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Localized hypothermia: impact on oxygenation,
microregional perfusion, metabolic and bioenergetic
status of subcutaneous rat tumours

DK Kelleher, C Nauth, O Thews, W Krueger and P Vaupel
Institute of Physiology and Pathophysiology. University of Mainz, D-55099 Mainz. Germany

Summary The effect of localized hypothermia on microcirculatory and metabolic parameters in s.c. DS sarcomas on the hind foot dorsum of
Sprague-Dawley rats was investigated. Tumours were cooled by superfusion of the tumour surface with cooled saline solution to 25°C or
15°C. Control tumours remained at 35°C. These temperatures were maintained for 30 min. In tumour oxygenation measurements,
hypothermia at 25°C and 15°C caused progressive decreases in the size of the fraction of pO, measurements between 0 and 2.5 mmHg
together with a reduction in pO, variability. No significant changes in median or mean pO, or in the fraction of PO, measurements between
0 and 5 mmHg, and 0 and 10 mmHg were observed. Using laser Doppler flowmetry, red blood cell flux was found to decrease significantly
upon 25°C or 15°C hypothermia treatment to 67% and 37% of starting values respectively, whereas no significant changes were seen in
control tumours over the whole observation period. Viscosity was measured in blood and plasma samples over a range of temperatures and
was found to increase with decreasing temperature. Assessment of tumour glucose levels showed an increased concentration of glucose
following 15°C hypothermia, an observation consistent with a ‘slowing down’ of glycolysis. No changes in lactate or adenylate phosphate
levels were observed. As a way of improving tumour oxygenation, localized hypothermia may therefore be a useful means of

radiosensitization.
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The therapeutic effectiveness of several anti-cancer treatments
may be compromised by the occurrence of microenvironmental
abnormalities in tumour tissue. such as low pO, and pH levels and
necrosis (Vaupel et al. 1989: Vaupel. 1993). Hypoxic cells have
been identified in both animal and human tumours and may limit
tumour response to radiotherapy as hypoxia can protect cells from
sparsely ionizing radiation (Bush et al. 1978: Dische et al. 1983:
Bush. 1984). Furthermore. the success of various other treatment
modalities [e.g. oxygen-dependent chemotherapeutic agents.
cytokines such as tumour necrosis factor alpha (TNF-o) and
interleukin 2 (IL-2). and photodynamic therapy] may also be
influenced by tissue hypoxia (Freitas et al. 1991: Chaplin et al.
1997: Vaupel. 1997). Evidence is also accumulating that suggests
hypoxia may also be responsible for the development of an aggres-
sive phenotype of tumour cells (Graeber et al. 1996: Hoeckel et al.
1996a. 1996b). Indeed. tumour oxygenation has been identified as
a significant and independent oncological parameter for prediction
of patient survival and local recurrence (Hoeckel et al. 1993.
1996b. Nordsmark et al. 1996) and for the likelihood of distant
metastases (Brizel et al. 1996). Thus. in order to address the
problem of hypoxia. many studies undertaken have been aimed at
improving tumour oxygenation using a wide range of measures.
although in many cases the success has been only limited (for
reviews see Hirst. 1986: Freitas et al. 1991: Horsman. 1993).
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The possibility of modulating oxygen tensions in tumours
through the use of hypothermia has been postulated previously.
Studies using whole-body hypothermia in mice showed an
increase in radiation response upon whole-body hypothermia.
which was purported to be due to an improvement in tumour
oxygenation and a reduction in the hypoxic fraction resulting from
a reduced oxygen consumption (Nias et al. 1986. 1988). While
whole-body hypothermia is unlikely to be of relevance in the
routine clinical setting. localized hypothermia of superficial
tumours (e.g. chest wall recurrences of breast carcinomas.
melanomas) during irradiation may be clinically feasible.

The aim of this study was. therefore. to identify changes occur-
ring in tumour oxygenation in superficial rat tumours during local-
ized hypothermia at either 25°C or 15°C which might be relevant
for the outcome of oxygen-dependent therapy modalities. and to
characterize accompanying changes in microcirculatory and meta-
bolic parameters which might be responsible for these changes in
oxygenation. Several other temperature-dependent factors such as
blood viscosity. shape of the oxygen—haemoglobin (Hb) dissocia-
tion curve and oxygen solubility and diffusivity are also consid-
ered to allow a ranking of pivotal factors responsible for changes
in tissue oxygenation upon hypothermia.

MATERIALS AND METHODS
Animals and tumours

Male Sprague-Dawley (SD) rats (Charles River Wiga. Sulzfeld.
Germany: body weight 290 + 10 g). housed in our animal care
facility. were used in this study. They received a standard diet and
acidified water ad libitum. Experimental tumours were grown



subcutaneously after injection of ascites cells of DS sarcoma
(0.4 ml; approximately 10* cells pl-!) into the dorsum of the hind
foot (for further details see Kluge et al, 1992). Tumours were used
in experiments when they reached a volume of between 0.8 and
1.4 ml, 6-9 days after tumour implantation. Experiments were
conducted following authorization by an ethics committee,
according to German Federal Law.

Surgical procedures

When tumours had reached the desired volume, the rats were
anaesthetized with sodium pentobarbital (40mgkg! ip.,
Nembutal, Sanofi Ceva, Paris, France). Polyethylene catheters
were surgically placed into the thoracic aorta via the left common
carotid artery and into the left external jugular vein. Mean arterial
blood pressure (MABP) was continually monitored through the
connection of the arterial catheter to a Statham pressure transducer
(type P 23 ID, Gould, Oxnard, CA, USA). Additional anaesthetic
could be administered via the venous catheter as necessary.
Throughout all experiments, animals were laid supine on a heated
operating pad and the rectal temperature maintained at
37.5-38.5°C. Animals breathed room air spontaneously. Following
surgical procedures, tumours underwent either oxygenation or laser
Doppler flow measurements as described below.

Localized cooling of tumours and tissue temperature
monitoring

Localized hypothermia was induced using cooled 0.9% saline
(approximately 0°C), which was perfused onto the tumour surface
using a peristaltic pump. The temperature in the tumour centre was
monitored using 250-um needle-type thermocouples (type
2ABAC, Philips, Kassel, Germany). Localized cooling of tumours
to either 25°C or 15°C was carried out at a rate of 1°C min~' by
adjusting the flow rate of the peristaltic pump. Once reached, the
target temperature was maintained for 30 min. Contralateral
tumours served as controls (35°C, normothermia). The tempera-
ture gradient between the tumour centre and the skin surface of the
hind foot dorsum was maximally 2°C and was assumed to be
negligible as far as red blood cell (RBC) flux and oxygenation
measurements were concerned.

Tumour oxygen tension distribution

Tumour oxygen tension values were determined using oxygen-
sensitive electrodes (probe diameter 300 um) with stainless-steel
shafts(ofthehypodermicneedletype)andpozhistogmphy
(KIMOC-6650, Eppendorf, Hamburg, Germany; for more details of
this method see Vaupel et al, 1991). A small midline incision was
made in the skin covering the lower abdomen and the silver/silver
chloride reference electrode was inserted between the skin and the
underlying musculature. Calibration was performed in 0.9% saline
solution equilibrated with room air or pure nitrogen immediately
before and after tumour pO, measurements. Thirty minutes after
commencement of hypothermia treatment, a small incision was
made into the skin overlying the tumour and the oxygen-sensitive
electrode advanced to a depth of approximately 1 mm. The electrode
was then automatically advanced through the tissue in pre-set steps
of 1 mm. Each rapid forward movement was immediately followed
by a backward step of 0.3 mm in order to minimize compression
artefacts caused by the forward motion of the oxygen-sensitive
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electrode. This motion pattern led to an effective forward step length
of 0.7mm. Five radial electrode tracks were evaluated in each
tumour, and at the end of each measurement the oxygen probe was
automatically removed from the tissue. pO, studies of individual
tumours were generally carried out in less than 5min. In each
tumour, a minimum of 60 pO, readings was obtained. Using an on-
line computing system, data were pooled for control, 25°C or 15°C
hypothermia-treated tumours and pO, frequency distributions were
plotted with class widths of 2.5 mmHg. The fraction of pO, measure-
ments between 0 and 2.5 mmHg (indicating less than half-maximum
radiosensitivity) was also considered. For a description of the loca-
tion of the distribution, median and mean pO, were computed. The
dispersion of the distribution was expressed by the 10-90% interper-
centile range (IPR).

Laser Doppler flowmetry

A multichannel laser Doppler perfusion monitor (semiconductor
laser diode, wavelength 780 nm, output power 1-2.5 mW, cut-off
frequency 15 kHz, Oxford Array, Oxford Optronix, Oxford, UK)
was used to measure RBC flux. This method uses the Doppler shift
(i.e. the frequency change that light undergoes when reflected by
objects in motion, such as RBCs) and has been proposed to be a
valid method for the monitoring of microcirculatory function in
small, discrete tissue areas (Smits et al, 1986). The measured flux
predominantly represents the RBC flux within the illuminated
volume, regardless of flow direction, and is defined as the product
of the local speed and concentration of RBCs in the measured
volume which encompasses a hemisphere with a radius of approx-
imately 0.1 mm. RBC flux signals were obtained from up to three
peripheral and central locations within the tumour using needle
probes (Model Array NP, o0.d. 0.4 mm). The small skin incision
required for the insertion of each needle probe was made with a
24-gauge needle so that bleeding from the wound was minimized.
Total backscattered light was also recorded during the monitoring
period to optimize probe positioning, minimize tissue compression
(which might impair circulatory function) and ensure a constant
probe location. Flux artefacts, due to alteration of the probe posi-
tion (e.g. as a result of movement), additionally result in sudden
alterations of the total backscattered light. In the few instances
where this occurred, the flux values concerned were excluded
from the final evaluation. At the end of each experiment, the laser
Doppler probes were left in place, the animal was given an over-
dose of anaesthetic and the ‘biological zero’ laser Doppler signal
was established (in every case this was < 15% of the RBC flux
signal at 7 = 0 min). Following subtraction of the value obtained as
‘biological zero’, data were expressed as relative RBC flux (rel
RBC flux) and represent percentage values related to the RBC flux
read-out at 7 = 0 min.

After the surgical procedure, animals were allowed to stabilize
and measurements commenced once constant baseline reading
for MABP and RBC flux were obtained for at least 20 min.
Thereafter, MABP and RBC flux were continuously recorded for
10 min before commencement of cooling and throughout the
following hypothermia treatment.

Blood viscosity

Whole blood was obtained via the carotid catheter and
viscosimetry performed on normal blood samples (haematocrit
of 0.44 v/v), blood samples diluted with plasma [haematocrit of
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0.35 v/v, chosen to mimic the situation in microvessels (Jain,
1988)] and plasma that was obtained by centrifugation. Viscosity
was measured at a range of temperatures (16-38°C) using a micro-
capillary viscosimeter (Schott, Mainz, Germany) according to
Ubbelohde (Elias, 1981). Measurements were repeated four or five
times at each chosen temperature. The kinematic viscosity was
corrected for the individual capillary constant and was expressed
in mm? s-'.

Metabolite concentrations

In a further series of experiments, the tumour-bearing hind feet of
the anaesthetized animals were rapidly frozen in liquid nitrogen
immediately following termination of hypothermia treatment and
the tumours subsequently removed. The tumour mass was ground
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to a fine powder using a pestle and mortar and subsequently freeze-
dried. Thereafter, glucose and lactate concentrations were assayed
enzymatically using standard test kits (Kits Nos. 245158 and
256773; Boehringer-Mannheim, Mannheim, Germany). For deter-
mination of adenosine triphosphate (ATP), 2-3-mg aliquots of
freeze-dried tissue were extracted with 0.3 M perchloric acid,
centrifuged and the supernatant neutralized with 2 M potassium-
hydroxide. ATP concentrations were then determined using
reversed-phase high-performance liquid chromatography (HPLC)
at 254nm. The isocratic separation was performed by a
Supersphere Rp 18 end-capped column (250 x 4 mm; Knauer,
Berlin, Germany) and a guard cartridge system (54 mm;
Knauer). The mobile phase consisted of 0.05 M ammonium dihy-
drogen phosphate, 0.01 M tetrabutylammonium hydroxide and
11.5% acetonitrile (v/v), adjusted to pH 6.4. The flow rate was 0.9
ml min~' and the sample size 50 pl. Concentrations of all metabo-

lites are expressed as pmol g-! tissue wet weight.

Statistical analysis

Results are expressed as means + s.e.m. with the numbers of
experiments indicated in parentheses. Differences between the
groups were assessed by the two-tailed Wilcoxon test for paired or
unpaired samples as appropriate. The significance level was set at
a = 5% for all comparisons.

RESULTS

Systemic parameters (mean arterial blood pressure, rectal temper-
ature, arterial blood oxygen and carbon dioxide partial pressures,
PH and haematocrit) were determined before and during treatment
as described in detail previously (Kelleher et al, 1996). This moni-
toring showed that all animals were in good physiological condi-
tion throughout the observation period.

After pooling of tumour pO, data for each treatment group,
frequency distributions of PO, values were constructed as shown
in Figure 1. Thecorrespondmgdataformeanandmedlanpo,, IPR
and the fraction of pO, measurements between 0 and 2.5 mmHg
are shown in Figure 2. Control (normothermia) tumours exhibited
a pO, distribution pattern characteristic of this experimental
tumour. No significant changes in either median or mean pO, were
observed following hypothermia at either 25°C or 15°C. However,
a significant decrease of 53% in the fraction of PO, measurements
between 0 and 2.5mmHg was seen at 15°C hypothermia
(P <0.05). A similar trend was seen when the fraction of PO,
measurements between 0 and 5 mmHg was considered. No differ-
ences were seen between the fraction of PO, measurements less
than 10 mmHg at 35°C, 25°C or 15°C. A significant reduction in
the IPR was seen at both 25°C (P < 0.05) and 15°C (P < 0.001)
hypothermia, indicating a reduction in PO, variability.

Experiments using laser Doppler flowmetry in which RBC flux
was measured are shown in Figure 3. The mean RBC flux
remained relatively constant under normothermia over the whole
observation period. Under localized hypothermia, RBC flux
steadily decreased during the cooling down phase, reaching a
steady plateau phase shortly after the target temperature had been
achieved (after 10 min for the 25°C group and after 20 min for the
15°C group). Thereafter, the RBC flux remained constant until the
end of the hypothermia treatment period. The extent of the decline
in RBC flux was more pronounced during 15°C hypothermia treat-
ment. Following 30 min at the target tumour temperature, mean
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point represents mean + s.e.m. values obtained from at least 880 PO,
measurements in at least nine tumours
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Figure 3 Mean rel RBC fiux as a function of time in normothermic (35°C, )
and 25°C (A) or 15°C (M) hypothermia-treated tumours. Each point
represents mean + s.e.m. values obtained from a minimum of 15 laser
Doppler channets in six tumours. The arrow indicates the time of
commencement of hypothermia treatment
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Figure 4 Kinematic viscosity of whole blood (@, haematocrit 0.44 viv, n = 4),
diluted blood (A; haematocrit 0.35 viv, n = 4) and plasma (Z; n = 5) over a
range of temperatures. Each point represents mean + s.d.

RBC flux was 97 + 6% (n =9). 67 £ 4% (n = 9) and 37 + 8%
(n = 6) for the normothermia, 25°C and 15°C hypothermia groups
respectively. These reductions were found to be statistically signif-
icant when the normothermia and hypothermia groups were
compared (25°C. P < 0.001: 15°C. P < 0.01) and also when the
two hypothermia groups were compared (P < 0.01). Because RBC
flux was measured at various sites within individual tumours. the
coefficient of variation could be calculated as a measure of inter-
site variability. At the end of the normothermia or hypothermia
treatment period. the coefficients of variation for the normo-
thermia, 25°C and 15°C hypothermia groups were 23%. 31% and
46% respectively. showing that inter-site variability increases with
decreasing temperature.

The effects of temperature (15—40°C) on the kinematic viscosity
of blood and plasma are shown in Figure 4. Viscosity decreased
with increasing temperature over the temperature range measured.
This effect was most prominent in whole blood (haematocrit
0.44 v/v) and less obvious in blood with a lower haematocrit
(0.35 v/v), chosen to mimic the situation in tumour microvessels
(Jain. 1988) and in plasma.

Results of experiments in which the impact of hypothermia on
the concentration of glucose, lactate and ATP were investigated
are shown in Table 1. No changes were seen in the concentrations
of lactate or ATP with either hypothermia treatment. The concen-
tration of glucose rose with decreasing treatment temperature.
such that at 15°C hypothermia a significant increase in the glucose
concentration was determined as compared with that determined at
35°C (P < 0.05).
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Table 1 Glucose, lactate and ATP concentrations in tumour tissue upon
normothermia (35°C) and hypothermia at 25°C or 15°C

Treatment n Glucose Lactate ATP
concentration concentration concentration
(umol g~') (nmol g') (nmol g')
Normothemia (35°C) 31 1.88+0.10 6.91+0.43 0.73+0.06
Hypothermia (25°C) 20 2.08+0.14 5.96 + 0.46 0.80+ 0.08
Hypothermia (15°C) 15 2.59+0.18 6.54 + 0.50 0.63+0.10

*, P<0.05 (15°C vs. 35°C)

This study has demonstrated distinct effects of localized
hypothermia on tumour oxygenation, RBC flux, blood viscosity
and glucose concentration. In particular, hypothermia treatment
resulted in a reduction in the fraction of pO, measurements
between 0 and 2.5 mmHg, an effect which may prove to be radio-
therapeutically exploitable as tumour oxygenation is a parameter
known to influence the outcome of standard radiotherapy.

Earlier studies in mice by Nias et al (1986, 1988) determined
the effect of whole-body hypothermia (induced by anaesthesia) on
blood flow, oxygen tension, oxygen consumption and tumour
regrowth delay after tumour irradiation. They concluded that
the increase in radiation response found upon whole-body
hypothermia was due to an improvement in tumour oxygenation
and a reduction in the hypoxic fraction, resulting from a reduced
oxygen consumption occurring without change in the tumour
blood supply as measured using the '3*Xe clearance technique.

In contrast to these findings, this study using localized
hypothermia showed significant decreases in tumour blood flow.
Nevertheless, an improvement in tumour oxygenation was still seen.
If the direct effects of temperature that could potentially influence
tumour oxygenation are considered, a complex picture is obtained
which shows that prediction of changes in tumour oxygenation upon
hypothermia may be difficult. These direct effects include:

(a) Decreased oxygen consumption. In in vitro experiments with
DS sarcoma cells the oxygen consumption rate at 37°C was
approximately 0.03 ml g! min-!, whereas at 25°C and 15°C it
was 0.01 ml g-! min! and 0.004 ml g-! min-! respectively
(Vaupel and Kallinowski, 1987). The decreased oxygen
consumption rate is paralleled by a hypothermia-induced
slowing down of glycolysis, which in turn is mirrored by the
reported slight increase in tumour tissue glucose concentra-
tion (Table 1).

(b) Increased vascular resistance. While a temperature reduction
in normal tissue leads to a prominent vasoconstriction, the
situation in tumours may be somewhat different as newly
formed blood vessels may lack smooth muscle in the vessel
walls and thus not have the ability to vasoconstrict (Peterson,
1979; Konerding, 1989). However, normal host vessels incor-
porated into the tumour or feeding the tumour may also play a
significant role in the blood supply to tumour tissue. As these
vessels still possess normal, temperature-sensitive vasocon-
tractile properties, a vasoconstriction in response to
hypothermia is presumably also at least partially responsible
for the decrease in RBC flux seen in this study and also for
the reduction in the 10-90% interpercentile range of the
oxygenation measurements.
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(c) Increased blood viscosity [although the effects of temperature
on viscosity are not as pronounced at haematocrits which are
likely to be found in the tumour microcirculatory bed
(0.35 v/v) as compared with whole blood; Figure 4].

(d) Increased oxygen solubility (demonstrated in the DS sarcoma
by Grote et al, 1977).

(e) A left shift of the oxygen dissociation curve (Reeves, 1980).
The oxygen affinity of haemoglobin increases with
decreasing temperature, such that a decreased release of
oxygen into tissues occurs at lower temperatures.

(f) Decreased oxygen diffusivity [demonstrated in the DS
sarcoma by Grote et al (1977)].

Of these direct effects of temperature on factors affecting
tumour oxygenation, the oxygen dissociation curve shift,
increased blood viscosity, increased peripheral resistance and the
decrease in oxygen diffusivity would all tend to result in a
worsening of tumour oxygenation, whereas the increased oxygen
solubility and decreased oxygen consumption would contribute
to an improvement in the tumour oxygenation.

When the improvement in tumour oxygenation (seen here as a
reduction in the fraction of pO, measurements between 0 and
2.5 mmHg) in this study is considered, it becomes clear that
changes occurring upon hypothermia, which would tend to lower
tumour oxygenation, are more than outweighed by those changes
occurring that would tend to lead to an improvement in tumour
oxygenation. As the effect of the increase in oxygen solubility is
only minimal, the decrease in oxygen consumption must be
predominantly responsible for the improvement in tumour
oxygenation seen. Efforts to overcome the vasoconstrictive effects
of hypothermia (e.g. by a vasodilation of tumour or tumour-feeding
vessels), or to decrease blood viscosity (e.g. using a methylxanthine
derivative such as pentoxifylline), may prove to be useful in further
enhancing possible radiosensitizing effects of hypothermia.

If the available literature in which attempts have been made to
improve tumour oxygenation is considered, it is clear that much
effort has been focused on possibilities of increasing oxygen supply
to tumour tissue. However, since tumour oxygenation is dependent
on the balance between oxygen supply and consumption rate, both
of these factors can be considered as targets of strategies to reduce
tumour hypoxia. A theoretical study by Secomb et al (1995)
analysed the effects of oxygen supply and demand on the hypoxic
fraction in tumours. They reported that tumour hypoxia could be
abolished by a reduction in consumption rate of at least 30%, by an
increase in flow rate by a factor of 4 or more, or by an increase in
arterial pO, by a factor of 11 or more. Such pronounced increases in
blood flow or arterial pO, may be difficult to achieve, and Secomb et
al’s study concluded that it may be worthwhile considering possible
methods to reduce oxygen consumption. This study has, therefore,
investigated one method in which an improvement in tumour
oxygenation could be achieved primarily through changes in oxygen
consumption. Pharmacological intervention in cellular metabolic
and/or biosynthetic pathways requiring oxygen (e.g. with drugs such
as lovastatin or Ca** channel blockers) may also prove to be a possi-
bility for altering tumour oxygenation (Thews et al, 1996).
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