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Step-down heating of human melanoma xenografts: effects of the tumour
microenvironment
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S_qy lThrmosensitisation by step-down heati (SDH) has previously been demonstrated in experiment-
al rodent tumours. The purpose of the study reorted here was to investigte whether the SDH effect in
tumours m part may be attributed to heat-induced alterations m the capillary network and/or the micoen-
vironment. Two human lana xenograft ines differing substantWly in vascular parameters were selcted

for the study. A thermostatically regulated water bath was used for heat treatment. The conditioning
treatment (44.5C or 45.5C for 15 min) was given in vivo, whereas the test treatment (420fC for 45, 90, 135 or
180 mill) was given either in vitro or in vivo. Treatment response was sured in vitro using a ceBl
clonogenicity assay. Fraction of occlued vessels following beat treatment was assessed by examination of
histologicl sections from tumours whose vascular network was filled with a contrast agent. Tumour
bioenergetic status and tumour pH were measd by 31p magic spectroscopy. The conditoning
heat treatments caused significant Vessel occion, tumour ioergetic status and dese tumour
pH in both tumour line The SDH effect measured when the test treatment was given in was significantly
inased relative to that asured when the test treatment was given vitro. The mnde of the increase
showed a dose relationship to fraction of occlued vesses, tumour bioenergetic status and tumour pH
measured 90 min after treatment with 44.5'C or 45.5C for 15 min. Te inased SDH effect in nio was
probably attributable to tumour ceils that wre beat sensitive owing to the inducti of low nutntional status
and pH dwing the conditionmg treatment. Consequently, the SDH effect some tumours may part be due

to heat-induced alterations in the This sugsts that SDH may be ecploited clnically to
achieve increased cell inactivation m tumours relative to the surrounding normal tissues.

The biological basis for the use of hyperthermia in the treat-
ment of cancer is well established (Overgaard, 1989). The cell
inactivation following hyperthermic treatment is known to be
modulated by heat itself (Henle, 1987; Lindegaard, 1992). A
short exposure to a high temperature may increase the cyto-
toxic effect of a subsequent heat treatment at a lower
temperature. This phenomenon is termed thermosensitisation
by step-down heating (SDH), and has been demonstrated in
cells in culture (Henle et al., 1978; Jung, 1982; Lindgaad &
Nielsen, 1990), normal tissues (Henle & Dethlefsen, 1982;
Hume & Marigold, 1987; Undgaard & Nielsen, 1991) and
experimental tumours (Henle & Dethlefsen, 1982; Hiraoka et
al., 1986; Lindegaard & Overgaard, 1990). The mechanisms
governing the SDH effect are not known. However, it has
been suggested that the SDH effect might be explained in
terms of inhibition of repair of sublethal heat damage (Henle,
1980) or enhanced conversion of sublethal heat damage into
lethal damage (Jung, 1986; Henle, 1987; Lindegaard & Bent-
zen, 1993). SDH could be of direct clinical importance, sine
even a short exposure to high temperature might increase the
effect of an otherwise inadequate heat treatment (Lindegaard,
1992).
The cell inactivation in tumours following heat treatment is

influenced substandally by the architecture of the microvas-
culature (Reinhold & Endrich, 1986) and the physiological
conditions in the microenvironment of the cells prior to
treatment (Emami & Song, 1984). An immature vascular
network characterised by loss of hierarchy and tortuous
capillaries with incomplete endothelial lining or interrupted
basement membrane is more vulnerable to heat treatment
than a mature vascular network with insignificant structural
abnormalities (Reinhold & Endrich, 1986). Heat-induced vas-
cular occlusions can lead to the development of massive
tumour necrosis, a phenomenon frequently termed secondary
cell death (Kang et al., 1980, Rofstad & Brustad, 1986a,
Denekamp & Hill, 1991). Tumour cells in a microenviron-
ment characterised by low pH, oxygen deficiency and nut-
rient deprivation are more sensitive to heat treatment than
tumour cells in a physiologically normal microenvironment
(Gerweck, 1977; Overgaard, 1980). Moreover, the vascular
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and microenvironmental conditions in tumours can be modi-
fied extensively during a heat treatment, increasing the
effectiveness of subsequent heat treatments (Emami & Song,
1984; Reinhold & Endrich, 1986).
The purpose of the work reported here was to investigate

whether the SDH effect seen in tumours in part may be
attributed to heat-induced alterations in the capillary net-
work and/or the microenvironment Two human melanoma
xenograft ines being similar in cellular heat sensitivity (Rof-
stad et al., 1990) but differing substantially in vascular heat
sensitivity (Rofstad, 1991) were selected for the study.

Material an metkak

Mice and tumour lines

Male Balb/c nu/nu mice, 8-10 weeks old, were used. They
were bred at the animal department of our institution and
kept under specific-pathogen-free conditions at constant
temperature (24-26-C) and humidity (30-50%). Steriised
food and tap water were given ad libitwn.
Two melanoma xenograft lines established from the same

patient, one from the primary tumour (OKL-PRI) and the
other from a s.c. metastasis (OKL-SCM) (Rofstad et al.,
1990), were studied. The donor of the tumour tissue was a
34-year-old Caucasian female. The tumour lines were main-
tained in athymic mice by serial s.c. implantation of tumour
fragments, approximately 2 x 2 x 2 mm. Tumours in passage
5 in vivo were grown s.c. in the left hind leg of athymic mice.
The volume of the tumours (V) at the time of treatment,
caculatod as V= x/6 x a x b9 (a and b are the longer and the
shorter of two perpedular diameters respecively), was
within the range 200-300 mm3. The vascular heat sensitivity of
OKL-PRI and OKL-SCM is idependent of tumour vohnne
within this volume range (Rofstad, 1991). The distribution of
tumour volumes was similar for OKL-PRI and OKL-SCM.

Heat treatment

Heat treatment i vivo was given by immersng the tumour-
bearing legs of non-anaestheFised mice into a thermostatically
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regulated water bath (Rofstad & Brustad, 1986a). The mice
were kept in specially designed jigs. The tumour-bearing legs

were fixed to the jigs without impairing tumour blood supply,
as verified in separate experiments by measuring the uptake
of MRb. The temperature in the tumours, measured with a
0.3 mm needle thermocouple probe in separate groups of
mice, was 0.1-0.2OC below the water bath temperature. The
temperature equilibrium time was approximately 4 min
(Rofstad & Burstad, 1986a). The body core temperature
during treatment, measured with a rectal probe, was adjusted
to 37-38'C by controlled air cooling of the mice.
Heat treatment in vitro was given by immersing plastic

tubes containing single-cell suspensions into a thermo-
statically regulated water bath (Rofstad, 1990). The tubes
were flushed with a gas mixture consisting of 5% carbon
dioxide, 5% oxygen and 90% nitrogen and sealed prior to
treatment. The pH of the culture medium during treatment
was 7.4 ± 0.1, as verified in separate experiments by measur-
ing pH at different times after flushing. Temperature equili-
brium between the water bath and the culture medium was
obtained within 4 min.

Cell survival assay

Single-cell survival measured in vitro was used as the end point
in all experiments. Tumours subjected to SDH in vivo

were excised within 1O min (immediate plating experiments)
or about 48 h (delayed plating experiments) after treatment.
Single-cell suspensions were prepared from the tumours by
mechanical disaggregation (Rofstad & Brustad, 1986a). The
cell yield from untreated tumours was approximately 1 x 10'
cells g- l. The clonogenicity of the cells was assessed by using
the Courtenay soft-agar assay (Courtenay & Mills, 1978).
The soft agar was prepared from powdered agar (Bacto agar,
Difco, Detroit, MI, USA), culture medium (Ham's F-12
medium containing 20% fetal calf serum, 250mg 1- penicil-
lin and 50 mg 1- ' streptomycin; Gibco-Biocult, Glasgow,
UK) and erythrocytes from August rats (Rofstad, 1981). The
tumour cells, embedded in aliquots of 1 ml of soft agar in
tissue culture tubes (Falcon 2057 tubes; Becton-Dickinson,
Oxnard, CA, USA), were incubated at 37C for 4-5 weeks in
an atmosphere of 5% carbon dioxide, 5% oxygen and 90%
nitrogen for colony formation (Rofstad & Brustad, 1986a).
Colonies containing more than 50 cells were counted by
using a stereomicroscope (Rofstad, 1990). The plating
efficiency of cells from untreated tumours was approximately
10% for both tumour lines. Cell surviving fractions were
calculated from the cell yield and the plating efficiency as
described by Rofstad and Brustad (1986a).

Assay for assessment of heat-induced vascular occlusions

The vascular network of heated tumours was filled with a

radio-opaque contrast medium administered via the ab-

dominal aorta (Solesvik et al., 1982). The contrast medium
was composed of I00 mI 0.9% saline, 5 g of gelatin, SO g of
trilead tetroxide (red lead), 1 ml of detergent (Joy/Salo) and
5,000 units of heparin. Gelatin was dissolved in saline at
40C. Lead was added in small doses under constant stirring.
The solution was filtered and kept at 40C while the deter-
gent was added. Heparin was added immediately before use.
The contrast medium was in liquid state at 40C and co-
agulated at room temperature. It was injected (0.5 ml min-')
at low and steady pressure to avoid damage to vascular
structures. The viscous consistency of the contrast medium
prevented small vessels from collapsing after the injection. It
cannot be ruled out that the vascular dimensions were to
some extent influenced by the contrast medium and the
pressure used. However, repeated experiments showed that
the method gave highly reproducible results.
The tumours were fixed in phosphate-buffered - 4%

paraformaldehyde, dehydrated, embedded in paraffin casts
and cut into 6-Mm-thick sections. The sections were mounted
on glass slides and stained with haematoxylin and eosin.
Functional vessels appeared as dark circles or ellipses in the
sections. Occluded vessels were unstained and showed a
lumen that was densely packed with rigid, deformed eryth-
rocytes. The fraction of occluded vessels was determined by
differential counting according to stereological principles
(Rofstad, 1991). The sections were examined at a
magnification of 400 x by the use of a projecting light
microscope and a counting frame, 20 x 20 cm (Solesvik et al.,
1982).

31P magnetic resonace spectroscopy (MRS)

31P-MRS was performed in non-anaesthetised mice at a
magnetic field strength of 34.6 MHz using solenoidal coils
and a spectrometer with a horizontal magnet bore (Rofstad
et al., 1988). The homogeneity of the magnetic field was

optimised for each individual tumour by shimming on the
water proton resonance. The acquisition parameters were: 4K
data points per free induction decay (FID); 4 pts pulse length;
I kHz spectrum sweep width; 2,000 ms repetition time; 1,024
acquisitions per spectrum. The FIDs were subjected to an

exponential line broadening of 10 Hz prior to Fourier trans-
formation. Resonance areas were calulated from the best fits
of Lorentzian lineshapes to phased, resolution-enhanced and
baseline-corrected spectra. The (PCr + NTPP)/Pi resonance
ratio was used as parameter for tumour bioenergetic status.
Tumour pH was calulated from the chemical shift of the P,
resonance with reference to the PCr resonance using the
Henderson-Hasselbalch equation with pK, = 6.803 (Ng et
al., 1982).

Statistical analysis

The slope of a heat cell survival curve was expressed in terms
of Do, i.e. the heating time required to reduce the fraction of

Table I Heat survival curve parameters

OKL-PRI OKL-SCM
Heaw treatment Do (min) SR' Do (min) SR'
Immediate platingb
42.0C (t) in io 405 42 298 27
42.0C (t) in vivo + 44.5-C (15 min) in vivo 422 46 1.0 0.1 287 31 1.0 0.1
44.C (15 min) in vivo+ 42.0-C (t) in vitro 197 20 2.1 0.3 138 15 2.2 0.3
44.5C (15min) in vivo+42.0-C (t) in vivo 129± 14 3.1 0.5 71 8 4.2 0.6
42.0C (t) in vivo+45.5'C (15min) in vivo 391±40 1.0±0.2 305±33 1.0±0.1
45.5C (15 min) in vivo + 42.0-C (t) in vitro 120 16 3.4 0.6 83 ± 12 3.6 0.6
45.5'C (15 min) in vivo +42.0-C (t) in vivo 69 11 5.9 1.1 31 5 9.6 1.8

Delayed plating'
42.0-C (t) in vivo 231 22 151± 17
42.0C (t) in vivo+44.5C (15min) in vivo 223 34 1.0 0.2 161 28 0.9 0.2
44.5'C (15 min) in vivo + 42.0-C (t) in vivo 72 ± 14 3.2 ± 0.7 40 ± 7 3.8 ± 0.8
"Mean ± s.e. bTe tumours were excised within 10min after heat treatment for preparation of

singk-cell suspensions and plating in vitro. cTbe tumours were excised about 48 h after heat treatment
for preparation of sine- suspensions and plating in vitro.
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surviving cells by a factor of e-'. Do ± s.e. was determined by
linear regression analysis. The Student t-test was used to test
whether a biological parameter differed significantly between
the two tumour lines. A signifi level of P = 0.05 was
used.

Results

The SDH was performed by using 44.5°C (15 min) or 45.5°C
(15 min) as conditioning treatment and 42.0-C (45, 90, 135 or
180 min) as test treatment, i.e. complete survival curves at
42.0'C were established for tumours pretreated with 44.5'C
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(15 min) or 45.5-C (15 min). The conditioning treatment was
given in vivo, whereas the test treatment was given either in
vitro or in vivo. The test treatment was always given 15 mi
after the conditioning treatment, allowing time for prepara-
tion of single-cell suspensions. The control experiments
included single heating, i.e. 42.0'C (45, 90, 135 or 180 min),
and step-up heating (SUH), i.e. 42.0°C (45, 90, 135 or
180 min) followed by 44.5'C (15 min) or 45.50C (15 min).
Two types of experiment were performed: immediate plating
and delayed plating experiments, i.e. the tumours were
excised within 10 min or about 48 h after treatment respec-
tively (Table I).
The survival curves resulting from the immediate plating
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Fiwe 1 Heat survival curves at 42.0-C for the OKL-PRI (a)
and the OKL-SCM (b) human melanoma xenograft lines. The
following heat treatments were given: 42.0fC (t) in vivo (0),
42.0 C (t) in vivo + 44.5 C (15 min) in vivo (0), 44.5 C (15 min)
in vivo + 42.0 C (t) in vitro (V), 44.5-C (15 min) in vivo + 42.0-C
(t) in vivo (V), 42.0-C (t) in vivo + 45.5'C (15 min) in vivo (0),
45.5 C (15 min) in vivo + 42.0 C (t) in vitro (-) and 45.5-C
(15 min) in vivo + 42.0OC (t) in vivo (A). The tumours were
excised within 10 min after the treatment. The points and the
vertical bars represent mean values and s.e.s, based on 5-8
independent measurements. Each of these measurements was
based on the mean number of colonies in four tubes with cels
from treated tumours and four tubes with cells from untreated
control tumours.
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Fgwe 2 Heat survival curves at 42.0'C for the OKL-PRI (a)
and the OKL-SCM (b) human melanoma xenograft lines. The
following heat treatments were given: 42.0 C (t) in vivo (0),
42.(rC (t) in vivo + 44.5'C (15 min) in vivo (0) and 44.5-C
(15 min) in vivo + 42.0-C (t) in vivo (V). The tumours were
excised about 48 h after the treatment. The points and the ver-
tical bars represent mean values and s.e.s, based on 5-8 indepen-
dent measurements. Each of these measurements was based on
the mean number of colonies in four tubes with cells from treated
tumours and four tubes with ceUls from untreated control
tumours.
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experiments are shown in Figure 1. Do and sensitisation ratio
(SR), i.e. the Do for single heat treatment divided by the Do
for SDH or SUH, are presented in Table I. The results were
qualitatively similar for OKL-PRI and OKL-SCM. First, the
Do for SUH was not significantly different from the Do for
single heat treatment, i.e. the SR for SUH was not signifi-
cantly different from 1.0. Second, the SR for SDH depended
on the conditioning treatment and the experimental condi-
tions during the test treatment, but was significantly higher
than 1.0 (P<0.05). Thus, a conditioning treatment of 45.5°C
(15 min) resulted in a significantly higher SR than a condi-
tioning treatment of 44.5°C (15 min) (P<0.05). Moreover,
the SR was significantly higher when the test treatment was
given in vivo than when given in vitro (P <0.05). The Do for
single heat treatment at 42.0°C in vitro was 385 ± 40 min for
OKL-PRI and 312 ± 35 for OKL-SCM (data not shown), i.e.
indistinguishable from the Do for single heat treatment at
42.0°C in vivo. On the other hand, the results were quan-
titatively different for OKL-PRI and OKL-SCM. Thus, the
Do was significantly higher for OKL-PRI than for OKL-
SCM (P<0.05) and the SR for SDH was significantly higher
for OKL-SCM than for OKL-PRI when the test treatment
was given in vivo (P<0.05). However, OKL-PRI and OKL-
SCM showed similar SR for SDH when the test treatment
was given in vitro.
The survival curves resulting from the delayed plating

experiments are shown in Figure 2. These curves were
qualitatively similar to those presented in Figure 1. However,
delayed plating resulted in reduced surviving fraction follow-
ing the conditioning treatment alone (P <0.05) and a
decrease in the Do (P<0.05) for both OKL-PRI and OKL-
SCM. The SR for SDH in vivo in the delayed plating
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experiments was similar to the SR for SDH in vivo in the
immediate plating experiments, but significantly higher than
the SR for SDH when the test treatment was given in vitro in
the immediate plating experiments (Table I). The rapid decay
of the SDH effect (Rofstad & Brustad, 1986b) prevented the
design of rational delayed plating experiments with the test
treatment given in vitro.
The SDH effect measured when the test treatment was

given in vivo was increased relative to that measured when
the test treatment was given in vitro (Figure 1). The mag-
nitude of the increase, i.e. the Do for SDH measured when
the test treatment was given in vitro divided by the Do for
SDH measured when the test treatment was given in vivo (Do
in vitro/D0 in vivo), is illustrated in Figure 3a. The condition-
ing heat treatments caused significant vessel occlusion. The
fraction of occluded vessels 90 min after treatment with
44.5°C (15min) or 45.5°C (5min) is shown in Figure 3b.
Fraction of occluded vessels and the magnitude of the Do in
vitro/D0 in vivo ratio paralleled one another; the sequence
from high to low values of these two parameters was: OKL-
SCM (45.5°C, 15 min); OKL-SCM (44.5°C, 15 min); OKL-
PRI (45.5°C, 15 min); OKL-PRI (44.5°C, 15 min). However,
the s.e.s of the Do in vitro/D0 in vivo ratios were overlap-
ping.

Moreover, the conditioning heat treatments caused signifi-
cant lowering of tumour bioenergetic status (Figure 4a) and
tumour pH (Figure 4b). Figure 4 is based on 3"P-MRS
measurements performed 90 min after treatment with 44.5°C
(5 min) or 45.5'C (15 min). The decrease was significantly
larger for OKL-SCM than for OKL-PRI (P <0.05) and
significantly larger for 45.5°C (15 min) than for 44.5'C
(15 min) (P <0.05) for both tumour bioenergetic status and
tumour pH. The absolute values for tumour bioenergetic
status and tumour pH after heat treatment showed a close
relationship to the Do in vitrolD0 in vivo ratio (Figure 3a); low
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Figure 3 Do in vitro, Do in vivo ratio, i.e. the Do for SDH
measured when the test treatment was given at 42.0-C in vitro
divided by the Do for SDH measured when the test treatment was

given at 42.0'C in vivo (a) and fraction of occluded vessels
measured 90 min after completion of the conditioning treatment
(b) for the OKL-PRI and the OKL-SCM human melanoma
xenograft lines. The conditioning treatment was 44.5-C (15 min)
( E ) or 45.5°C (15 min) ( ). The columns and the vertical
bars represent mean values and s.e.s, based on the heat survival
curve parameters in Table I (a) and 6-10 individual tumours
(b).

OKL-PRI OKL-SCM
Tumour line

Fgue 4 Tumour bioenergetic status, i.e. the (PCr + NTPP)/P,
resonance ratio (a) and tumour pH (b) measured by "P-MRS for
the OKL-PRI and the OKL-SCM human melanoma xenograft
lines. "P-MRS was performed prior to treatment ( ), 90 miin
after treatment with 44.5C (15 min) ( M ) or 90 min after treat-
ment with 45.5-C (15 min) ( ). The columns and the vertical
bars represent mean values and s.e.s, based on 8-10 individual

tumours.
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values for tumour bioenergetic status and tumour pH corres-
ponded to high values for the Do in vitro/Do in vivo ratio.

Thermosensitisation by SDH has been demon trated
previously in tumours of several rodent lines treated in vivo
(Henle & Dethlefsen, 1982; Urano & Kahn, 1983; Hiraoka et
al., 1986; Lindegaard & Overgaard, 1987, 1990). The mag-
nitude of the SDH effect in these studies was shown to
depend on the tumour line, the time and temperature of the
conditioning treatment, the temperature at which the test
treatment was given and the end point used for assessment of
tumour treatment response. The study reported here demon-
strated that the SDH effect is also present in human tumour
xenografts treated in vivo. The magnitude of the SDH effect
in the xenograft lines was similar to that reported for the
rodent tumour lines. The present study thus adds further
support to the suggestion that the SDH effect is a general
biological phenomenon applying also to clinical hyperthermia
of human tumours (Lindegaard, 1992).
The SDH effect measured in the present work was larger

when the test treatment was given in vivo than when given in
vitro. This observation cannot be attributed to differences in
test treatment temperature. The temperature during the test
treatment was measured to be 41.8-41.9-C in the tumours
and 42.0-C in the cell suspensions. This observation may,
however, be attributed to alterations in the capillary network
and the microenvironment of the tumours induced during the
conditioning treatment. The conditioning heat treatments
caused sigiicnt vessel occlusion, decreased tumour bio-
energetic status and decreased tumour pH in both tumour
lines. On the other hand, the nutrient supply was adequate
and the pH of the culture medium was 7.4 ± 0.1 when the
test treatment was given in vitro.

Heat-induced vessel occlusion in tumours leads to secon-
dary cell death (Kang et al., 1980; Rofstad & Brustad,
1986a), i.e. the tumour cells that were fully supplied by the
collapsed vessels die because of rapid exhaustion of the
oxygen and nutrient pools and/or accumulation of acidic
waste products. The vessel occulsons caused by the condi-
tioning heat treatments used in the present work resulted in
significant secondary cell death; the cell surviving fractions
following the conditioning heat treatments alone were lower
in the delayed plating experiments than in the immiate
plating ex pernts. It is thus necessary to consider whether
the increased SDH effect observed when the test treatment
was given in vivo is an artifact attributable to cells which
suffered secondary cell death during the test treatment or
cells which, if left undisturbed in vivo, would have suffered
secondary cell death. This interpretation, however, is not
consistent with available experimental data. Previous studies
with the tumour lines used here have shown that the secon-
dary cell death is completed within 48 h after a heat treat-
ment (Rofstad, 1991). The present work showed that the SR
for SDH in the delayed plating experiments was similar to
that in the immediate plating expenments, and sipificantly
higher than that observed when the test treatment was given
in vitro. Consequently, the observation of an increased SDH
effect in vivo reflects a true biological phenomenon and was
not an artifact resulting from the use of an in vitro end point
for assessment of tumour treatment response.

Heat-induced vessel occlusion in tumours also leads to
oxygen and nutrient deficiency and decreased pH in the
regions that in part were supplied1 by the collapsed vessels
(Emami & Song, 1984; Reinhold & Endrich, 1986). Nutri-

tionally deprived tumour cells are more sensitive to heat
treatment than tumour cells growing in a microenvironment
with adequate nutrient supply (Calderwood et al., 1985).
Moreover, the heat sensitivity of tumour cells increases with
decreasing intracellular pH (Chu & Dewey, 1988). The condi-
tioning heat treatments used in the present work resulted in
significant decreases in tumour bioenergetic status and
tumour pH. The (PCr + NTPP)/P, resonance ratio and the
tumour pH measured by 3"P-MRS reflect the nutritional
conditions of the tumour cells and the intracellular pH,
respectively (Rofstad et al., 1988; Tozer & Griffiths, 1992).
The magnitude of the Do in vitro/Do in vivo ratio showed a
close relationship to the tumour bioenergetic status and the
tumour pH recorded after the conditioning heat treatments.
Moreover, there was a clear relationship between the fraction
of vessels occluded by the conditioning heat treatments and
these three parameters. The increased SDH effect observed
when the test treatment was given in vivo may thus be
attributed to tumour cells that were heat sensitive owing to
the induction of low nutritional status and pH during the
conditioning treatment. Consequently, the present work
strongly suggests that the SDH effect in some tumours in
part is due to alterations in the microenvironment subsequent
to heat-induced vessel occlusions.
Tumours of several rodent lines have been subjected to

SDH (Henle & Dethkefsen, 1982; Hiraoka et al., 1986;
Lindegaard & Overgaard, 1990), but contributions from
heat-induced vessel occlusions to the magnitude of the SDH
effect have not been observed previously. One possible ex-
planation is that the conditioning heat doses which have been
used in most studies of rodent tumours are lower than those
used in the present study.

Heat-induced vessel occlusions occurred more frequently in
OKL-SCM than in OKL-PRI. 31P-MRS showed that the two
lines were similar in tumour bioenergetic status and pH,
excluding these parameters as causes of the differential vas-
cular heat sensitivity. The differential vascular heat sensitivity
was rather caused by structural differences in the vessels;
most of the larger vessels in OKL-PRI, in contrast to OKL-
SCM, were embedded in bands of connective tissue (Rofstad,
1991).
The present observations may have significant implications

for the design of clinical treatment protocols intending to
exploit the cytotoxic effect of heat. The thermal dose that can
be used in tumour therapy is restricted by the heat sensitivity
of the surrounding normal tissue because currently available
hyperthermia equipment does not allow selective tumour
heating. The work reported here suggests that it may be
possible to use SDH to achieve increased cell inactivation in
the tumour tissue relative to the adjacent normal tissue. The
conditioning treatment has then to be chosen so as to cause
vessel occlusions in the tumour tissue without causing
significant vascular damage in the surrounding normal tissue.
There are significant experimental and clinical data suggest-
ing that such heat treatments can be found for several
tumour locations. Studies using rodents have shown that the
vasculature in tumours generally is more vulnerable to heat
treatment than the vasculature in most normal tissues (Rein-
hold & Endrich, 1986). Moreover, occlusions of tumour
vessels and subsequent secondary cell death have been shown
to occur in external hyperthermia of human breast carcinoma
(Lyng et al., 1991).
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