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Enhancement of Thermal Damage to the 
Microcirculation of 'Sandwich' Tumours by 
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Abstract--The effects of hyperthermia on tumour microcirculation were investigated. 
For this purpose, transparent tumours were grown in the 'sandwich' system in the 
dorsal skin f lap of the rat (Rhabdomyosarcoma BA1112 in WAG/R O" rats). Heating 
was performed with air; the temperature of the cover slip overlying the tumour was kept 
at either 42.5 ° or 42°C by means of an electronic controller. Evaluation of the effect 
was based on microscopic observation and photographic recordings and was expressed as 
the proportion of tumours with intact microcirculation, i.e., the proportion of tumours 
not showing heat damage. The results indicate that, at 42.5°C after a latent period of  
about 1 hr, the microcirculation of the tumours begins to slow down. At  the end of  a 
treatment time of 180min, about 70% of the tumours show microcirculatory damage. 
It appears that some time is required before the majority of the tumours show heat 
damage. The effect is still essentially the same at 42°C, but the damage is to a much 
lesser extent. When the animals received additional treatment, i.e. misonidazole, glucose 
or 5-thio-D-glucose, the damaging effect of the hyperthermw treatment at 42°C 
appeared to be increased. The effects of all combined treatments approximated the 
degree of inactivation obtained with 42.5°C treatment. 

I N T R O D U C T I O N  

THE "POTENTIAL of heat in the treatment of 
tumours has been well established. Recent 
reviews on the subject with regard to the effects 
of heat on cells and tumours have been 
published by Overgaard [1], Suit and 
Gerweck [2], Bhuyan [3], Field and Bleehan 
[4] and Dewey et al. [5]. Many possible 
mechanisms for the destructive effect of heat 
on tumours have been proposed and investi- 
gated. No conclusive evidence has yet been 
obtained that tumour cells as such are 
necessarily more heat sensitive than normal 
cells when the clonogenic viability of cells is 
used as the end point. However, cells which 
are nutritionally deprived or have a low ex- 
tracellular pH are known to be highly sen- 
sitive to moderate temperatures. Such con- 
ditions are assumed to exist in central areas of 
tumours [6-8]. This would imply that the 
center of a tumour would be more sensitive to 
the same heat treatment than its peripheral 

rim of viable tumour cells. Moreover, the 
effect of heat under these conditions is likely 
to depend on factors that may influence the 
metabolism of the cells in such areas. Some of 
these aspects could be studied quite well in 
our transparent tumour system. Temperatures 
of 42.5 and 42°C for 3hr  were applied and 
the metabolically active substances investi- 
gated included glucose, 5-thio-glucose and 
misonidazole. 

MATERIALS A N D  M E T H O D S  

The tumour system consisted of the 
Rhabdomyosarcoma B Al l l 2 ,  which is isog- 
eneous in the WAG/Rij  strain of rats. The 
tumour originated in 1962 in the submandi- 
bulous masculature of  a total body irradiated 
rat and can be presently considered as an 
undifferentiated sarcoma. Small pieces of tu- 
mour of about 0 .2mm 3 were implanted in 
'sandwich' chambers [9, 10]. The latter con- 
sists of a skin flap of  the rat in which a part of 
the subcutis is enclosed between a glass cover 
slip and a mica base plate. The tumour grows 
in a sheet-like manner in this system. The Accepted 30 January 1981, 
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thickness of the tumour is about 150-200#m, 
the diameter 3 -5mm.  For orientation pur- 
poses, a few carbon microspheres of 80#m 
diameter are implanted along with the tu- 
mour tissue. 

The heating and temperature measuring 
system consisted of a proportionally controlled 
air heating device (Fig. 1 ). The skin flap with 
its supporting plastic splint extended into a 
box which was made of perspex and lined 
with an additional 2 mm thick layer of poly- 
styrene foam. The heat was delivered through 
five radiotype resistors (total power 50W)  
which were mounted in front of a small 
blower. The sensor of the electronic tempera- 
ture controller was attached by means of a 
small piece of adhesive gum to the cover slip 
overlying the tumour area. This small piece 
of adhesive gum also served for the attach- 
ment of the thermocouple needle of the Ellab 
(Ellab Instruments, Copenhagen, Denmark) 
medical thermometer. The piece of adhesive 
gum was always placed next to the tumour in 
order not to interfere with observations. 
Because of the good thermal contact provided 
by the adhesive gum between the sensors and 
the cover slip, the cover slip and the tumour 
and the close proximity of sensors, adhesive 
gum and tumour, the tumour temperature 
was assumed to be sufficiently close to the 
measured temperature. Microthermocouple 

measurements are not possible in this set-up, 
as the microthermocouples are too fragile to 
penetrate the skin, chamber, etc., from the 
side. AIso, infrared measurements proved not 
to be feasible, due to the high absorption of 
infrared by the (200 #m thick) glass cover slip. 
Some temperature measurements in a similar 
'sandwich' system by Cetas and Boone [11] 
support the view that a reasonable approxi- 
mation of the tumour temperature is obtained 
in the manner described. Because of the ex- 
perience that proportional controllers reach 
their preset temperature in a slightly undulat- 
ing way, the final temperature was always 
approached by manually increasing the pre- 
set temperature of the controller by 0.1°C 
increments. In this way, we could be sure that 
the tumour was never exposed to an 'over- 
shoot' temperature. The temperature of the 
circulating air in the box in the direct vicinity 
of the cover slip was usually about 0.5°C 
higher than that of the indicated ther- 
mocouple needle temperature. 

The recording of changes occurring in the 
tumour was made by observation (every 
15min) and photography (every hour). To 
avoid any contribution of heat by the HBO- 
100 lamp, the shutter was normally closed 
and the green-coloured, heat filtered light was 
admitted only during the brief moments of 
observation or photography. The additional 

microscope 
(with camera) 

i therm  it 
I meter N 

, / / .  ,I///// 

light green heat I11 10~) 
shutter / / / / ) ~  m p 

Fig. 1. Experimental set-up. The tumour is heated with air, the temperature of which is 
electronically controlled. 
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treatment consisted of the administration of 
either glucose, 5-thio-D-glucose or misonido 
azole. Glucose in a concentration of 50 mg. 
m1-1 was given as a single intraperitoneal 
injection of l g.kg -1 2hr  before the begin- 
ning of the heat treatment. The drug 5-thio- 
D-glucose (Pfanstiehl, Waukegan, IL) was ad- 
ministered in the drinking water for the whole 
week preceding the treatment. The concen- 
tration in the drinking water was 1 mg.ml-1.  
As the animals were always kept in in- 
dividual cages, the average amount of 5-thio- 
D-glucose intake could be estimated. The 
animals ingested approximately 200mg.kg -1 
d a y -  1. Misonidazole (Roche Products; 
30mg.m1-1) was given i.p. at the beginning 
of the heat treatment. The dose was 
300 mg.kg-1. The animals were anaesthetized 
i.p. with "Hypnorm"  (Philips-Duphar) at 
1 ml.kg- 1. 

A total of 140 tumours were exposed to the 
various treatments. The heat exposure time 
was invariably kept at 180 min at continuous 
temperature. Variations in measured tempera- 
ture remained within ___0.1°C of the preset 
temperature. 

RESULTS 
The results of the heat treatment at 42.5 

and 42°C for 3hr  are shown in Fig. 2. It 
appears that the longer the exposure time, the 
more tumours show a stoppage of the micro- 
circulation. This stoppage is frequently limited 
to the inner part of the tumour, leaving a 
small outer ring of circulating vessels. The 
dotted lines drawn in Figs. 2, 4, 5 and 6 were 
calculated via a Weibull curve [12]. There is 
an obvious difference in effect between the 
42.5 and 42°C exposures. The exposure time 
for 50% effect at 42.5°C is about 160min, 
while extrapolation of the 42°C curve gives 
226min. The administration of glucose 2hr  
before the heat treatment appears to enhance 
the effect. This is demonstrated in Figs. 3(a)-  
(e). In this example, the circulation seems to 
first be affected after about 2hr  with an 
increase in extent for the last hour of treat- 
ment. The results of 41 treatments are shown 
in Fig. 4. A treatment time of about 160min 
is required to reduce the number of tumours 
with intact circulation to one half of the 
initial number. The effect of 5-thio-glucose is 
shown in Fig. 5. It appears that more than 
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Fig. 2. Effect of heat at 42.5 and 42°C on the microcirculation of tumours 
(26 tumours were used for the 42 .5°C  exposure and 50 tumours for the 
42°C exposure). Ordinate: percentage of tumours with intact 
microcirculation. Abscissa: Exposure time. All tumours were exposed for the 
full 180mi n .  The curve through the observed data was calculated according 

to [12!. 
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3hr  is required for a 50% reduction. The 
(extrapolated) value for this is about 190min. 
The effect of misonidazole is about the same 
as that of 5-thio-glucose. Misonidazole "ap- 
pears to enhance the effect of 42°C hyper- 
thermia, as shown in Fig. 6. The (extrapo- 
lated) 50% effect time is about 190min. 

On the following day, the tumors showing 
microcirculatory inactivity almost inevitably 
show extensive necrosis in the parts affected. 
This is shown in Fig. 7. For the 42.5°C 
treatment, only 5 of 24 (21 ~/O) of the tumours 
treated for 180min showed intact circulation 
on the day following the treatment, while the 
42°C treatment resulted in 34 of 49 (69%) 
tumours without visible damage. The obser- 
vations on the intensification of the microcir- 
culatory damage during the 180min treat- 
ment at 42°C by the various additional treat- 
ments showed that, with glucose, only 7 of 39 
(18%) of the treated tumours had intact circu- 
lation on the next day. For 5-thio-glucose and 
misonidazole, these values were, respectively, 
2 o f l l  (18%) and 3 of 12 (25%), as evident 
from Fig. 7. 

DISCUSSION 

Hyperthermia induced damage of the micro- 
circulatory system of tumours is now a well- 
recognized phenomenon. The curves shown in 
Fig. 2 indicate that some time at a hyper- 
thermic temperature is required before this 
phenomenon takes place. However, many au- 
thors mention in their reports only the treat- 
ment temperature rather than the thermal 
exposure, which by definition consists of a 
given temperature applied over a defined time 
period. Moreover, the intensity of the thermal 
effects on the microcirculation of tumours may 
quite possibly depend on rather specific con- 
ditions, for instance, the type of animal, of 
tumour, the implantation site and the way in 
which heat is applied. 

In human tumours, Sugaar and LeVeen 
report that, as a result of  a rather ill-defined 
heat treatment, prominent vascular changes 
appeared in the surgical specimen [13]. Also, 
the observation of Herbst  and Sauer [14] that 
during radiofrequency treatment, the tem- 
perature in human tumours increases slowly 
during the first 30min but then rapidly in- 
creases to 46°C may probably have to be 
interpreted as being the result of a shutdown 
of the circulation in these tumours 30min 
after the start of the heat treatment. 
Histological investigations in experimental tu- 
mour systems also tend to support this in- 

terpretation. Piro et al. [15] found marked 
vasodilation and stasis at 42°C and massive 
haemorrhage and necrosis at 44.5°C. Similar 
findings were made by Von Ardenne [16] at 
41°C in a situation where the tumour was 
acidified to a pH of 6.1. 

Microcirculatory studies with direct obser- 
vation systems have also indicated that the 
microcirculatory flow is very responsive to 
heat [17]. Endrich et al. [18] demonstrated a 
substantial decrease in the arterial inflow after 
exposure to 41.3°C. The latter was quantified 
on the basis of velocity measurements on the 
erythrocytes of tumours in vivo. Endrich et al. 
also observed increased leukocyte adhesive- 
ness, stasis in the blood vessels and the de- 
velopment of petechiae. Eddy [19] noted a 
rapid decrease in microvascular flow in tu- 
mours in the hamster check pouch. In his 
experiments, it was only a few minutes before 
the flow decreased, depending upon the 
temperature (range 41-45°C for the 30min). 
Eddy reported constriction of arterioles, pe- 
techial haemorrhages and 'bulbous segments'. 
At 45°C, there was a stoppage after 20- 
25 min. It should be expected that there will 
be discrepancies in conclusions reached with 
different assay systems. For example, Gullino 
with his 'tissue isolated tumour'  system obser- 
ved no appreciable change in the Walker 256 
carcinoma at various times after exposure to 
43°C for 20min [20] and Song et al. [21] also 
found the blood flow in this tumour to be 
unchanged by an exposure to 43°C for 1 hr. 
The difference between the above-mentioned 
investigations and the present results may be 
due to a multitude of factors. Not only are 
different tumours involved but also the site of 
implantation differs. Moreover, the heat de- 
livery systems differ considerably and there 
may be essential differences between the tem- 
peratures used as well as the exposure times. 
As mentioned earlier, Fig. 2 gives the im- 
pression that a prolonged exposure time is 
required before the majority of the tumours 
show circulatory stoppage at 42.5 and 42°C. 
Whether or not a minor decrease occurs in 
the velocity of the erythrocytes moving in the 
tumour capillaries during heat treatment 
could not be evaluated in the present experi- 
ments, as this requires more extensive in- 
strumentation. However,  with the same 'sand- 
wich' tumour system as described in these 
experiments but  with a different heating me- 
thod, Endrich et al. [18] were able to show 
that the arteriolar inflow decreased as early as 
5-10min  after treatment. Apparently, tissue 
pH and oxygenation also decrease during 
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Fig. 3a 

Fig. 3. Example of the effect of 42°C heat treatment in combination with lO00mg.kg-a glucose 
i.p. 2 hr before treatment on the turnout microcirculutor~ system (tumour is Rhabdon~osurcoma BA 
1112). The black dots in the turnout tissue are the 80#m diameter microsphere markers. (a) 
Beginning of treatment; good circulation. (b) Same turnout after 1 hr at 42°C; good circulation. (c) 
Same turnout after 2 hr at 42~'C: slow down in the circulution and areas of haemorrhages. (d) 
Same turnout after 3 hr at 42°C: no circulation, extensive haemorrhages. (e) Same turnout next day: 

no circulation, extensive necrosis. 
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Fig. 3b. 
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Fig. 3d. 
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Fig. 4. Effect of 42°C heat treatment in combination with lO00mg.kg -a  
glucose i.p. before treatment on the microcirculation of tumours (n=41) .  

Parameters as in Fig. 2. Dotted line is taken from Fig. 2 (42°C). 
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Parameters as in Fig. 2. Dotted line taken from Fig. 2 (42°C). 
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hyperthermic treatment, as reported by Bicher 
and Vaupel [22] and Vaupel et al. [23]. Von 
Ardenne and Reitnauer [24] postulate that 
tissue acidification by means of systemic glu- 
cose administration is an essential step in the 
development of a hyperthermia induced de- 
crease in the 'intensity' of the microcircu- 
lation. The latter was approximated via the 
rate of light absorption by the tumour tissue 
after an i.v. injection of Evan's blue. 

Our observations showed that, following a 
stoppage of the microcirculation, the stasis is 
almost inevitably irreversible. This effect can 
also be noted when heat treatment is followed 
on the next day by radiation for a cure [25, 
26]. Logically, a prolonged stoppage of the 
microcirculation in any tissue is expected to 
lead to necrosis. That  this occurs in our 
tumour system is adequately illustrated in Fig. 
3. Moreover, while there is a stoppage of the 
circulation in the tumour, the tumour tissue is 
likely to be more sensitive to the hyperthermic 
treatment. This has been demonstrated in vitro 
by making various modifications in the 'phy- 
siological' conditions of the medium [1, 4, 5, 
27] and clamping experiments in tumours in 
vivo also give confirmatory evidence [28]. 
Whether or not changes in the tissue pH as a 
result of hyperthermia are of importance is 
presently open for discussion. Von Ardenne 
and Kriiger [29] refer to experiments of 
Schmid-Sch6nbein et al. [30] which have also 
shown that the flexibility of the erythrocyte 
membrane is dependent upon the pH of the 
medium. Eddy [19], however, refers to similar 
experiments of Crandall et al. [31] which 
indicated that quite low pH values (pH 4.6- 
6) are required and that a period of several 
hours must elapse before erythrocyte stiffening 
becomes apparent. It should be mentioned, 
however, that, in these experiments, an in- 
fluence of time at pH 6.0 is hardly detectable. 
Therefore, the question of whether or not 
acidification of tumours is of importance for 
the development of heat induced microcircu- 
latory stoppage remains an open question 
until appropriate determinations of the effects 
of both factors (i.e., the pH of the intracapil- 
lary blood and changes in the capillary flow) 
have been made. Other factors involved in a 
heat induced decreased microcirculatory flow 
may be those such as the development of 
increased tissue pressure through osmotic cha- 
nges due to alterations in cellular or vascular 
permeability or changes in the surface proper- 
ties of the capillary walls or those of some 
type of blood cell. Also, the possible influence 
of metabolic factors [27, 32] and whether a 

possible decreased tissue pH plays another 
role in heat induced cell killing is not pre- 
sently Ciear [33, 34]. 

As shown in Figs. 4-6, the present experi- 
ments indicate that additional treatment may 
influence the microcirculatory response. 
Glucose, 5-thio-D-glucose and misonidazole 
all seem to be capable of increasing the 
damaging effect of hyperthermia on the mic- 
rocirculation to a limited extent. All three 
additional treatments seem to substitute for 
about 0.5°C treatment temperature. This is 
apparent not only during treatment (Figs. 4-6 
compared with Fig. 2) but also on the next 
day. Such data also illustrate that the micro- 
circulatory damage induced by hyperthermia is 
an irreversible phenomenon which results in 
vast areas of necrosis on the following day. 

Misonidazole has been found to be a poten- 
tiator for hyperthermia. This was reported in 
1977 by several authors [35-39]. The dose of 
misonidazole in the present experiments where 
rats were used was somewhat lower (0.3mg. 
g - l )  than that mostly used in mice, where 
the usual dose is 1 mg.g-1 [35-37]. This was 
purposely chosen in order to avoid lethality. 
Nevertheless, a limited, but significant effect 
was observed. The magnitude of the effect 
(i.e., an increase which is equivalent to 0.5°C) 
is of the same order as thewalue which may 
be inferred from the published cell survival 
curves [35-39]. The present observations seem 
to be in agreement with the conclusions 
drawn by Overgaard that the combined ef- 
fects of misonidazole, hyperthermia and ra- 
diation on the C3H mouse mammary  tumour 
may be explained as the result of independent 
actions of the combined modalities [40]. 

The glucose analogue 5-thio-D-glucose was 
recognized by Song et al. as a specific toxic 
agent for hypoxic tumour cells [41, 42]. In 
further experiments, Kim et al. in collabo- 
ration with Song demonstrated that 5-thio-D- 
glucose has an effect on hyperthermic cell 
killing [43], while Song et al. [44] established 
that hyperthermia potentiated the cytoxic ef- 
fect of 5-thio-D-glucose on hypoxic cells. The 
present investigations confirm this finding by 
the observation that addition of 5-thio-D- 
glucose to the drinking water of the rats 
rendered the tumour more sensitive to 
hyperthermia. 

Glucose has been proposed for many years 
by Von Ardenne as a substance for acidifying 
tumour tissue (for recent refs., see [16, 24, 
29]). Indeed, in the present experiments, a 
high dose of glucose appeared to have a 
potentiating effect in the causation of hyper- 
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thermic  da m age  to the microcircula t ion of  the 
tumours.  

T h e  assay system used in these exper iments  
was confined to observat ion and pho tography .  
No physiological  de terminat ions  were made.  
This system was chosen on purpose in o rder  to 
avoid any  interference o f  external  factors in 
the response of  the del icate  microci rcula tory  
system of  the tumours.  I t  is difficult, therefore,  
to confirm any  o f  the above-ment ioned  specu- 
lations regard ing  the mechanisms involved. 
Recen t  pilot  exper iments  with high power  

optics have conf i rmed that  the capi l lary flow 
comes to a full stop unde r  hyper the rmic  con- 
ditions. However ,  even the high power  obser- 
vat ion of  microci rcula t ion  s toppage does not  
reveal  the mechanisms involved and  a dif- 
ferent  exper imenta l  set-up will be required to 
answer this question. 
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