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Summary.-The skin of mouse tail has been used to study the effect of hyperthermia
on the oxygen enhancement ratio (OER). Heating was by immersion of a portion of
the tail in hot water. Radiation was given either immediately before or after hyper-
thermia.
The average skin reaction between 15 and 50 days after treatment was taken as

the end-point. The OER in the absence of hyperthermia was 1-77, suggesting signi-
ficant hypoxia of the skin. When hyperthermia was given after irradiation the
measured value for the OER was not significantly different, but with prior hyper-
thermia the OER was increased to an average value of 2.3. This increase in OER is
probably due to a transient increase in blood circulation following hyperthermia
and causing improved tissue oxygenation during irradiation. As a consequence we
would expect a greater thermal enhancement ratio for heat given before irradiation
than afterwards, and this has frequently been observed with other normal tissues.
There was no evidence that heat reduces OER, as has been reported by some authors

on the basis of experiments performed on cells in vitro.

THE CLINICAL POTENTIAL of hyper-
thermia in cancer therapy, used alone or
in combination with ionizing radiation or

chemotherapy, has increasingly become
the subject of laboratory investigation.
Hyperthermia may kill cells by direct
thermal injury and, at lower intensities,
can potentiate the effects of ionizing
radiation and cytotoxic drugs. The inter-
actions are complex and depend on heating
time, temperature, sequence, and interval
between treatments (Dewey et al., 1977;
Hume & Field, 1978).
Experiments in vitro have shown that

low pH (Overgaard & Bichel, 1977),
nutrient deficiency (Hahn, 1974) and pos-
sibly hypoxia (Kim et al., 1975a) increase
cell sensitivity to direct heat damage.
These factors may also cause a greater
heat sensitivity of tumours than of normal
tissues. In vivo, however, all the factors
mentioned above are inter-related so that,
although occlusion of the blood supply to
either tumours or normal tissues can cause
an increase in their heat sensitivity (Suit,

1977; Morris et al., 1-977; Hill & Dene-
kamp, 1978), it is not possible to separate
the individual roles of each component.
When hyperthermia is used to enhance

the effects of radiation there are conflicting
reports on whether the oxygen enhance-
ment ratio (OER) is reduced, and little is
known about the influence of either
nutrient deficiency or pH.
The present report is an investigation

of the effect of clamping the blood supply
to a tissue on the thermal enhancement of
X-ray damage. The skin of the mouse tail
was used because it is easy to heat and
irradiate, the blood supply may be occlu-
ded and the skin reactions can be scored.
In addition direct heat damage can be
separated from the heat enhancement of
radiation damage because the tissue
responses are qualitatively different and
occur at different times (Law et al., 1978).
Direct heat injury manifests itself as early
necrosis of the tail 15 days after treat-
ment, whereas radiation damage enhanced
by heat produces a skin reaction beginning
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at 15 davs and reaching a peak at about
30 davs.

METHODS

Female CFLP mice were anaesthetized bv
Ip. injections of 0.065 mg/g pentobarbitone
sodium (Sacratal). A 4em portion of the tail.
measured from the distal end. was n'Tadiated
with kVp X-ravs. h.v.1. 1-2 mm Cu. at a dosse
rate of 180 rad/min. The rest of the animal
was shielded. Six mice per group were treated
:,imultaneouslv in air at room temperature.
For hyperthermia. a thermostaticallv con-

trofled water-bath with a temperature van'a-
t,-on of less than 0-05"C was used. Mercurv-
in-glass thermometers. calibrated against a
.,econdarv standard. were used to measure
the temperature of the water. The mice were

placed in Persspex j10's so that their tails
could be immersed to the required depth.
A range of temperatures from 41"C to

43-5'-C was investioated. The heat'mg ti-me
was alwavs I h and the Miterval between the
end of one treatment and the beginning of thezl_
next was 5 min.

In order to clamp the blood su plv. ap .1

rubber cuff was slid up to the base of the tail.
For some of the exper'ulaents the tails m-ere

clamped durino, the radiation. The internal
temperature of the immersed portion of the
tail. between the tail vertebrae. was moni-
tored With a thermocouple inserted into a

-95-gauge hypodermic needle. The temperature
of the immersed portion was found to rise
rapi'dlv and become stable at 0-12C below
the %A-ater-bath temperature. ,NEce which had
been used for temperature measurements
were not 'Mcluded 'm the analysis.

Skin reaction-s- m-ere assesssed 3 t' -CICIUimes, a '", m,

for 7 weeks bv the skin scoring svstem shown
m Table 1. T.e response was express-ed as the
averaore reaction between 15 and 50 davs
after treatment.

TABLE I.-Sk-in scoring 8y8tem for mowe

tails
Sc-ore

0
1
2
3
4
5
6
7
8
9
10

11

12

13

14
15

Reaction
No visible reaetion
Loss of hair
Slight er-N-thema
Definite ervthema,
Severe ervihema and tail swoUen
Severe er.thema and dry desquamation
F'u-st signs of break-down
Small are-as of moist desquamation
Large patch of break-down covering 4 mm
Several large patches of breakdown
4I of the treated portion Wl'Ith moist,
desquamation
I of the treated portion with moist
desquamation
I of the treated portion with moist
desquamation
All treated portion WI'Lth moist
desquamation
AU treated portion black and withered
-AJI treated portion missing

solid lines in Fig. 1. The broken line
represents treatment with heat and radia-
tion combined, and is seen to be quafita-
tivelv similar to that, from radiation alone.

Dose-effect eurves for various treat-
ments have been plotted in Fig. 2. It ean

be seen that, for afl the temperatures used,
I h of hvperthermia potentiates the effects
of X-ravs. This potentiation may be
quantified using the thermal enhancement
ratio (TER) (Robinson et al., 1974), which
is defined as the dose of X-rays alone
divided bv the dose in combination with
heatino, whieh produces the same level of
damage. U,sing a skin reaction of 8 as the
reference level of injurv, TER values can

be calculated from the data in Fig. 2
and are given in Table 11 for heating
under either normal or clamped conditions.
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RESULTS

Irradiation alone, up to 15 Gv, caused
no visible skin reactions. Doses of 20 Gv
or more caused dry desquamation bv YO
davs after irradiation. Moist desquamation
occurred after doses of 25 Gy or more,
reaching a maximum at 30 davs after
exposure, and heahng at a rate that was

dose-dependent. Typical skin-reaction
curves after radiation are shown by the

FIG. I.-The average skin reaction during 50
davs after various treatments.
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TABLE III.-Oxygen enhancement ratios
15-

z
0
u

ui 10x

Ul)
w
0

ujm 5-

i.

Heat before
clamped
X-rays

Temperature Heat before
(OC) X-rays
42 2-27
43 2-39
43-5 2-27

Average 2-31

Clamped
X-ray

before heat

X-rays
before heat

1-83
1-94
1-78
1-85

0 2'0 36 .0 .0 .0
DOSE OF X -RAYS (Gy)

(a)

151

z -0
0 ol

L'J 10- A-

AW-

A/U')
L'i
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Ir 5
L'i

A.,
x

0 2b 30 40 50 60
DOSE OF X RAYS (GY)

(b)
FiG. 2.-The average skin reaction plotted as

a function of dose of X-rays. The solid lines
represent X-rays before heat. The dashed
lines represent heat before X-rays.

x = X-rays alone, 0 = 41'C, &= 42'C,
0 = 43-C, V = 43-5-C. Heating was always
for I h. (a) The mouse tails were not
clamped. (b) The mouse tails were clamped
only during the irradiation.

TABLE II.-Thermal enhancement ratios

OER without hyperthermia was 1.77.

ments, an estimate has been obtained by
drawing dose-response curves at the outer
limits of the experimental data points.
From this it seems that the uncertainty
of both the OER and TER values is in
the region of 5 to I 0%.

Normally, mice treated by heat alone
had no visible skin reactions or necrosis
at any of the temperatures used, except
for a slight transient erythema between
Days I and 3 after the more severe treat-
ments. This occurred whether or not the
blood supply was clamped. When the
most severe treatment of 43-5'C (which
by itself caused no visible damage) was

combined with small doses of radia-
tion, there was, however, an occasional
incidence of early necrosis, suggesting that
radiation enhanced heat damage. Animals
showing such early necrosis were excluded
from the analysis.

Temperature Heat before Heat after
(OC) X-rays X-rays
42 1.91 1-35
43 2-98 1.91
43-5 3-78 2-46

We have derived values for the OER
(defined as the ratio of the doses to clamped
or unclamped tissue to give the same bio-
logical effect) from data shown in Fig. 2.
Again the skin reaction of 8 was used as the
reference level. Table III shows the OER
values for tails subjected to hyperthermia
and X-rays in either normal or clamped
conditions compared with the OER value
of 1-77 without hyperthermia.
Although there are no formal methods

of estimating the errors on such measure-

DISCUSSION

Oxygen enhancement ratio
There are differing reports in the litera-

ture on the effect of heat on OER. Using
cells in vitro Robinson et al. (1974) and
Kim et al. (I 975b) noted that OER was

reduced when hyperthermia was combined
with radiation. However, these experi-
ments involved incubating cell suspensions
at high density for prolonged periods, a

technique which produces an unknown
degree of hypoxia and which may cause
other changes influencing the hyperthermic
response (Durand, 1978). Furthermore,
these conditions may produce accumula-
tion of the waste products of metabolism,
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nutrient deficiency and increased acidity;
changes which have been shown to sensi-
tize cells to direct heat damage. Power &
Harris (1977) induced hypoxia in cells by
passive gas exchange, a technique which
reproducibly achieves extreme hypoxia
and avoids metabolic stress and medium
depletion. In their experiments, hyper-
thermia at 43'C caused no decrease in
OER. Kiefer et al. (1976), using cell
survival of diploid yeast cells with X-rays
and 47'C, also observed no decrease in
the OER.
With normal tissues in vivo, the effect

of heat in enhancing X-ray damage may
be separated from direct heat injury. This
is very important, because hypoxia may
act differently from the enhancement
of radiation damage in modifying the
direct heat injury. The OER for skin
measured without hyperthermia was found
to be 1-77. This is lower than the normal
values of OER, which lie in the range
2-5-3-0, indicating that, under the experi-
mental conditions used here, the normal
skin was slightly hypoxic. Hendry (1978)
measured an OER of 1-5 for necrosis of
mouse tails at room temperature, the
animals being unanaesthetized at the time
of the experiment. However, anaesthesia
has been shown to increase the radio-
sensitivity of the mouse tail due to the
increased blood flow and consequent
increased oxygenation (Hornsey et al.,
1977).
When h-vperthermia was given after

X-irradiation, the average OER for the
3 temperatures used was 1-85 (Table 111),
very similar to that without hyperthermia.
In contrast, when heat was given before
X-irradiation the OER increased to an

average of 2-3. This increase is probably
due to a transient increase in blood cir-
culation following hyperthermia, improv-
ing the tissue oxygenation.

However, the possibility of both a de-
crease in intrinsic OER with improved
oxygenation by hyperthermia cannot be
totally excluded.
Hendry (1978) also demonstrated im-

proved oxygenation in the mouse tail by

warming the animals from room tempera-
ture (23-25'C) to 37'C during the irradia-
tion. This increased the OER from 1-5 to
2-0. Using data from Thrall et al. (1975)
values for the OER have been derived
for their endpoint of 50% incidence of dry
desquamation on the skin of the mouse

leg. In agreement with our results OER
appeared not to change for heat given
after irradiation but was significantly
greater for heat given first. Also, Myers &
Field (1979), using stunting of growth of
the baby rat tail, demonstrated a slight
increase in OER from 2-0 to 2-3 by prior
hyperthermia.

It is' therefore our opinion that the
combination of hv-perthermia and X-rays
cannot be consid7er-ed as a substitute for
high LET radiation.

Thermal enhancement ratio
It has been reported that the TER for

skin damage is greater if heat is given
before irradiation (Stewart & Denekamp,
1977). A similar result is seen in Table 11
where the TER for heat before irradiation
is consistently greater than for heat given
afterwards. However, the TER values in
Table 11 are probably influenced by the
improved oxygenation during irradiation,
when heat is given first. An allowance can

be made using the measured OER. The
TER values thus obtained are still higher
than, but more comparable to, those ob-
tained when heat is given after irradiation
(Table IV). Our results are shown in
Fig. 3, where it can be seen that they are
not significantly different from those for
other normal tissues, illustrating that in
general TER is greater when heat is given
first.

TABLE W.-Thermal enhancement ratios
Heat first

A
I I

TER
corrected

Measured for OER
TER of 2-3
1.91 1-48
2-98 2-32
3-78 2-95

Heat after

TER
1-35
1.91
2-46

Temperature
(OC)
42
43
43-5
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Fici. 3.-Thermal enhancement ratio for
various normal tissues as a function of
temperature. The solid lines surnrnarize the
data for X-rays before heating (closed
syrnbols) and X-rays after heating (open
syrnbols). Data from Field (1979).
0 0 Skin (present results)

Skin (present results corrected for
OER of 2-3)

17 V Skin (Law et al., 1977)
F. 0 Skin (Stewart & Denekamp, 1977)

Cartilage (Myers & Field, 1977)
N Intestinal crypts (Hume & Field,

1978)

CONCLUSIONS

From these experiments, and from
analysis of results published elsewhere, it
appears that heat does not reduce the OER
for X-rays. However, when heat is given
before irradiation to a partially hypoxic
tissue, there appears to be an increase in
OER, and hence also in TER, due to
improved oxygenation.
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