Â°as judged by tumor volume measurements. It must be
borne in mind that tumor volume measurements can under
estimate tumor cell kill by several orders of magnitude [the
so-called â€œWilcox phenomenonâ€•; see Skipper (32)]. Follow
ing effective treatment of a tumor, variables such as the rate
of dead cell lysis and absorption and the kinetics of multipli
cation of resistant cells govern measurable regression rate
(33). Although Cnile (6) induced temporary heat resistance
in 591 melanoma and Sarcoma 180 in mice by preheating
the tumors on the day before the main treatment, and
Selawry et al. (31) obtained increased themmotolerance in
HeLa, HEp2, and J96 cells after prolonged and complex
preconditioning regimens, the development of heat resist
ance in the hyperthermic treatment of sensitive tumors un
den normal circumstances has not been reported.

Tumor size also influenced the in vivo response of the
Yoshida tumor to 40Â°.This temperature led to a statistically
significant enhanced spread of the tumor (volume, 1.0 to 1.5
ml) to the regional lymph nodes and to the viscera; in the
heated rats the visceral involvement was much more exten
sive than in the control unheated animals, with occasional
involvement of organs not normally the site of metastasis
(stomach, testis, and spemmatic cord). This was reminiscent
of inadequate heating of the Yoshida tumor in the leg at 42Â°
which led to metastatic involvement of the liver, whereas
secondary tumors in this organ were not detected in 91
autopsies on matsbeaming untreated tumors (10). With in
crease in size of the foot neoplasm, and coincident progres
sion off the logarithmic portion of the growth curve (Chart
2), hyperthenmia at 40Â° led to enhanced and exaggerated
spread of the tumor via direct, lymphatic, and vascular
routes. As a solid tumor enlarges, alterations in the cell
kinetics of the population occur, themebeing a reduction in
the number of proliferating cells on growth fraction (8, 15,
23, 33). The importance of such changes is denoted by work
on animal tumors, and also in the clinic, demonstrating that
as a tumor enlarges its response to drugs alters, and it

becomes more difficult to influence the progress of the
disease (8, 16, 23, 32, 33). Several authors have reported
that cancer cells are more susceptible to the destructive
effects of heat when they are replicating (see Ref. 12),and
specifically when they are in metaphase (see Ref. 4) or the
late S or early G2 phases of the cell cycle (28). In addition,
the ability of a developing tumor to bring about a condition
ing of the host favoring its spread was emphasized some
years ago by Greene (17), and subsequent workers have
reiterated the importance of the host soil in the progression
of mutual interaction that represents malignant disease (7,
18, 19). It may be that the more aggressive behavior of the
large heated Yoshida tumors, and rapid death of the rats,
reflects tumor spread and growth in a host favorably pre
conditioned by the larger burden of cancer cells.

From an implantation site on the foot, the pattern of
spread of the Yoshida tumor was less well defined and
predictable than the pattern of spread following tumor im
plantation in the leg muscles (10). It has been stressed that it
was difficult to make an accurate histological assessment
as to whether or not viable tumor cells were present in the
regional nodes at an early stage following implantation.
Other workers have shown that, after injection of a tumor
cell suspension into the footpad of mats,RD/3 cells may
reach the popliteal node within 24 hr and then progressively
increase in number until by the 5th day there is partial
replacement of the node by the neoplasm (3, 37). The lym
phatic drainage from the central footpad is to the popliteal
node, whereas drainage to the inguinal node occurs from
the intemmetatarsal spaces (37). The inguinal node was meg
ularly involved following implantation of the Yoshida into
the domsum of the foot, and this may account for the pro
pensity of the tumor for rapid and widespread lymphatic
dissemination. Lack of a means for quantitating the host
burden of cancer cells, and the fact that at the later time
period studied (26 to 27 days) considerable tumor spread
had already occurred, rendered statistical analysis of lim
ited value in this work. Nevertheless, the results of the in
vitro-in vivo metabolic experiments, the histopathological
studies, and the animal survival data warrant the conclusion
that heating of the Yoshida tumor that is inadequate in
terms of temperature (40Â°),as well as insufficiently pro
longed heating at a tumor-lethal temperature (42Â°,see also
Ref. 10) can represent a hazard to the host.
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Fig. 1. Gross enlargement of ipsilateral and contralateral inguinal and axillary lymph nodes by Yoshida tumor (A, arrows). The primary tumor on the left
foot washeatedat 13daysafter implantation(tumorvolume,3.6ml),andthe ratdied6.5dayslater.Atautopsy,theabdomenwasfull of serosanguineousfluid,
and a large mass of tumor occupied the posterior abdominal wall, surrounded and involved the left kidney, and bound the coils of the small intestine together
(B, arrows); the thymus was replaced by tumor.

. \ aâ€•
1,

1195MARCH 1976

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2396287/cr0360031188.pdf by guest on 19 M

ay 2023




