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1. Introduction

Failure to obtain local tumour control with currently available treatment modalities is a major
cause of death in 30 % of cancer patients (Suit 1982, Kapp 1986). Efforts to invent new or
improve existing methods for local - regional cancer treatment are therefore very important.

Beside surgery, radiotherapy is the most often used local - regional method for treatment of
malignant tumours. Approximately every second patient with infiltrating cancer will be given
radiotherapy, but only slightly less than half of them with the intention to reach a cure. Half of
these, however, will fail as a result of distal or local recurrences. (De Vita 1983).

With varying success, attempts have been made to enhance the tumour sterilizing effect of
radiotherapy, including sophistication of the radiotherapy technique, altered fractionation, as well
as introduction of different drugs as potentiators or sensitizers (Rubin and Carter 1976, Hall 1978,
Coleman 1985).

In experimental and early clinical observations hyperthermia (41-45°C) has been found to be
a potent adjuvant to ionizing radiation. The cellular and biophysiological backgrounds for this have
been emphasized especially during the last two decades (Dewey et al 1971 and 1977, Suit and
Shwayder 197*, Streffer etal 1978, Overgaard 1977 and 1989, Hahn 1982, Field 1987). Following
the world-wide oncological interest in this new combined local - regional tumour treatment
modality we started in 1979 to discuss the possibilities of clinically investigating combined low
dose radiotherapy and hyperthermia in a joint study at the Oncology Departments of the University
Hospitals of Lund and Malmö.

However, already 1898 the first hyperthennic treatment of cancer in man was described in
Sweden (F. Westermark). In the same year the first treatment of cancer in man with ionizing
radiation was also given in this country. Since then the superior evolution of the latter modality has
outshined the former. It took slightly more than 80 years before the complementary biological
qualities of the two treatment modalities were joined in combined treatments of cancer in man in
Sweden. The results of these treatments are presented in this thesis.



2. Aim off the Present Study

The aim of this study was to investigate, in a patient material, the effects of the new local tumour
treatment modality, consisting of combined low dose radiotherapy and microwave-induced
hyperthermia.

In more detail the objectives were as follows;

* to evaluate the feasibility of heating superficial recurrent tumours in man with a
computer controlled microwave heating and temperature control system, developed
by the team,

* to evaluate the clinical possibilities of combining this new modality with
radiotherapy in strictly designed treatment schedules,

* to evaluate tumour response and normal tissue toxicity for this new combined
modality compared with radiotherapy alone, and

* to evaluate possible predicting factors for tumour response and normal tissue
toxicity when using this combined treatment modality.



3. History

3.1. Observations of Heat Effects on Tumours in Man

Heat treatment of human tumours dates far back in history. The red-hot iron was the first method
to be used (Westermark 1927). The oldest written document on the topic if the Edwin Smith
Surgical Papyrus from about 3000 B.C. This describes the treatment of a breast tumour by cautery
with afire drill in ancient Egypt (Breasted 1930). Ramajama, 2000 B.C., described the method as
a tumour treatment modality in India. Hippocrates, 470-377 B.C., recommended it for treatment of
smaller tumours. His teaching was passed on to the Romans by Celcus, 25-100 A.D., and Galenus,
130-200 A.D., and later on to the medieval European cultures by Leonides (1428-1524). He was
the Professor of Medicine in Padua and the first to translate Hippocrates from Greek to Latin
(Dorlands Illustrated Medical Dictionary 23rd Edition, 1957).

The discovery of the heating capacity of high frequency currents when applied to living
bodies was described in the last decade of the 19th century. Keating-Han (1909) was the first to
use this method in the treatment of human cancer, mainly in smaller and superficial tumours.
Larger tumours were first extirpated with the knife and the wound surface subsequently treated
with sparks of high frequency and high tension. The method, called fulguration, was considered to
give better and more long lasting results than extirpation alone. Keating-Hart thought, like Doyen
(1910), who used a high frequency current of low tension called electro-coagulation, that cancer
cells were more sensitive to heat than other cells. Any valid proof for this theory was, however,
never submitted.

The heat of a red-hot iron and the sparks of high frequency current have, however, very little
in common with hyperthermia in a modem sense which uses much lower temperatures
(41°C-45OC) to be biologically effective. From quotations of Hippocrates we know that he, beside
the use of red-hot iron, also believed in the effects of moderate heat such as a high temperature in
man (Overgaard 1985).

The first one to report on a possible tumour healing effect of moderate hyperthermia in more
modem times was probably the German physician Busch 1866. He observed the disappearance of a
historically verified facial sarcoma in a patient after a period of high fever caused by erysipelas.
Twenty-two years later Bruns (1888) reported complete remission of a historically verified
recurrent malignant melanoma in a patient after several days of fever over 40°C, also caused by
erysipelas. This and other reports on similar cases led the New York surgeon, William B. Coley
(1893) to induce fever in patients with inoperable tumours by inoculating Streptococcus
erysipelatis. He reported on a disease free survival from one to seven years (!) in 7 of 17 patients
with unresectable sarcomas and a permanent cure (!) in 3 of another series of 17 patients with
inoperable carcinomas. Later on he extracted toxins from a mixture of Streptococcus erysipelatis
and Bacillus prodigious (Coley's Toxin or Mixed Bacterial Toxin), which was injected to produce
fever in patients with malignant tumours (Coley 1896). A fever of 39-40°C had to be maintained
for several days to be effective. Some patients got better but it is, however, difficult to evaluate
"whether they were practicing immunology, hyperthermia or black magic" (Andrews, 1978).

In 1935 Warren described a series of 32 patients with metastatic terminal cancer treated by
systemic hyperthermia. Patients were exposed to heat of different sources (e.g. radiation energy
with wave lengths of 30 to 100 meters or immersion in a water bath) in special boxes. The body



temperature was increased to 41.5° - 42 °C for as long as 21 hours. Improvement of the general
condition was seen in 29 of the patients as well as tumour regressions persisting for several months
in some of them. No cures were demonstrated.

The possibility of a healing effect of high fever on human tumour diseases has been debated.
In contrast to the above-mentioned reports on partly beneficial results, later publications (Kapp et
al 1984) have reported on the increased risk of metastatic spread following elevation in body
temperature, due to brachytherapy for carcinoma of the uterine cervix. The possibility of a
treatment related inflammatory process in the tumour region with locally enhanced vascularization
and thereby an enhanced risk of tumour spread in the latter cases makes, however, the comparison
doubtful.

The possibility of promotion of disseminated disease after local hyperthermia has been
experimentally debated. In comparison with radiation alone a significant increase of metastases
was found from a transplantable mammary carcinoma in C3H mice, even though the primary
tumour was locally controlled by heat (Walkers al 1978). Later experiments could not show any
increased risk of tumour dissemination when local hyperthermia was combined with radiation
(Hahn«a/1979).

The Swedish gynaecologist F. Westermark (1898) was probably one of the pioneers in using
externally induced local hyperthermia in cancer tumours in man. He invented a hyperthermia
system for the local treatment of advanced carcinomas of the uterine cervix, partly based on the
experiences of Welander (1893) who used heat on superficial inflammatory tumours. A silver coil
through which hot water was circulated was placed in direct contact with the tumour in the vagina.
The water was heated in a copper cistern by a gas flame. The temperature of the water was
automatically controlled by the strength of the gas flame, which was regulated by a special
mechanism. The treatment usually lasted 48 hours and a temperature of 42° - 44"C was achieved in
the tumour ulcerations. Good palliative effects with disappearance of bleeding and pain were
reported, but only one complete tumour remission (after treatment with 58.5°C measured in the
silver coil).

3.2. Early Biological Considerations

The varying degrees of sensitivity to heat in different kinds of tumours was experimentally studied
in the early decades of our century. Thus, carcinomas were believed to be more sensitive than
sarcomas (Haaland 1907), but this was later impossible to demonstrate by others (Stevenson 1919,
Rodenburg and Prime 1921). The local effects of high temperatures on normal tissues were
experimentally studied by Cohnheim in 1873. He carried out elaborate investigations on the heat
tolerance of the rabbit ear. Prior to heating in a water-bath he ligated the vessels in order to obviate
the cooling effect of circulation, and thus could consider the temperature of the rabbit- ears to be
the same as that of the water-bath. The ligatures were loosened when the heating was concluded.
Severe superficial burns and necroses developed only if the ears had been exposed to at least 30
minutes at 50° - 52°C. Similar experience was reported by Marchand 1908, who studied the
tolerance of the cornea, and Mile Grunspan 1913, who was the first mentioned to use a
thermocouple inserted into the skin to control the temperature.

During the early decades of this century a possibility of a selective effect of hyperthermia on
tumours and tumour cells was suggested in different experimental models (Lambert 1912, N.
Westermark 1927, K Overgaard 1934). From then onwards the concept of time and temperature
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seems to be more and more mentioned as a measuring unit in publications on the effects of
hyperthermia. Thus, Nils Westermark (the son of F Westermark) in his thesis "The effect of heat
upon rat tumour" (1927) concluded that the following thermal doses were required for the
disappearance of the rat-tumours studied (Flexner-Jobling's carcinoma and Jensen's sarcoma): 20
minutes at 48°C, 30 at 47°C, 50 at 46°C, 90 at 45°C and 180 minutes at 44°C. He also already now
concluded that the relationship between these different times and degrees of temperature
corresponds well with Arrhenii well-known formula for the reaction speeds of chemical reactions
at different temperatures. (Arrhenius formula see chapter 4.1.2.) According to Nils Westermark the
skin of rats tolerated well the above mentioned thermal doses at 45°C and 46°C which were
damaging for tumours. The differences between the reactions in tumour versus normal tissue were
observed to be more pronounced at lower temperature but becoming reduced at higher. No real
difference was seen at and above 48°C.

Some of the cyto-pathological and physiological effects of heat on living tissues, lively
debated today as the most probable reason for the effects of hyperthermia, were discussed already
during the decades around the turn of the century. Thus, in Cohnheim's opinion (1873) changes
arising after exposure to heat were due to damage to the vessel wall. The importance of the
glycolysis to the metabolism of malignant tumours (Warburg 1926) was further studied in relation
to heat by Nils Westermark (1927). He found that thermal sensitivity increased with the glycolytic
capability of the tissue. The enzyme, regulating the glycolytic process, was proved to be very
sensitive to heat.

3.3. Heat and Radiosensitization

The possibility of hyperthermia as a radiosensitizing agent was suggested by Schmidt 1909 and
Miiller 1913. Both of them, however, believed that the sensitization of x-rays they had experienced
was partly due to the hyperaemia obtained in the tumour region, in other words an oxygen
enhancement effect. The problem was further explored by Kristian Overgaard (1935), a Danish
oncologist, who became interested in hyperthermia when Nils Westermark presented his work at a
meeting of the Scandinavian Society of Radiology. Overgaard devoted his life to the treatment of
cancer and tried to explore the possibilities of using heat as a modality either alone or combined
with radiotherapy (Jens Overgaard 1985).

The widespread interest in hyperthermia during the early part of this century as a possible
model of tumour therapy disappeared temporarily with the Second World War. Not until the late
fifties and sixties did a new interest in hyperthermia appear. In 1958 Selawry et al reviewed some
results on combined ionizing radiation and hyperthermia and concluded that the addition of heat to
radiation improved the treatment results. From now on a number of laboratories throughout the
world, "independently and without knowing of each other's activities" almost at the same time
started identical research activities in hyperthermia (Overgaard 1985). Thus, the thermobiology
began to be more systematically investigated in the 1960s. This aroused renewed interest in
hyperthermia as a method for tumour therapy in the clinic (Cavaliere et al 1967, Stehlin 1969).
The fruits of the earlier development of different radiofrequency waves, especially the so-called
microwaves, supported this interest and opened promising ways to new heating techniques (Kim et
al 1977, Hornback et al 1977 Sandhu et al 1978).
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The first International Symposium on Cancer Therapy by Hyperthermia and Radiation was
held in Washington D.C. in 1975. Since then the growing international interest in the effects of
hyperthermia has led to another four international conferences on Hyperthermic Oncology, all of
them presented in comprehensive proceedings (Robinson and Wizenberg 1976, Streffer et d 1978,
Dethlefsen and Dewey 1982, Overgaard 1984-85, Sugahara and Saito 1989).
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4. Material, Methods and Results of the Study

This thesis is based on 10 years of studies on microwave induced hyperthermia and low dose
radiotherapy in superficial, human, malignant tumours treated in the two Oncology Departments of
the University Hospitals of Lund and Malmö. The studies have been performed in close
collaboration with the Departments of Radiation Physics at the same hospitals.

4.1. The Whole Material

A total of 747 hyperthermia sessions corresponding to 32 977 minutes of effective hyperthermia
time, have been combined with radiotherapy in a total of 133 patients with altogether 182 locally
recurrent or metastatic, superficial tumours. This will give an effective average hyperthermia
treatment time of 44.1 minutes, which only differs by 0.9 minutes from the primarily scheduled 45
minutes. The patients were 38 men and 95 women with a median age of 69 (22 - 94) and 64 (34 -
90) years, respectively.

Thirteen tumour regions in 11 patients were treated due to persistent microscopical cancer
after local surgical excision. These tumour regions could not be evaluated in terms of tumour
regression caused by the treatment and were thus excluded from evaluation. The total number of
tumours evaluable in terms of CR, PR and NR were then 169 (182 minus 13) in 122 patients. Of
these 169 tumours, all treated with combined RT+HT, 32 (19 %) were excluded from estimation
due to the following reasons: loss of follow up, for example, patients who died before first or
second follow-up (19); treatment interrupted due to acute disease (1); treatment interrupted due to
generalized disease (4); patient refused completion of treatment (4); tumour wrongly stratified, e.g.
too extended tumour growth diagnosed after start of treatment (4).

Thus, 137 (169 minus 32) tumours (81 %) in 100 patients, were available for analyses.
Tumours belonging to different diagnoses and histological types are given in Tables 4 and 5, which
also include the complete response rates to combined radiotherapy and hyperthermia according to
different categories. The total complete response rate for all eligible tumours taken together was 50
% with a median duration of 13 ± 3 months (median ± SE). The median duration of CR for
mammary carcinoma and ader.ocarcinoma, representing 62 % and 70 % of all evaluable tumours,
respectively, was 14 ± 3 months and 13 ± 3 months.

Severe, moderate and slight pain was registered some time during the heat treatments in 20
%, 40 % and 32 %, respectively, of all heated areas (182). Toxicity of importance (grade 3 and 4
according to a modified WHO scale, see paper I, page 249, Table 6) to normal tissue was
registered in 28 % of all treated areas. Distribution of the different grades of toxicity to all these
areas is shown in Table 1.

4.2. Controlled studies

The treatment schedules used during this study are in short:

• Schedule A: RT: 10 x 3.0 Gy in two weeks (CRE=12.9 Gy)
HT: twice weekly - 4 x 45 min = 180 min
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• Schedule B:

• Schedule C:

RT: 15 x 2.3 Gy in 3 weeks (CRE=12.9 Gy)
HT: once weekly - 3 x 45 min = 135 min

RT: 15 x 2.3 Gy in 3 weeks (CRE=12.9 Gy)
HT: twice weekly - 6 x 45 min = 270 min

Schedule A was used initially and was from 1985 replaced by a randomization to either schedule B
or C.

Table 1: Skin reactions graded according to a scoring modified after
WHO 1979.

Score

0

1

2

3

4

5

6

7

8

WHO grade

la

lb

lc

2a

2b

3a
3b

4a

4b

Type of skin reaction

No visible reaction

Minimal erythema

Marked erythema

Erythema with slight desquamation

Dry desquamation

Desquamation with blisters

Moist desquamation

Small necrosis or ulceration

Massive ulceration

Total

No of heated regions (%)

5(3%)

93 (51 %)

24 (13 %)

7(4%)

2(1%)

24 (13 %)

1 (1 %)
7(4%)

18 (10 %)

181(100%)

4.2.1. Comparative, Non-randomized Study
An update of a comparative, non-randomized study primarily described in paper II, pages 401-403,
and now including six more tumour pairs (totally 34 matched pairs) showed a strongly significant
difference (p=0.0013 McNemar*s test of symmetry) in complete tumour response in favour of
treatment performed with low dose radiotherapy combined with heat compared with the same low
dose radiotherapy alone. A similar comparative result was obtained when an update of only breast
cancer recurrences was considered (totally 22 matched pairs, p=0.0027) (Table 2).

Some of the patients included in the two analyses above contributed to the studies with more
than one matched tumour pair. For that reason the statistical manoeuvre has been repeated when
only the first treated matched tumour pair in every patient was represented. In both cases there was
still a significant difference in complete tumour response in favour of the combined treatment
compared with low dose radiotherapy alone (p=0.0067 and p=0.0047 when all histological tumour
types and only breast carcinomas were considered, respectively).

There was no significant difference in the duration of complete response between the two
treatment modalities, (see further information in chapter 4.3.).
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Table 2: Response rates to low dose radiotherapy plus hyperthermia (RT+HT) and to
the same low dose radiotherapy alone (RT) in matched tumour pairs in a) different
histological types of tumours and b) mammary carcinoma.

Treatment
modality

RT+HT

a)
RT

RT + HT

b)

RT

No of patients

24

16

No of matched
tumour pairs

34

22

CR

20 (59 %)

(p = 0.0013)'

8 (24 %)

15 (68 %)

(p = 0.0027)'

6 (27 %)

PR

11(32%)

10 (29 %)

6 (27 %)

6 (27 %)

NR

3(9%)

16 (47 %)

1(5%)

10(46%)

'McNemar's test of symmetry

4.2.2. Randomized Study

Furthermore from 1985 to 1989 a total of 68 patients with altogether 81 superficial tumours of
different diagnosis and histology were randomized in a study comparing the effect of the same low
dose radiotherapy (34.5 Gy) combined with either one (schedule B) or two (schedule C)
hyperthermia sessions (HT) per week in a total treatment period of 3 weeks.

Preliminary analysis has been made (Lindholm et al 1989). In a recent up-date (unpublished
data) fifteen tumours were excluded from evaluation due to the following reasons: loss of
follow-up, for example, the patient died before first or second follow-up, (11); treatment
interruption due to generalised disease (1); the patient refused completion of the treatment (2); the
tumour was wrongly stratified, e.g. too extended tumour growth diagnosed after start of treatment
(1).

Table 3: One versus two hyperthermia (HT) sessions per week randomly combined with
low dose radiotherapy (34.5 Gy) during a total treatment time of three weeks.

HT sessions per week

1

2

Total no of sessions

3

6

Total

No of tumours (patients)

34 (28)

32 (29)

66(57)

CR

19 (56 %)

22 (69 %)

41(62%)

PR

11(32%)

8 (25 %)

19 (29 %)

NR

4(12%)

2 (6 %)

6 (9 %)

Thus, 66 tumours in 57 patients were evaluable. Twenty-eight patients with 34 tumours were
randomized to one hyperthermia treatment per week (totally 3 HT) and twenty-nine patients with
32 tumours were randomized to two hyperthermia treatments per week (totally 6 HT). The
response figures a-e shown in Table 3. The difference in complete tumour response rate between
the two random groups is not significant (p=0.41, chi square test with Yates continuity correction).

The median duration of CR was 7 ± 2 months and 14 ± 4 months for tumours treated with
one and two hyperthermia sessions per week, respectively. The difference is not statistically
significant (p=0.17, log rank test). However, in tumours treated according to schedule B, 15
(79 %) of 19 CR recurred during the follow-up time and only 2 were still in CR when the patients
died. In tumours treated according to schedule C, 12 (55 %) of 22 CR recurred but 8 were still in
CR when the patients died. The difference, however, may be due to the fact that 23 (67 %) of 34
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and 27 (84 %) of 32 of the tumours treated according to schedule B and C, respectively, were
adenocarcinomas. This means that a possibly favourable responder was slightly over-represented in
the group of tumours treated according to schedule C (see chapters 4.3.2 and 5.2.5.2). Other
possible predicting factors for the duration of complete tumour response in the two random groups
will be analysed.

4.2.3. Pilot Study on General Anaesthesia During Heat Treatment.

During the past year we have given three elderly women with recurring head and neck tumours (7,
14 and 27 cm2 in area) general anaesthesia during the hyperthermia sessions. One of these patients
also had a laryngeal intubation due to the complicated site of the tumour on the upper lip. No
increase of toxicity or other drawbacks were seen. The temperature profiles representing
18 measuring points in an oval area of approximately 50 cm2 at every heat session were
favourable. One complete, one 90 % and one 60 % partial tumour response were obtained (with a
typical tumour rest at the border of the lesions in the last two cases; cf. discussion in chapters
8.1.1.3,8.1.1.4 and 7).

4.3. Papers I-V

Besides the overall figures, shown above, our clinical experience is given in more detail in the
separate studies in Papers I-V. The results and conclusions of these studies will be summarised
chronologically below.

4.3.1. Paper I - Preliminary Results

The purpose of this first publication was to report on the preliminary clinical experience of
combined radiotherapy and hyperthermia. The latter was induced by a prototype system using
2450 MHz microwaves for heat application and a microcomputer for automatic temperature
control (Nilsson et al 1982). Treatment was given according to a prescribed protocol, constructed
to compare the effect of different treatment schedules in patients with more than one superficial
tumour. Thus, the patients acted as their own controls. When the schedules were designed,
experimental and very early clinical experience, known at that time, were considered (Paper I,
page 244, Table 3). For this purpose it was assumed that all different tumours in a particular
patient were biologically identical with respect to the response to the different treatment
modalities.

It was found that the number of different treatment schedules in the protocol design was too
optimistic in relation to the number of patients accessible with more than one superficial tumour
suitable for combined treatment. Therefore, for the near future, the decision was taken to continue
the treatment protocol using daily fractionation of low dose radiotherapy alone compared with the
same low dose combined with two treatments of hyperthermia per week (heat started 0.5-1.5 hours
or 3-4 hours after radiotherapy).

The temperature monitoring system with its feed-back relation to the heating generator
turned out to be reliable at least as far as maintaining the temperature at ±0.5°C at the
master-probe. On the other hand according to our experience variations in temperature between the
different measuring points at a session were common (0.3 "C at the least and 3.5 °C at the most).
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This was thought to be due to;

• inadequate homogeneity in the primary microwave beam,

• inadequate coupling between the microwave applicator and the surface of the
patients,

• variations in microwave absorption in different tissues, and

• variations in the blood circulation in the heated volume.

As a possible consequence of the latter, a relatively high temperature was often registered in
operative scars and in tissues that were fibrotic after previous radiotherapy. Side effects, including
pain during heat treatment and skin burns due to uneven thermal distribution, were rather common
but judged to be tolerable. No separate increase in the radiotherapy effect to normal tissue
(radiosensitization) was seen so far. Heat side effects, however, called for a better coupling and
cooling system between the microwave applicators used and the skin of the patients.

The number of tumours treated in this preliminary study was very small. Those who received
combined treatment with radiotherapy and heat, however, responded much better than those who
were given single treatment with radiotherapy or hyperthermia alone. Thus, this feasibility study
justified further investigation of the combined treatment modality and gave some hints on
improving developments to avoid side effects.

4.3.2. Paper I I - Comparative Studies

The intentions of the second publication were:

• To further evaluate clinically the computerized microwave hyperthermia system
designed by the team and report on some innovative refinements of the
hyperthermia equipment. This included introduction of 915 MHz microwave
induced hyperthermia with de-ionized water bag application for better coupling to
the patient, new and more refined applicators and a more sophisticated software
system for temperature control (Nilsson and Persson 1985).

• To study the overall effects of hyperthermia combined with low dose radiotherapy
in a larger number of tumours and more specifically compare the effects with those
of the same low dose radiotherapy alone in a matched pair analysis.

• To determine if there was any difference in therapeutic effects with respect to two
time gaps ueed (0.5 -1.5 versus 3 - 4 hours) between radiotherapy and subsequent
hyperthermia.

The improvements of the hyperthermia system seemed to considerably reduce the very high
percentage of advanced (Grade 3 and 4) skin reactions experienced during the first time period
when only 2450 MHz microwaves were available and no coupling water bolus was used (Paper II,
page 405, Table 7). On the contrary no difference in tumour response was observed between
treatments including hyperthermia induced by 2450 MHz microwaves or given with the refined
system using 915 MHz microwaves.

Significant results were obtained from the analysis, comparing the effect of combined
hyperthermia and low dose radiotherapy with the effect of the same low dose radiotherapy alone,
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the patients acting as their own controls in 28 matched tumour pairs. A statistically significant
difference in complete tumour response rate was achieved in favour of the combined treatment
(p=O.OO27 McNemar's test of symmetry). Similar comparative results were obtained when only
breast cancer recurrences were analysed in 17 matched tumour pairs (Paper II, page 402, Tables 4
and 5). It should be noticed that the tumour size ranged from 0.16-49 icm2 (median 5.7 cm2) in the
combined treatment group and from 0.1-27 cm2 (median 1.7 cm2) in the group that was given
radiotherapy alone. It should also be noticed, however, that Kaplan-Meier plots of local complete
response in the 28 (all histological types) and 17 (breast cancer only) matched tumour pairs
showed no statistically significant difference in duration of complete response between the two
compared treatment modalities (Paper II, page 403, Figures 4 and 5).

Besides the results of the Kaplan-Meier plots it should be added that tumours that received
the combined treatment modality reached complete response at least one month faster and those
that relapsed did so in median 3 months later compared with those that received radiotherapy
alone. In the comparative study 31 % of the complete responding tumours in the combined
treatment group were still in local complete remission when the patients died. None of the
complete respo»iders in the group of tumours treated with radiotherapy alone were terminated by
the death of the patient.

The best response rate was achieved in adenocarcinomas (55 % complete remissions in 40
tumours), followed by squamous cell carcinomas (18 % in 11 tumours). Slightly more than half of
the latter belonged to the 20 largest tumours in the total tumour series. This may explain the
remarkable difference in response rate between adenocarcinomas and squamous cell carcinomas in
our material. Later performed multivariate analysis (step-wise logistic regression) has shown,
however, that tumour size had no statistically significant influence on the complete tumour
response rate to combined radiotherapy and heat (Lindholm et al 1989 and paper IV).

No differences in either tumour or normal tissue effects could be observed according to
different time gaps between the radiotherapy and the subsequent hyperthermia session.

Severe and moderate local pain due to heat treatment was to some extent associated with
pronounced skin reactions. Local pain was, however, no optimal monitor for tissue temperature
regulation, as one third and more than half of the instances of severe and moderate local pain,
respectively, were not associated with pronounced skin reactions. Neither was there a true
correlation between these reactions and the use of different modes of analgesia during treatment
(Paper II, page 407, Table 9). No clear dose-response relationship could be found between acute
skin toxicity and the amount of earlier given radiotherapy in areas treated with the combined
modality. (Paper II, page 406, Table 8) The method thus seems to be feasible also in a palliative
intent in recurrent tumour regions that had been previously heavily treated with radiotherapy.

4.3.3. Paper I I I - Arterial Complications

Serious complications with superficial and semi-superficial local hyperthermia are reported as rare.
With reference to two patients treated for recurrent tumour in previously operated and irradiated
areas, two arterial ruptures after microwave induced hyperthermia and radiotherapy were analysed.
Different explanations were discussed, such as the previous local treatment, high temperature and
atherosclerosis per se.

According to the literature postoperative infection or impaired oxygenation of the arterial
wall may be major causes of post-therapeutic ruptures of arteries. Infection was found locally in
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both of our cases and according to the operative procedure described, a status of impaired
oxygenation of the arterial wall may very well have been the case in at least one of the patients.

Poor circulation, malnutrition and low pH may have made the tissues locally more sensitive
to hyperthermia. Such a phenomenon may have been further pronounced by hypoxia and a high
level of lysosomal enzymes in atheromatous plaques, well represented in the arterial wall of one of
the patients at autopsy.

Arterial rupture, although very rare, was concluded to be a possible complication in
combined hyperthermia and radiotherapy, especially when recurrent tumours are treated in
previously operated and irradiated regions. Cautious steps to prevent overheating as a contribution
to the development of this complication are suggested. (Paper III, page 507)

4.3.4. Paper I V - Prognostic Factors, Tumour Response

The main purpose of this paper was to evaluate different factors of possible imponance for
complete tumour response, as well as for its duration, to combined low dose radiotherapy and
hyperthermia. To minimize the number of variables this analysis was restricted to treatments given
to recurrent breast carcinoma in previously irradiated areas. In total, 69 tumours in 54 patients
were evaluable in terms of complete, partial and no response. Special interest was paid to the
importance of the number of hyperthermia sessions.

During our 10 years of clinical experience with this new treatment modality one or two
hyperthermia sessions per week have been administered in combination with low dose
radiotherapy. The latter was given in daily, consecutive fractions from Monday to Friday for 2 or 3
weeks. When two weekly hyperthermia sessions were used they were carried out either Monday
and Thursday or Tuesday and Friday. This resulted in three different treatment schedules for the
combined modality (IV); schedule A (19 tumours), used in our departments from 1980 to 1984,
and schedules B (23 tumours) and C (27 tumours), both used from 1985 to 1989 and recruiting
their tumours from a randomized study, containing also other histological types, excluded here.

The complete response rate for tumours heated once a week and with a total of three
hyperthe™nia sessions (schedule B) was 65 %. The corresponding complete response rates for
tumours heated twice a week with altogether four (schedule A) and six (schedule C) hyperthermia
sessions were 74 %. (Paper IV, Table 5, c.f. 4.2) The difference in CR rates was not statistically
significant (p=0.75, chi square test). The median duration of CR, however, was longer for tumours
heated twice weekly (14 ± 3 months) than for tumours heated once a week (6 ± 1 months) (Papc*
IV, Figure 1). When schedules B and C, running during the same time period with the same
radiotherapy dose and fractionation and belonging to the same randomized series, were compared,
the difference in complete response duration was not statistically significant (p=0.24, log rank test)
(Paper IV, Figure 1).

Univariate analysis was performed of altogether 15 parameters (Paper IV, table 6) possibly
predictive for tumour response. The absorbed dose delivered with the present radiotherapy
schedule, expressed in terms of CRE, was found to be the only prognostic factor for complete
tumour response (p=0.02 Student's t-test). Primarily, none of the investigated thermal factors
predicted CR. However, when only studying the subgroup of tumours treated with 915 MHz
hyperthermia, then apart from the CRE-value the minimum average temperature in the best
hyperthermia session, T^^, , , predicted CR (p=0.02). A multivariate analysis of this subgroup of
tumours revealed that these two variables had prognostic importance for CR: CRE-value (p=0.003)
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and T ^ ^ (p=0.036). The improvement of the hyperthermia equipment, especially the
thermometry system, when changing from 2450 MHz to 915 MHz microwave heat induction, may
be the main explanation that no thermal factor was proven predictive for CR except for the
subgroup that received 915 MHz.

Considering the prognostic thermal factor, the average minimum temperature in the best heat
treatment ought to be close to 41 °C to achieve a probability of 50 % CR to the combined
treatment with low dose radiotherapy and heat.

Duration of CR was analysed in a multivariate test using Cox's proportional hazards method.
This revealed that three factors entered the model:

• lesion area (negatively correlated, p=0.007),

• the time interval between the diagnosis of the primary tumour and the present
treatment (p=0.02) and

• the average temperature (p=0.03)

The second factor was thought to be a measure of the aggressiveness of the tumour.

4.3.5. Paper V - Prognostic Factors, Normal Tissue Reactions

The normal tissue tolerance is the limiting factor for retreating tumours in previously irradiated
regions. A recurrent tumour in such a region means a poor prognosis for the patient. In this
situation the treatment will too often be just palliative, although a local curative intent may be
worthwhile. A treatment modality, sometimes producing local blisters and ulcers of the skin, may
obviously be inconsistent with the aim of palliation.

The purpose of this paper was therefore to evaluate different pre-treatment and treatment
related parameters of possible importance to the severity of skin reaction to combined low dose
radiotherapy and heat, applied to recurrent breast carcinomas in earlier irradiated areas. The study
was performed on the same material as presented in Paper IV, but now also including those tumour
regions which were non-evaluable with regard to tumour response. Thus, 81 tumour regions in 59
patients were analysed regarding the patient's complaint of local pain during hyperthermia as well
as 15 other parameters possibly predictive of acute skin reactions (Paper V, Tables 3 and 4). These
were scored during and after the combined treatment and maximum skin reactions were registered
according to an ordinal scale of 0 to 8, modified after WHO 1979 (Paper V, Table 2). Due to a
clear cut difference in the severity of reactions with a score less than or eqial to 4 compared with
those equal to 5 or higher, a dichotomization of the skin scores into two groups was made: one
representing relatively mild reactions and different grades of erythema to dry desquamation (scores
0-4), and the other representing more severe reactions including blisters and ulcers (scores 5-8)
(Paper V, Table 2). Furthermore, the dichotomization was justified because of the problems
associated with ordinal scales from a statistical point of view.

Acceptable skin reactions (score < 4) were seen in 68 % of the treatment areas; 40 areas
(49%) showed only minimal erythema, 15 areas (19 %) exposed a marked erythema or an
erythema with slight desquamation.
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More severe skin damages (score > S) were seen in the remaining 26 treatment areas (32 %),
showing desquamation with blisters in 11 areas (14 %) and necrosis or ulceration in IS areas
(19 %).

Significantly more severe skin reactions occurred in the group of tumour areas heated with
2450 MHz microwaves compared with those heated with 915 MHz, 64 % and 26 % scored > 5
after treatment with 2450 MHz and 915 MHz, respectively (paper V, Table 2). As already
discussed in paper II, the heating technique was considerably improved with the introduction of
915 MHz microwaves applied with a water bolus.

A strong correlation (p=0.0011, chi square test) was found between the severity of skin
reaction and a patient's complaint of local pain during heat treatment. (Paper V, Table 3). Again
(compare Paper II. page 408), however, this was not an optimal monitor of heat treatment as 6 of
36 (16 %) heated regions, associated with no or slight pain had skin scores > 5 and 25 of 45 (55
%), associated with moderate and severe pain, had skin scores < 4. Univariately analysed,
prognostic factors of more severe skin reactions (scores > 5) were;

• the lesion area (p=0.01),

• the highest average maximum temperature in a given heat session (p=0.03) and

• the hyperthermia fraction, one versus two heat fractions per week, which was in
favour of one fraction per week (p=0.05, Student's t-test) (Paper V, Table 4).

An even stronger (p=0.01) correlation was found between skin damage and the highest
average maximum temperature in a given heat treatment when only areas treated with 915 MHz
microwaves were considered (Paper V, Table 4). This treatment unit produced no skin scores > 5 if
the highest average maximum temperature was < 43°C (Paper V, Figure 1).

There was a tendency to more severe skin reactions in patients with a history of previous
treatment with anti-cancer drugs compared with those with earlier hormonal treatment or no
anti-cancer drug treatment at all (p=0.11, Yates' corrected chi square statistics).

Finally, a multivariate analysis of all recorded parameters (Paper V, Table 4) revealed that
two variables were predictive of skin damage: the lesion area (p=0.007) and the highest average
maximum temperature in a given hyperthermia treatment (p=0.04).

It was remarkable that no patient related factor (previous local surgery, radiotherapy or
chemotherapy) had any significant influence on the acute skin reactions, although there was a trend
towards severer skin reactions in patients with a previous history of cancer chemotherapy.
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5. Discussion

5.1. Hyperthermia Alone

In our patient series hyperthermia alone has been used as the sole local treatment modality in only
two tumour regions in two different patients. The treatment schedule was based on the same twice
a week principle as used when heat has been combined with radiotherapy. An adenocarcinoma,
growing on the chest wall, responded with a short partial remission of one month while an
anaplastic cancer in the head and neck region did not show any remission at all.

During the last two decades, however, hyperthermia alone has been used more often in
several other clinics as a treatment method against human cancer. Totally more than 500 locally
advanced and/or recurrent tumours, both superficial and deep-seated, have been treated according
to different schedules (Overgaard 1990, Gabriele et al 1990). The over-all response rate to heat
alone seems to be about 40-50 % with a complete response rate of only 10-15 %, usually with a
short response duration. Recent experience has, however, shown a higher complete response rate
(39 %) in chest wall recurrences compared with other sites, as well as a longer response duration
for adenocarcinomas compared with other histological types (Gabriele et al 1990). Our own
material on hyperthermia alone treated tumours is too small to make any meaningful comparison
with o.hers as far as the response rate is concerned. Tumours treated with hyperthermia alone seem
only to be sterilized at rather high temperatures (> 43°C, cytotoxic effect) with an increased risk of
damage to the surrounding normal tissue. Thus, the indication for use of hyperthermia alone may
be limited to some palliative situations where the role of other treatment methods is exhausted.

A moderate local hyperthermia treatment alone may be useful for the control of a bleeding
tumour or for relief of tumour pain, but has no place in a situation with a curative intent (Orecchia
et al 1989, Overgaard 1990).

5.2. Hyperthermia Combined with Radiotherapy

5.2.1. Feasibility Studies.

Almost 80 years have passed since the first report of heat combined with radiotherapy in the
treatment of human cancer was published, although then according to a totally different biological
theory: that hyperthermia functioned mainly due to an increase in blood flow and oxygen tension
and partly also to the effect of other unknown factors (Schmidt 1909, MUller 1910 and 1912). The
first clinical efforts focused on the modern principles of hyperthermia to increase the effect of
radiotherapy were made in the 1950's and the 1960's (Woeber 1955, Crockett et al 1967) but were
intensified first during the 1970's (Kim et al 1977, Hornback et al 1977, Marmor et al 1979). Since
then a substantial number of clinical feasibility studies on hyperthermia plus radiotherapy have
been performed including our own studies (paper I, n and chapter. 4.3.1 and 4.3.2). These have
primarily evaluated tumour response and toxicity in relation to different treatment techniques and
fractionation schedules.

Radiotherapy has usually been given with daily fractions of 2 to 3 Gy, four to five days a
week, or 4 to 6 Gy or even 8 to 9 Gy once, twice or three times a week (paper I and II, Luk et al
1984a, Gonzalez Gonzalez 1986, Overgaard and Overgaard 1987). The total radiation absorbed
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doses have varied from approximately 12 to 66 Gy. Megavoltage, electron or photon beams have
mostly been used, although some tumours have been treated with orthovoltage energies (paper D,
Arcangeli et al 1985, Perez et al 1986b, van der Zee et al 1986 and 1988, Valdagni et al 1988,
Kapp et al 1990). Some institutions have given heat before radiotherapy but in most instances,
probably due to a mixture of logistic convenience and scientific conviction, heat has been given
15-30 minutes or 3-4 hours after radiotherapy, respectively. Most treatment schedules have been
designed to strive for an average temperature of 42-44°C employed for approximately 30 to 60
minutes two or three times a week (in some cases even five times a week). Skin cooling has been
applied when no evidence of tumour growth could be found in the skin surface. Microwaves,
mostly 915 MHz, have been the most common method for heating. Lately radio frequency
techniques and ultrasound, externally or internally applied, have been explored (see appendix 2).

Table 4: Tumour treatment response according to diagnosis in 137 evaluable tumours in
100 patients

Diagnosis

Mammary ca

Head & neck ca

Skin ca (incl melanoma)

Gynca

Soft tissue sarcoma

Colon ca

Primary site unknown

Urocpilhclial ca (bladder)

Summary

No of tumours (patients)

85 (62)

19(16)

13(8)

6(4)

6(5)

3(2)

4(2)

KD
137 (100)

CR

53 (62 %)

6 (32 %)

4 (31 %)

1/6

2/6

1/3

2/4

0/1

69 (50 %)

PR

27 32 %)

:.(2i%)

6 (46 %)

2/6

lit
1/3

2/4

1/1

45 (33 %)

NR

5(6%)

9 (47 %)

3 (23 %)

3/6

2/6

1/3

0/4

0/1

23 (17 %)

Table 5: Tumour treatment response according to histology in 137 tumours in 100 patu -ts.

Diagnosis

Adcnocarcinoma

Squamous cell ca

Anaplastic ca

Soft tissue sarcoma

Melanoma

Urocpithclial ca

Summary

No of tumours (patient.,)

100 (70))

20 (20)

3(2)

6(5)

7(2)

KD
137(100)

CR

60 (60 %)

4 (20 %)

0/3

2/6

3/7

0/1

69 (50 %)

PR

31 (31 %)

6 (30 %)

1/3

2/6

4/7

1/1

45 (33 %)

NR

9 (9 %)

10 (50 %)

2/3

2/6

0/7

0/1

23(17%)

The complete response rates in more or less unselected materials have varied in a wide range
from 10 % to 80 %, mainly depending on whether the target has been a deep-seated or a superficial
tumour (paper II, Hornback et al 1977, Arcangeli et al 1983 and 1985, Storm et al 1985, van der
Zee et al 1985 and 1986, Field 1987, Dunlop and Howard 1989, Overgaard 1989). The lower
response rate can probably be explained by technical problems with heating rather big or
deep-seated tumours with available external techniques that are not yet capable to do so (Dunlop
and Howard 1989). Moreover, these situations have been accompanied by undesirable toxicity like
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extensive fatty tissue necroses and systemic effects which furthermore have limited the usefulness
of these techniques. On the contrary, when only superficially seated tumours, and especially when
only malignant melanomas, adenocarcinomas of the chest wall and neck nodes have been
considered, the complete response rates to combined treatment have exceeded 80 % (Scott et al
1984, Gonzalez Gonzalez et al 1986, Perez et al 1986b, Overgaard and Overgaard 1987, Valdagni
et al 1988).

In our study on superficial malignancies, (Table 5) the complete tumour response to
combined low dose radiotherapy and hyperthermia was 60 % for adenocarcinomas and 20 % for
squamous cell carcinomas, respectively. Additionally, if only recurrent adenocarcinomas of the
chest wall are considered, our result of 68 % (mammary carcinoma in Table 2 and chest wall
recurrences in Table 6) equals that of others.

The rather low complete tumour response rate of squamous cell carcinoma in our series
compared with reports from other authors (Table 6, head and neck) may be due to the fact that the
tumours with this histology were comparatively large and may have been poorly heated (slightly
more than half of the squamous cell carcinomas belonged to the 20 largest tumours in our tumour
series, paper II). On the other hand tumour size was not a predictor for complete tumour response
in tumours treated with combined radiotherapy and heat in our studies when multivariate step-wise
logistic regression analysis was made (see chapter 5.2.5.1).A favourable treatment schedule with a
high dose per fraction of the radiotherapy once or twice a week may have strongly influenced the
good results of others when they have used the combined treatment in malignant melanoma, one of
the very few tumours suitable for such a fractionation approach. In our material of 137 evaluable
tumour regions only 7 (5.1 %) were represented by the hyperthermia and high dose per fraction
sensitive malignant melanomas. This rather low percentage, compared with that of several others,
may also have influenced the comparatively low overall complete response rate of 50 % (Table 4
and 5) in our tumour series.

A high total radiation absorbed dose also seems to have increased the complete response rate
of various tumours to the combined modality (Perez et al 1983 and 1986b, Oleson et al 1984,
Bicher et al 1986, van der Zee et al 1986, Gonzalez Gonzalez et al 1986, Overgaard and
Overgaard 1987, Valdagni et al 1988). This is in agreement with our analyses, which have shown
that the radiation absorbed dose in the combined modality is the most important prognostic factor
for complete tumour response (paper IV see also chapter 4.3.4).

In these phase I/II studies an overall complete tumour response rate of superficial
malignancies, including various histological types, sites and sizes, seems to be 60-70 % when
treated with somewhat different doses of combined hyperthermia and radiotherapy (paper D, van
der Zee et al 1985, Field 1987, Valdagni 1988, Dunlop and Howard 1989, Overgaard 1989).

5.2.2. Comparative Non-randomized Studies and Matched-pair Analyses
Parallel to pure phase I/II studies many centres including our own (Table 2) have given either
radiotherapy alone or the same radiotherapy dose plus heat to comparable lesions in patients
carrying more than one measurable (superficial) malignant tumour. This comparison has mainly
been in favour of the combined treatment and numerous examples of a significant improvement of
the ionizing radiation effect have been reported (Table 6). Again, the results have been reported to
depend on the histological tvpe as well as the site of growth of the tumours treated. Thus, a more
obvious difference in complete tumour response has been found between radiotherapy with and
without heat in superficial chest wall malignancies (range 15-45 %, mean 32 %, median 36 %), in
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malignant melanomas (range 23-66 %, mean 36 %, median 35 %) and in head and neck tumours
(range 14-66 %, mean 28 %, median 34 %) (Table 6).

The results of the matched pair analysis were at least as good as the mean and median of
those of others with a difference in complete tumour response of 35 % (all histological types,
p=0.0013, McNemar's test of symmetry) and 41 % (mammary carcinoma only, p=0.0027,
McNemar's test of symmetry) (Table 2) in favour of the combined treatment.

The effect of heat treatment as an addition to radiotherapy can be expressed in terms of the
thermal enhancement ratio, TER, (see appendix 1 chapter 8.1.2.6 for explanation). There is certain
confusion in the literature concerning the definition of this ratio (Overgaard 1989). TER may be
expressed as isoeffect or as isodose (Figure 1). Under circumstances that little or no enhancement
exists in the normal tissue, the isodose value, following figure 1, is certainly the parameter which
should be the most relevant clinically. "From the patient's point of view the gain at the maximal
radiation dose which can be given is of interest, rather than how low the radiation dose can be
reduced if hyperthermia is combined with radiation" (Overgaard 1989). According to Table 6 the
isodose TER seems to have an overall mean and a median value of approximately 2.35 and 1.91,
respectively, for superficial tumours (mean 1.89, 2.54 and 2.43 and median 2.00,1.94 and 1.88 for
chest wall recurrences, malignant melanomas and head and neck nodules, respectively).
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Figure 1. Dose-response curves illustrating the principles of estimating thermal enhancement ratios
based on either isoeffect or isodosc values defined as; TER (isoeffect): radiation dose alone to achieve
end point/radiation dose with heat to achieve end point; TER (isodose): frequency of response after
radiation with heat/frequency of response after radiation dose alone (Redrawn by permission from
Dewey etal 1977).
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Table 6: Tumour response after treatment with the same radiation dose given either alone
or combined with heat (based on data from Dr Jens Overgaard, Danish Cancer Soc, Dept
Exp Oncol, DK-8000 Aarhus C, Denmark, Personal communication).

Site and reference
Chest wall recurrence

Perez etal (1986)
van der Zee et al (1985)
Scott etal (1984)
Gonzalez etal (1988)
Lietal (1985)
Dunlop etal (1986)
Overgaard (1988)
Perez etal, RTOG(1989)
Egawa etal (1989)
This study

Malignant melanoma
Overgaard etal (1987)
Gonzalez etal (1986)
Kim etal (1977-1984)
Arcangeli etal (1984)
Valdagni et al (unpublished)
Emami etal (1988)
Shidnia etal (1987)

Primary advanced breast ca
Morita etal (1988)

Head and neck ca
Arcangeli etal (1985)
Scott etal (1984)
Marchal etal (1986)
Valdagni etal (1988)
Emami etal (1988)
Goidobenko etal (1987)
Dalta et al (1990)
Perez etalRTOG (1989)
Egawa etal (1989)

Uterine cervix
Hornback etal (1986)
Dattaetal (1987)
Morita etal (1988)
Sharma etal (1990)

Gastrointestinal
Muratkhod/haev et al (1987)
Hirokaetal (1984)
Goidobenko etal (1987)
Mentesjasjvili etal (1987)
Kai etal (1988)

No tumours

35
40
34
18
42
32
14
74
19
44

63
24
149
38
35
116
185

22

81
18
54
36
160
67
65
106
33

66
53
24
50

313
24
48
117
100

RT alone (%)

43*
0

47
33
36
67
40
26
40
27

57
17
43
53
20
24
33

50

42
22
7
37
13
86
32
33
44

35
58
71
50

25
10"
0

33"
3

RT + HT(%)

86*
24
94
78
73
82
78
33
67
68

90
83
67
76
80
59
64

100

79
88
41
82
38
100
55
34
47

72
74
90
70

63
43"
11

6 9 "
19

IsodoseTER

2.00
» 1
2.00
2.36
2.00
1.22
1.94
1.27
1.68
2.52

1.58
4.88
1.56
1.43
4.00
2.45
1.94

2.00

1.88
4.00
5.86
2.22
2.92
1.16
1.72
1.03
1.07

2.06
1.18
1.26
1.40

2 52
4.30
» 1
2.09
6.33

'CR if otherwise not indicated, "PR, For references, see Overgaard (1989), Perez et al (1989), Egawa et al
(1989), Kai et al (1988), Sharma et al (1990) and Marchal et al (1986).
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The comparative analysis of the treatment effects in our matched tumour pair studies resulted
in an isodose TER of 2.46 and 2.52 in all histological tumour types and in mammary carcinoma
alone, respectively (Table 2). The high isodose TER value in mammary carcinoma in our series
compared with that of others (Table 6) may be explained by differences between the tumour
materials treated or the heating techniques used. In our analysis of predictive factors for tumour
response in mammary carcinoma (paper IV) the tumour size (median 5.7 cm2) had no significant
importance for the outcome of the combined treatment. This was in contrast to several others who
have found that the tumour size had an impact on the response rate to combined hyperthermia and
radiotherapy (Valdagni et al 1988, Kapp et al 1990, Perez et al 1991). Thus, relevant differences
between our material and that of others may have existed as an explanation of the differences in
isodose TER. There is, however, no indication that the tumour size, for example, was less in our
material than in that of others. Other unknown differences may have existed in favour of a good
tumour response in our material.

5.2.3. Phase Ill-trials on the Effect of Radiotherapy Alone Versus
Radiotherapy Combined with Heat

The strategy of this study to compare RT alone versus RT+HT using matched tumours pair in the
same patient is the reason why no randomized phase III trial concerning this problem has been
done.

There is controversy about the necessity to complement the results of matched pair analysis
performed with the two compared tumours growing in the same patient with the results of a
randomized trial on tumours growing in different patients (Overgaard, Van der Zee, Kapp,
personal communications). Anyhow, a comparison of the two different trial methods might be
interesting and possible as far as the materials treated and end points used are equal. A few
randomized trials comparing the effect of radiotherapy alone with that of the same dose
radiotherapy combined with heat have been performed on materials of superficial or
semi-superficial tumours (Savchenko et al 1987, Egawa et al 1989, Datta et al 1990, Perez et al
1991). Some of these have not shown a statistically significant difference in tumour effect between
the two actual treatment modalities unless a special analysis of the materials treated has been done
(Egawa et al 1989, Perez et al 1991). In a Japanese multi-centre trial on superficial tumours more
than 3 x 3 cm2 in diameter, primary or metastatic with different histologies in 44 patients (Egawa
et al 1989), a statistically significant difference in the treatment effect between the two random
groups was not obtained unless the complete and partial tumour response rates were considered
together. Thus, the response rate (CR+PR) was approximately 63 % and 82 % for the two
treatment modalities, respectively, which now was said to be in statistically significant favour of
the combined treatment (p<0.05, Fisher's exact test). In our comparative matched pair analysis the
significant difference between the two treatment modality groups was obtained with complete
tumour response rate alone as the end point.

A randomized multi-centre trial on superficial measurable malignant recurrent or metastatic
tumours < 5 cm in thickness and diameter ran on a Radiation Therapy Oncology Group (RTOG)
protocol in USA. (245 evaluable patients and tumours). An overall complete response rate of 30 %
and 32 % was achieved in the two modality groups, respectively. Analysis of the treatment results
(Perez et al 1991) has shown, however, that th=, response rate was significantly related to both
maximum tumour diameter (<3 cm or > 3 cm) and to the site/histology (breast/adenocarcinoma,
head and neck/squamous cell carcinoma, or other sites/histologies). Thus, a better response rate in
favour of the combined treatment was only found in tumours <3 cm in diameter in breast- trunk
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and extremities (62 % and 67 % for combined treatment and 40 % and 0 % for radiotherapy alone,
respectively). Furthermore, in tumours <3 cm in diameter, randomly treated and compared after 12
months of follow-up, there was a significant improvement of tumour control in favour of the
combined treatment (p=0.02). The initial CR rate in these patients was 52 % versus 39 % for
combined treatment and radiotherapy alone, respectively, with a lower recurrence rate among those
who received combined treatment (7 % versus 45 %, respectively).

In contrast to the results of our study (IV) this RTOG randomized trial showed a predictive
importance of tumour size, in order to achieve complete tumour response as well as tumour
control. Similar to our analysis (II), however, the recurrence of tumours, which obtained a
complete remission, was delayed after the combined treatment compared with treatment with
radiotherapy alone.

The higher tumour control rate in patients with smaller (<3 cm) lesions was explained (Perez
et al 1991) by the fact that these tumours were easier to heat, even though small tumours were also
considered to have been inadequately heated in many instances. Thus, when all patients were
included, only 42 % of the lesions <3 cm received good heating compared with 31 % of those >3
cm. This has been interpreted as a sign of poor quality of hyperthermia (Overgaard 1990).
Comments have also been made that this cooperative protocol was a premature phase III study
(Oleson 1989, Perez et al 1991) strongly supporting the need for quality assurance procedures.
Efforts to improve the equipment and techniques for heating and thermometry and for careful
selection of lesions should be done in order to better evaluate the potential role of hyperthermia in
the management of patients with cancer (Overgaard 1990, Perez et al 1991). These intentions have
been taken care of in on-going trials on malignant melanomas, primary advanced mammary
carcinomas, locally recurrent mammary carcinomas and head and neck nodules on the basis of
ESHO-protocols (European Society for Hyperthermic Oncology).

One randomized trial has been performed on a deep-seated tumour (Datta et al 1987). Thus,
in a small study on uterine cervix carcinoma, stage IIIB (25+27=52 patients), a significantly
improved local control and NED all sites at 2 years was found when treatment was performed with
full course radiotherapy (65 Gy/33 fx) combined with heat (30-60 min at 42-43°C twice a week),
compared with the same radiotherapy dose alone.

Following a similar strategy a significantly improved local control and disease-free survival
at 18 months was also achieved after combined treatment in a randomized trial (56 patients) on
advanced head and neck cancers (Datta et al 1990).

A pre-operative approach has been used in a large randomized trial on stage II and III breast
cancer (507 patients) comparing 20 Gy/5fx alone with the same dose and fractionation combined
with heat (Savchenko et al 1987). The local tumour control rate was significantly improved and a
tendency to improved survival was seen as well, although it was not statistically significant. In
locally advanced malignant melanoma, however, the same study group (Savchenko et al 1987)
found a significantly improved 5-year survival after treatment pre-operatively with combined
radiotherapy and heat compared with radiotherapy alone (Overgaard 1989). They also reported a
significant improvement in survival at the 5-year follow up of patients with advanced colorectal
carcinomas treated pre-operatively with 20 Gy/5fx combined with heat and compared with the
same dose of pre-operative radiotherapy alone.

The reported results of externally applied combined treatment of uterine cervix carcinoma
(Datta et al 1987) and colorectal carcinoma (Savchenko et al 1987) are remarkable as other
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extensive reports so far have pointed out the obvious difficulties in homogeneous heating of deep
seated tumours with most of the existing external equipment during the actual period (Petrovich et
al 1989, Dunlop and Howard 1989).

5.2.4. Interstitial Heat Treatment Combined with Radiotherapy

The vast majority of clinical data on combined radiotherapy and hyperthermia are based on
experience from external heating techniques. However, the specific heating technique of interstitial
hyperthermia, which not was used in our clinical studies, deserves some attention especially when
combined with brachy therapy (Suit and Gerweck 1979, Overgaard 1989). Usually a single heating
in association with a single radiation dose in the order of 30-40 Gy has been given. Some
remarkable results, mainly achieved in tumours recurring after earlier radiotherapy, have been
published and are listed in Table 7. The median and mean for complete tumour response were 61
% and 64 %, respectively.

Table 7: Interstial hyperthermia and radiation (modified from Overgaard, 1989).

Reference

Voraetal(1982)

Olesonetal(1984)

Cosset ctal (1985)

Puthawalacial(1985)

Emamietal(1987)

Lam etai (1988)

Gauthcric et al (1989)

No of cvaluable tumors

15

52

23

43

44

31

96

CR(%)

73

39

83

74

59

61

61

PR(%)

7

42

17

26

27

36

33

NR(%)

20

19

0

0

14

3

6

In a comparison of the treatment results obtained by interstitial (Cosset et al 1985) and
external (Overgaard et al 1984) hyperthermia combined with radiotherapy in two separate
superficial tumour materials (France and Denmark) a superior response rate was achieved with the
interstitial technique (Overgaard 1989). This was probably due to a relative homogeneous heat
distribution when the interstitial technique was used (Figure 2). The analysis stresses the technical
insufficiency of external heating even of superficial tumours with current techniques. Furthermore,
there may be certain biological advantages with combining hyperthermia with brachy-therapy,
which is known to give a low dose rate radiation (Ben-Hur et al 1974, Suit and Gerweck 1979,
Overgaard et al 1987).

An increased complete local response rate with an isodose TER of 2.52 (which equals the
isodose TER we found in mammary carcinoma with our external heating technique, Table 6) was
achieved by adding interstitial hyperthermia to radiotherapy in a large, comparative Russian study
on 313 patients with oesophageal carcinoma (25 % and 63 % complete responses after
radiotherapy alone and the combined modality, respectively). A consequent improvement of the
survival rate has also been proclaimed (Muratkhodzhaev et al 1987, Overgaard 1989).
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Figure 2. Comparison between interstitial and external hyperthermia. A much more uniform heating
pattern is achieved with the interstitial technique, whereas external heating normally has many cold
spots (Redrawn by permission from Overgaard, J.: Int. J. Radiation, Oncology, Biology, Physics, 1989,
16,535-549).

5.2.5. Predicting Factors of Tumour Response
5.2.5.1. Tumour Size

When parameters predicting tumour response were analysed (Student's t-test and step-wise logistic
regression) in a selected material consisting of recurrent mammary carcinoma in regions where
earlier radiotherapy had been given, the tumour size was without any predictive importance for
complete tumour response (IV). This was in disagreement with the results of several investigators
but in agreement with some others. In previous clinical studies (Luk et al 1984a, Hiraoka et al
1984, Oleson et al 1984, Arcangeli et al 1985, van der Zee et al 1986 and 1988, Kapp et al 1989
and 1990, Seegenschmiedt et al 1989, Perez et al 1991) tumour size has been described to be an
adverse predictor of local complete tumour response. Poorer response rates for larger tumours have
been noticed irrespective of whether the tumour size has been characterized by maximum diameter,
surface area or tumour volume (Kapp et al 1990). This is contradictory to experimental
observations where poor nutrient environment, more common in larger than in smaller tumours,
should render larger tumours more susceptible to hyperthermia (Hahn 1974, Overgaard 1977, Suit
and Gerweck 1979). In accordance with this the tumour volume effect on treatment response has
been reported to be less pronounced in lesions treated with radiotherapy plus heat than in those
treated with radiotherapy alone (Kim et al 1982, Dewhirst and Sim 1986, Arcangeli et al 1985,
Overgaard and Overgaard 1987, Overgaard 1989 and 1990) (see Figure 3).

That tumour size will not predict adversely for complete tumour response has beside
ourselves also been stated by others. Thus, in patients treated with a radical intent for malignant
melanomas (Gonzalez Gonzalez et al 1986) and head and neck tumours (Valdagni et al 1988),
tumour size was not a significant predictor of complete tumour response.

In our analysis (IV), however, lesion area (i.e. the area in cm2 where tumour was growing,
not the area of the single nodules) was found to correlate inversely to the duration of complete
tumour response (Cox proportional hazards method, p=0.0007). This may have had something to
do with the obvious difficulties to cover a large area with a sufficient amount of therapeutic heat.
On the other hand single nodules centrally situated in the treatment region seem to have been
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adequately heated as tumour size (nodule size) did not influence the complete tumour response in
our studies (chapter 4.3.4 and paper IV).

Other studies have shown that local tumour control (=duration of CR) has correlated
significantly and inversely to the tumour size (Oleson et al 1984, Arcangeli et al 198S, Hofman et
al 1986, Perez et al 1991). This has sometimes been found regardless of whether the size was
determined as maximum diameter, surface area or tumour volume (Kapp et al 1990).
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Figure 3. Relationship between tumour volume and response to radiotherapy given alone or combined
with hypothermia (Redrawn by permission from J. Overgard, 1990: In: An Introduction to the
Practical Aspects of Clinical Hyperthermia, Ed. Field, S.B and Hand, J.W.; Taylor & Francis, London).
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In conclusion, the power of tumour size as a predictor of complete tumour response to the
combined treatment is not clear. On the other hand, our study group, as well as others, have found
the same inverse correlation between the local extension of the tumour growth and duration of
complete response (=local tumour control).

5.2.5.2. Tumour Histology, Diagnosis and Site of Disease

Primarily, univariate analysis of our tumour material showed that histology (that is
adenocarcinoma versus others) was of predictive importance for complete tumour response to the
combined local treatment (Lindholm et al 1989). Thus, adenocarcinomas seemed to respond better
than other histological types of tumours. However, when a multivariate analysis was made, there
was no clear correlation to CR.In a review (Valdagni et al 1988) of the prognostic factors for the
outcome of combined hyperthermia and radiotherapy no single histology or diagnosis was shown
to significantly predict tumour response. Under special circumstances, however, malignant
melanomas as well as adenocarcinomas of the chest wall and neck nodes have been reported to
respond better to this treatment modality than tumours in other sites (Luk et al 1984a, Scott et al
1984, Perez et al 1986b, Gonzalez Gonzalez et al 1986, Overgaard and Overgaard 1987, Valdagni
et al 1986 and 1988). This finding may reflect a better technical fitting to special tumour sites (e.g.
thoracic wall) or more preferable radiotherapy fractionation in relation to the histological type of
tumour treated (Oleson et al 1984, van der Zee 1986).

By lumping together tumours, treated with heat and radiation, in an apparently favourable
group (melanomas, squamous cell carcinomas and others) and an unfavourable group
(adenocarcinomas and sarcomas), univariate and multivariate analyses resulted in a highly
significant difference in the duration of local control in favour of the first group (Kapp et al 1990).
A higher relative risk of treatment failure was achieved in head and neck and pelvic tumours
compared with extremity and thoracic tumours, respectively. The difference was statistically
significant in the univariate analysis (p=0.029) but failed to appear in the multivariate analyses.
The conclusion was that site was strongly correlated with histology. This has also recently been the
conclusion of others (Perez et al 1991).

In our total tumour material the complete tumour response for adenocarcinoma and
mammary carcinoma (that is nearly the same as chest wall recurrences) was 60 % and 62 %,
respectively (Tables 4 and 5). Approximately 85 % of the adenocarcinomas were recurrent
mammary carcinomas of the chest wall in our tumour series. The similarities in the complete
tumour response rates of adenocarcinoma and mammary carcinoma may then reflect a strong
correlation between histology and site also in our study when the complete response rate is
regarded. A similar relation was seen between squamous cell carcinomas and head and neck
tumours.

Some remarks might be added. Firstly, it is confusing that the Stanford group (Kapp et al
1990) had to place adenocarcinoma in the unfavourable group of responders at the same time as
they found a relatively less risk of treatment failure in the thoracic tumours. Secondly, much of the
disagreement between the results of different studies may be due to the fact that many investigators
have only reported univariate analysis and have failed to take into account the influence of multiple
pre-treatment and treatment factors on the outcome of combined radiotherapy and heat.

5.2.5.3. Radiation Absorbed Dose

A high total concurrent radiation absorbed dose has earlier been reported to increase the response
rate of various malignant tumours to combined heat and radiation (Perez et al 1983, Bicher et al
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1986). The influence of the total absorbed dose on complete tumour response rate has been shown
to be statistically significant (Oleson et al 1984, Luk et al 1984b, van der Zee et al 1986). Analyses
made in later reviews (e. g. Valdagni et al 1988) and single centre studies (e.g. Kapp et al 1990)
and, like our own (Lindholm et al 1989) based mainly on superficial malignancies, have confirmed
this influence. In step-wise regression analyses the concurrent total radiotherapy dose has been the
second best predictor of complete tumour response and local tumour control (Lindholm et al 1989,
Kapp et al 1990). This predictive influence on the outcome of therapy after combined radiotherapy
and heat was even more apparent in our studies when only earlier irradiated recurrent breast cancer
was analysed (IV).

The small variation in the fractionation dose used in our different treatment schedules (paper
IV, Table 6) had no significant influence on the outcome of combined treatment with radiotherapy
and heat.

A positive correlation, however, has been shown by others between complete tumour
response and the dose per fraction of radiotherapy when this is combined with heat, especially for
malignant melanomas (Gonzalez Gonzalez et al 1986, Overgaard and Overgaard 1987, Valdagni et
al 1988). The absorbed dose per fraction has a special predictive implication in situations where
simultaneous radiotherapy and heat treatment is suitable (Overgaard 1989).

5.2.5.4. Thermal Factors

When we analysed mammary carcinoma, recurring in earlier irradiated regions and currently
treated with combined radiotherapy and 915 MHz microwave induced heat, the average minimum
temperature in the best hyperthermia session, Tminth(!,l, predicted complete tumour response
(paper IV, especially Table 6, see also chapter 4.3.4). This result was only partly in agreement
with those of others as follows: The lowest intra-tumoural temperature, defined in various ways by
different study groups, has been the thermal parameter most often reported as a useful predictor of
tumour response (Oleson et al 1984, Luk et al 1984, Dunlop et al 1986, van der Zee et al 1986,
Howard et al 1987, Valdagni et al 1988, Seegenschmiedt et al 1989, Kapp et al 1990). Thermal
parameters achieved in the first heating session have also been described as predictive of tumour
response, for example, minimum equivalent 43°C minutes (Dewhirst et al 1984), the percent of
recorded temperatures < 40°C and > 42,0°C (Kapp et al 1985) and the lowest tumour temperature
(Storms al 1987).

All our tumour temperature variables as defined in paper IV, Table 3, are, however, highly
intercorrelated. Thus, several temperature variables in addition to T ^ ^ , , seemed to be associated
with complete tumour response, i.e. Tmjn, (p=0.08), TmaMll (p=0.06) and TavMll (p=0.07) (see Paper
IV, Table 6). Some similar parameters were found to be predictive for complete tumour response
to combined radiotherapy and heat by others (Valdagni et al 1988).

Furthermore, the temperature in terms of Tavgjåll had a significant importance in the
multivariate analysis when we regarded the duration of complete tumour response (IV).
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Table 8: Studies comparing the treatment effect, CR (%) of different total as well as weekly
numbers of hyperthermia (HT) sessions during a course of radiotherapy (modified after
Valdagni, 1988 and Overgaard, 1989).

Reference, diagnosis

Arcangeli et al (1984), variety

Kim et al (1984), variety

Valdagni et al, (1986), neck nodes

Steeves etal (I987)m variety

Arcangeli et al (1987), melanoma

Alexander et al (1987), variety

Valdagni et al (1988), neck nodes

Kapp etal (1990), variety

This study , variety

Random

No

No

No

No

No

Yes

Yes

Yes

Yes

No patients or
lesions

23

40

27

43
35
21

48

17

165

34
32

Total no HT

5
10
2-7

8-12
<6
= 6
>6
1-4

5-20
5
8
4
8
2
6
2
6
3
6

No HT per week

1
2
2
2

2or3
2or3
2or3

2
2
2
2
1
2
2
2
1
2
1
2

CR(%)

64
78
50
53
83
50
71
44
34
75
77
42
21
86
80
52
51
56
69

In multivariate analyses of others (Kapp et al 1990) a significantly improved model was
demonstrated for the duration of local tumour control when the average minimum temperature was
dichotomized at < 41°C versus > 41°C and added in the statistical model after histology, concurrent
radiation dose and tumour volume as a fourth co-variate. Considerable effort was, however, spent
on finding a breakpoint in the average minimum temperature to yield the most significant result.

In conclusion, all the results mentioned above support the opinion that a higher tumour
response may be achieved by increasing the heat level at the coldest spot in the tumour.

To find the optimal total number of heat treatments, or the optimal number of heat treatments
per week, combined with radiotherapy to achieve maximal tumour response, has been the goal for
several trials including one performed by our own group (see chapter 4.2.2 and Table 8). The
complete tumour response rates in relation to different heat schedules, combined with radiotherapy
in superficial malignancies, are shown in Table 8. According to the results presented in this table
there is no evidence that more heat treatments are necessarily better than a few. At least in one
analysis (Kapp et al 1990) this was the fact when duration of local tumour control was also chosen
as the end point. This was in agreement with the results of our analysis even though a remarkable
difference in the median of the duration of complete tumour response was seen between the two
random groups, that is 7 ± 2 months for one HT/week (totally 3HT) and 14 ± 4 months for two
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HT/week (totally 6 HT). There was thus a trend for a longer duration of complete tumour response
when more hyperthermia sessions were given, although not statistically significant (p=0.17, log
rank test) (chapter 4.2.2, but also 4.3.4 and paper IV).

'end

Table 9: Factors predicting (+) or not predicting (-) complete response (CR) and/or duration of
complete response (DCR) of tumours after combined treeatment with heat (HT) and radiation.

This study

CR
Others

This study

DCR
Others

Tumour
size/area

+x

+x

Histology

(+)

Site

Radiation absorbed dose
total

+

+

per fraction
Thermal factors

TBin differently
expressed

+

No HT sessions

(+)

Signs within paranthesis are not statistically significant in all analyses or a trend
x inversely correleated

The number of satisfactory heat treatments with temperatures over 42°C in the tumour some
time during the heating, have, however, been shown to correlate with response in deep seated
pelvic malignancies (Sapozink et al 1986). Furthermore, patients with Stage II B - IV A soft tissue
sarcomas have been reported to show a better response to preoperative radiotherapy if it was
combined with two heat sessions per week instead of one (in the two groups, randomly selected,
the average number of identical heat sessions was 7.3 and 4.4, respectively). When the end point of
severe histopathologic damage in the resection specimen from these patients was used, a
statistically significant enhancement (p=0.009) of damage was noted for tumours randomized to
two heat treatments per week (Leopold et al 1989). The number of patients, however, was rather
small (totally 17 patients) and the follow-up time still too short to tell whether this treatment group
will show the best local tumour control and survival.

In Table 9 a try is made to summarize the predictive factors for complete tumour response
and duration of complete tumour response to combined heat and radiotherapy, comparing our own
results with those of others.

5.2.5.5. Thermal Dose

Attempts have been made to introduce the concept of equivalent time (minutes) at 42.5 °C (Field
and Morris 1983) or 43 °C (Sapareto and Dewey 1984) as a practical quantity (unit) to describe the
effect of clinical hyperthermia (Arcangeli et al 1985, Dunlop et al 1986). To translate a treatment
started at t=0 and ended at tCTd with a measured temperature profile, T(t) into an equivalent
treatment time (Eqt) at 43 "C, the following equation was used:
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This equation was evaluated with a time interval of 15-20 s and the function R(t) was assigned the
values 0.5 if T>43 °C and 0.25 when T<43°C. By choosing another break-point in the Arrhenius
plot (Figure 5), 43 °C may be exchanged by 42.5 °C.

A dose response relationship has been shown, indicating that a certain amount of thermal
dose (more than 56 Eqt 42.5°C minutes) must be accumulated before complete tumour response
rates start to increase. Furthermore, above a certain thermal dose (around 200 Eqt 42.5 °C minutes)
all complete response rates were found to be independent of tumour volume. A statistically
significant relationship was also found between the amount of thermal dose and the duration of
complete tumour response (Arcangeli et al 1985). Somewhat differing dose figures have been
presented in an English study (Dunlop et al 1986). Tumours that received radiation and effective
hyperthermia (=at least two hyperthermia sessions with a minimum of 20 Eqt 43 °C minutes each)
were more likely to disappear completely (CR rates 86 %) than those that were irradiated but
inadequately heated (CR rates 35 %) (p < 0.001). No differences, however, were noted in CR rates
in tumours that received 2, 3 or 4 effective hyperthermia treatments.

When treating our patients the heating time has been settled beforehand to 45 minutes per
session (effective treatment time considered to start when the temperature at the master had
reached the temperature settled beforehand). The accumulated thermal dose figures (Eqt 43 °C
minutes) have been recorded but have not, however, been allowed to monitor the amount of
heating finally given to a certain target. When statistically analysed afterwards (Kjellén et al 1989,
Lindholm et al 1989) the average minimum and maximum temperatures during the 45 minutes of
heating timed by the clock (paper IV, Tables 3 and 6) correlated better 'j complete tumour
response and skin reactions, respectively, than their corresponding thermal isodose
(Eqt 43 °C minutes) factors. So far, the equivalent 43 °C isodose concept has not had any
importance for heat treatment decisions in our studies.

Many reservations have been expressed about the thermal isodose concept. The isoeffect
relationship is considered to give a reasonable correlation to response between 42.5 and 47.0'C, but
below and above these temperatures the correlations are less good (Gerner 1985). The step-up,
step-down sensitization (Field and Morris 1984, Lindegaard and Overgaard 1987), discussed in
appendix 1, chapter 8.1.1.8, may be of importance in clinical hyperthermia where temperatures
often vary considerably during a session. This may add uncertainty to the value of the factor R in
the thermal dose formula at lower temperatures. The heterogeneous nature of tumour tissues, the
irregularity of temperature distribution and the phenomenon of thermotolerance are other factors
which are thought to influence the effect of heat and thereby complicate the heat dose calculation
(Overgaard 1984 and 1987).

It has been stated as a consensus that "any attempt to plan thermal treatments based on any
of these dose concepts or to predict clinical response from a calculated dose is very inappropriate
and premature" (Sapareto 1987). Nothing in this statement contradicts our own experiences.

5.2.5.6. Sequence of Hyperthermia in Relation to Radiotherapy

Experimental studies on murine tumours have shown that thermal enhancement of the ionizing
radiation response is dependent on the timing between the two modalities in combined treatment
(Hill and Denekamp 1979, Overgaard 1980, see chapter 8.1.2.6). For practical reasons no really
simultaneous radiotherapy and heat was given to any tumour in our clinical studies. Neither could
any difference in response rate be observed according to different time gaps (0.7 - 4 hours)
between radiotherapy and heat (II, IV).
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In a clinical study on malignant melanoma, using three high radiotherapy fractions (5-10 Gy)
in 8 days, earlier experimental findings could be reproduced (Overgaard and Overgaard 1987).
Thus, a difference in thermal enhancement after a very short time gap between the end of RT and
the start of HT (semi-simultaneous treatment, TER=1.43) and after a longer time gap of 3-4 hours
(sequential treatment, TER=1.24) was achieved. Semi-simultaneous treatment, however, also
enhanced the acute skin response to the same extent as the tumour response, resulting in no
therapeutic gain. In contrast to this sequential treatment showed a significantly improved
therapeutic gain factor (TGF) of 1.22. This effect was especially prominent in larger tumours if
they were sufficiently heated. Similar clinical results were found by others (Arcangeli et al 1984a)
obtaining a TGF of 1.38 after sequential treatment and, according to this study group, also a slight
TGF of 1.14 after semi-simultaneous treatments.

The differences between their and our results concerning TER after semi-simultaneous and
sequential treatments might have been due to the obvious practical difficulties to start the
hyperthermia sessions close enough to the radiotherapy fractions. The size of these (their 5-10 Gy,
our 2.3-3 Gy) may also have influenced the possibility to obtain any detectable radiosensitizirg
effect of the combined treatment. Essentially different histological types of tumours treated by us
and by others may also have played some role: malignant melanomas and head and neck tumours
treated by Overgaard and Overgaard, 1987 and Arcangeli et al 1984b, respectively, while very few
of these tumour types were represented in our series.

The recommendation was, however, that if the tumour was to be selectively heated,
semi-simultaneously treatment would be the optimal sequence i. e. hyperthermia simultaneously or
immediately following radiotherapy. This recommendation requires, however, careful monitoring
of the target tissue temperature to minimize normal tissue damage.

5.2.6. Side Effects

5.2.6.1. Introductory Comments

Toxicity from combined heat and radiation is divided into two separate types of origin and
appearance;

• toxicity due to the cytotoxic effects of heat (alone), caused by more or less
uncontrolled overheating of the normal tissue. This type of toxicity has a very rapid,
acute course, showing its first signs already at the end of a (toxic) heat session and
then in the shape of more or less outspoken skin burns, blisters. The healing of these
burns usually takes 2-3 weeks but in some cases with deeper burns, leading to
ulcerations, healing has taken 5-6 months and even longer (see paper III);

• toxicity due to increased radiosensitization of normal tissue caused by the heating
(Hall 1978, Andrews 1978). This type of toxicity has a course identical with that of
radiotherapy alone and is thus more delayed and, probably, likely to give long term
effects (Overgaard 1989).

Toxicity from combined heat and radiation is reported according to somewhat different
scoring tables. These tables mainly record the acute complications, obviously caused by the
cytotoxicity of the heat component of the combined treatment. This may be logical as;

• most of the externally given clinical hyperthermia has been sequential in its timing
to radiotherapy, without any or little chance of radiosensitization, and,
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• in accordance with the distinctive appearance and course of the two types of side
effects they should not be discussed in terms of the same parameters (Overgaard and
Bach Andersson 1990, Perez et al 1991).

Following the principles above, toxicity, found in patients treated with combined heat and
radiation by us or by other study groups, will be discussed after separation into two different
groups, cytotoxic heat effects and radiosensitizing toxicity.

5.2.6.2. Cytotoxic Heat Effects

A review has been made of more than twenty clinical reports on the side effects of combined
radiotherapy and heat, used mainly for superficial targets from the middle of the 1970's up to today
(From Kim et al 1977 to Perez et al 1991). Early on in this period a few authors had no side effects
to report. Today local pain during heat treatment is a well known problem, reported with a
frequency of 9-68 % (mean and median 45 %). The pain has been heat dose limiting in 6-38 % of
treatments. In our studies local pain of varying intensity was registered some time during heating
in 92 % of all heated regions (severe, moderate and slight pain in 20 %, 40 % and 32 %,
respectively) (see chapter 4.1). Treatment pain was, however, definitely thermal dose limiting in
only 4 % of the heating sessions in our patients and then causing an earlier break in the heating
(median 8 minutes) than anticipated (II).

Neurosensory radiating pain has been described in 5-10 % by other study groups. In our
tumour material three (< 2 %) sites were associated with this side effects.

Complications involving normal tissues have been reported such as skin burns with
superficial blistering in 2-30 % (mean 13 %, median 10 %), moist desquamations in 8-33 % (mean
23 %, median 25 %) ulcerating necroses outside the tumour in 2-17 % (mean 7 %, median 4 %)
and subcutaneous necrosis- fibrosis in 2-32 % (mean 14 %, median 15 %). In our 182 heated
tumour regions skin burns with superficial blistering were seen in 13 %, moist desquamation in 1
%, ulcerating skin necroses of small sizes in 4 % and more massive ulcerations and subcutaneous
necroses and fibrosis in 10 % (Table 1). Except for moist desquamations, which were extremely
rare in our study, the frequency of normal tissue toxicity was thus in agreement with that of other
study groups. Blisters have been found to heal in a few weeks. Healing of ulcerating necrosis and
subcutaneous necrosis-fibrosis has, however, often taken two months and in a few cases as much as
6 months or even more (III).

A correlation between both the average maximum intra-tumoural temperature as well as the
number of heat treatments per field and the development of normal tissue toxicity has been
reported (Luk et al 1981, Howard et al 1987, Kapp et al 1988a, Seegenschmidt et al 1989,
Amicetti et al 1991). The probability of a significant increase in normal tissue damage has been
observed at a sustained temperature level of > 44°C in the tumour (Luk et al 1981) and > 45°C
somewhere in the treated region (Dunlop et al 1986, Seegenschmiedt et al 1989). Based on
accumulated clinical experience (Kapp et al 1988a, paper III) as well as earlier experimental
findings (Song et al 1984, Dewhirst et al 1984a) automatic switch-off of the heating system was
recommended when the normal tissue temperature remains at 44-45°C for some minute(s) or
rapidly passes this temperature level (ID). In contrast, no difference in acute toxicity was
registered in neck nodes when the core temperature reached 59 °C (Valdagni et al 1988).
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5.2.6.3. Radiosensitizing Toxicity

Toxicity due to the radiosensitizing effect of hyperthermia in the clinic has been more irregularly
documented. This may be due to the clinically marked difficulties in the proper timing of the two
combined modalities to achieve radiosensitization, at least when external hyperthermia is practiced.
The biological rationale for this sensitization (see appendix 1 chapter 8.1.2) has, however, been
documented in a few clinical studies, comparing the effect of simultaneous (or semi-simultaneous)
and sequential treatments in various superficial tumours and normal tissues (Arcangeli et al 1984b,
Overgaard and Overgaard 1987, Overgaard 1989). Thus, the acute skin reaction after radiotherapy
alone versus radiotherapy combined with heat resulted in an isodose TER of 1.00 (Overgaard and
Overgaard, 1987) and 1.28 (Arcangeli et al 1984b) after sequential treatment and 1.75 and 1.78
after simultaneous treatment, respectively. The quantitative differences between the sequential and
the simultaneous treatments were less pronounced in these clinical studies compared with earlier
animal studies.

This was probably due to the fact that true simultaneous treatments had not been used in the
clinical situation (Overgaard 1989). Neither was there any possibility to give true simultaneous
treatments in our studies, in which the interval between radiotherapy and hyperthermia was never
shorter than 30 minutes. An interval of only a few minutes between radiotherapy and heat is
considered to reduce the amount of hyperthermic radiosensitization. Consequently, if up to half an
hour has passed between radiotherapy and heat, the major treatment effect will be dominated by
the hyperthermic cytotoxicity. As a matter of fact no obvious signs of radiosensitizing toxicity
were seen in our studies (paper II, see also chapter 4.3.2). However, some radiosensitization has
been anticipated to persist in both tumours and normal tissue in semi-simultaneous clinical
treatments (Overgaard 1989). This should be considered especially when the radiation absorbed
dose approaches that of normal tissue tolerance.

It is still not clear to what extent late ionizing radiation effect is enhanced by hyperthermia.
Until sufficient data exist, however, one must expect that the risk of late damage to normal tissue
increases to the same extent as the sensitization of radiotherapy by heat. Hyperthermia will then act
as a high dose per fraction (Overgaard 1989) and thus, enhance late radiotherapy damage.
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6. Conclusions
Microwave induced hyperthermia applied with a de-ionized water bolus system and controlled by
extensive invasive computer-controlled therniometry has been found to be a feasible method for
combination with low dose (30-34.5 Gy) radiotherapy in the treatment of superficial human
malignancies. An initial high frequency of local toxicity has been lowered by system refinements
(I, II). A comparative study, performed as a matched pair analysis on tumours growing in the same
patient (the patient acting as his/her own control) has shown that hyperthermia combined with low
dose radiotherapy can increase the complete tumour response rate in recurrent and metastatic
tumours with a factor of 2.5 compared with the same low dose radiotherapy alone. This was the
case even though the tumours treated with the combined modality were in median more than 3
times larger than those which were treated with radiotherapy alone (Paper II, Table 4 and 5 and
chapter 4.2.1, Table 2).

When analyzing results in a subgroup of mammary carcinomas (which constituted 62 % of
the whole tumour material) the radiation absorbed dose was primarily the only predicting factor for
complete tumour response (p=0.02). However, when tumours treated with 915 MHz microwaves
were analysed separately, a second predictive factor was revealed; the average minimum
temperature in the best hyperthermia session, Tmnbe,t (p=0.03) (see Paper IV, Table 3,4 and 6).
This factor indicates the necessity of a relatively high level of the lowest average temperature in a
target volume to achieve complete tumour response (for a probability of 50 % complete tumour
response the average minimum temperature in the best hyperthermia session ought to be close to
41°C).

In this context it should be emphasized that quality assurance of the thermometry system in
our studies showed that our thermometry was well within international standards (see appendix 3).

No significant difference in complete tumour response was seen if the tumours were
randomly treated with one (CR 56 %) or two (CR 69 %) hyperthermia sessions per week
combined with the same low absorbed dose radiotherapy (chapter 4.2.2). Neither was there any
statistically significant difference in the duration of complete tumour response even though the
median duration was twice as long for tumours treated with two hyperthermia sessions compared
with one hyperthermia session per week (p=0.17). Regarding the trend, however, it should be
emphasized that the group of tumours treated with two hyperthermia sessions per week was
slightly over-represented by a probably treatment sensitive tumour type, adenocarcinoma (II). This
was also mirrored when a selected group of recurrent mammary carcinomas (adenocarcinomas)
were analysed separately, showing an even smaller difference in duration of complete tumour
response between the two treatment groups (p=0.24) (IV).

The duration of complete tumour response was dependent on;

• the lesion area (negatively correlated, p=0.007),

• the time interval between the diagnosis of the primary tumour and the present
combined treatment (p=0.02), and

• the average temperature for all hyperthermia sessions given to one tumour region
(p=0.03).
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This thermal factor was found when analyzing all selected mammary tumours treated as well
as when only those tumours which were treated with 915 MHz were analyzed. (Paper IV).

No true simultaneous combined treatments were performed in our study. The time interval
between radiotherapy and hyperthermia seems to have been too long in our semi-simultaneous
treatment schedule to give any difference in tumour response and toxicity compared with the
sequential treatment (Paper II).

Significant skin toxicity was seen in slightly more than one quarter of all heated regions,
mainly induced by a less sophisticated heating system used during the first 3 years of the study (see
chapter 4.1). Factors correlating to significant skin damage (score > 5) were;

• the extension of the heated lesion area (p=0.01),

• the highest average maximum temperature during a given heat session (p=0.03), and

• the number of hyperthermia sessions.

When only treatments with 915 MHz microwaves were considered, pronounced skin
reactions (score > 5) were seen only at average maximum skin temperatures > 43°C (Paper V,
Table 4 and Figure 2).

A multivariate analysis of the included parameters revealed that only two variables were
predictive for skin damage; the lesion area (p=0.007) and the highest average maximum
temperature in a given heat session (p=0.04).

Vascular damage was observed in two cases, where uncontrolled overheating may have
played some role (Paper III). Pain during hyperthermia treatment was in some way correlated to
severer toxicity. It was, however, no optimal monitor of normal tissue control, as many instances
with severe and moderate local pain were not associated with pronounced skin reactions which, on
the other hand, could be seen in some cases with slight or no pain.

Due to pain, the hyperthermia sessions were interrupted in median 8 minutes (range 5-30
minutes) before full time (45 minutes) in only 4 % of the treatments. The pain, however, often
caused anxiety and movement of the patient which interfered with the heat absorption in the
treatment volume (Paper II, page 408).

Consequently, cooperative patients with superficial malignancies, recurrent or primary,
growing not deeper than 3 cm (in selected cases 4 cm) under the skin surface, and with a length
and width preferably not exceeding approximately 6 x 8 cm (single applicator), may very well be
given local palliation and curative therapy with our combined modality. The treatment will be
given with daily radiotherapy fractions (Monday-Friday) and probably with only one hyperthermia
session per week. We aim at introducing a convenient anaesthesia model to be used during the heat
treatments.
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7. Comments for the Future

The usefulness of combined low dose radiotherapy and hypothermia as a palliative method in the
treatment of superficial recurrent loco-regional tumours in man seems obvious. The evident
enhancement of the therapeutic effect of the combined treatment, compared with low dose
radiotherapy alone, should call for its use in primary treatment situations as well.

The radiotherapy dose, which has been shown to be the most predictive factor of tumour
response to the combined treatment, can then be higher as there is no previously given
radiotherapy to limit it. If there is not only a cytotoxic effect of clinical hyperthermia but also a
radiosensitizing effect, this would be better taken care of when combined with a higher absorbed
radiotherapy dose.

The treatment modality is, however, not without problems. One of them is that the peripheral
pans of the tumour are too often difficult to get therapeutically heated due to a cooling effect of a
high blood perfusion. Pharmacological and technological efforts to overcome this and other
possible reasons for inhomogeneous heating will be welcomed.

Hyperthermia treatment is often troublesome to the patient. Ways to decrease this problem
are needed. According to our experience there has been an increase in complaints about pain from
the patients in connection with an increased input of microwave energy. Such a higher input has
been common in the latter half of a 45 minute heat treatment session to retain the present initial
temperature level. The reason for this event is obviously the cooling effect of an increasing blood
circulation in the tissue during the heat treatment. These clinical observations are in contrast to
some reported in the literature (see appendix 1, chapter 8.1.1.4B).

An interesting approach which has been tested in animal exoeriments, could be to start with
a high temperature (>43°C) for 10-20 minutes and then let it fall to lower levels (step-down
sensitization, see appendix 1, chapter 8.1.1.8), with the possibility of good tumour effect anyway.
Such a regimen has not regularly been evaluated in patients, as far as we know.

Safer temperature control systems and more experience in the hyperthermia team may lead to
some sort of adequate, convenient anaesthesia model. As a matter of fact a small pilot study on
general anaesthesia during the hyperthermia sessions has been started in our department and so far
no drawbacks have been seen.

Hyperthermia is also time consuming for the staff. This problem may be somewhat reduced
if it can be shown in the future that only a few temperature effective hyperthermia treatments are
necessary during a course of radiotherapy to achieve therapeutic success.

By focusing on methods to reduce the obvious disadvantage of physiological cooling, to
reduce pain by altered heating regimens and sufficient anaesthesia under extensive temperature
control and, last but not least, to further refine site-adapted heating techniques (including a
combination of external and interstitial hyperthermia), the planning for new clinical studies on
combined hyperthermia and radiotherapy might be helped in the future.
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8. Appendices

8.1. Appendix 1: Biological and Physiological Background of
Hyperthermia

A well vascularized target tissue with a high oxygen concentration is intimately associated with a
good response to radiation therapy. This has been discussed in many different experimental as well
as clinical investigations throughout our century (Schwartz 1909, Thomlinson and Gray 1955, Suit
et al 1960, Andrews 1978, Hall 1978, Rojas 1989). Thus, from a biological stand-point, hypoxia in
the target tissue may be one of the most limiting factors for tumour control by radiotherapy. To
circumvent this problem a variety of methods has been suggested like decreased oxygen tension in
normal tissue, executed by a tourniquet technique for tumours of the extremities (Suit and
Lindberg 1968), increased oxygen tension in the tumour, e.g. hyperbaric oxygen (Churchill-
Davidson et al 1973), low dose rate radiotherapy (Liversage 1975, Andrews 1978), prolonged
fractionation, facilitating reoxygenation (Thomlinson 1969), multiple daily fractionations to
prevent repair of sublethal damage in the tumour but promote it in the normal tissues (Littbrandt et
al 1975), radiations with less oxygen dependence, such as neutrons, pi-mesons and heavy nuclei
(Raju 1974, Cattaral et al 1975, Hall et al 1975), or electron affinic sensitizers other than oxygen
(Fowler, Adams and Denekamp 1976).

Finally, hyperthermia ( 41-45°C), described as effective in oxygenated as well as hypoxic
tissue, has been found to be a potent anticancer agent alone but mainly in combination with other
treatment modalities, especially ionizing radiation. The cellular and biophysiological reasons for
this have been extensively reviewed (Suit and Shwayder 1974, Dewey et al 1977, Overgaard 1977
and 1989, Field and Bleehan 1979, Hahn 1982, Field 1987, Steeves and Paliwal 1987, Field and
Hand 1990).

8.1.1. Hyperthermia Alone

8.1.1.1. Mechanisms of Cell-killing by Heat

The basic molecular mechanisms for heat induced cytotoxicity have been extensively studied
(Leeper 1985, Streffer 1985, Dewey 1989) but no concensus in the theory of how heat kills cells
has yet been established. The following major mechanisms of cell-killing by heat have been
proposed during the last two decades.

A. Lysosomal Hypothesis

An increased amount and increased rate of disintegration of lysosomes in the cellular cytoplasm
was early suggested to be a possible cause of heat-induced cell-killing (Overgaard and Overgaard
1972, Overgaard 1977). A secondary damage to cellular structures by the release of digestive
enzymes from the lysosome vesicles might be the cause of cell death. Biochemical evidence of
increased lysosomal enzyme activity in heated cells supports the hypothesis (Turano et al 1970,
Overgaard and Overgaard 1972, Hume et al 1978). The rapid response to heat treatment observed
in some tumours may partly be explained by lysosomal damage to interphase cells. It is, however,
considered less likely that lysosomal effects play any role in reproductive cell death.
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B. Cellular Membrane Damage

Changes in permeability, composition and fluidity (Wallach 1978), microscopically expressed as
membrane blebbing, rounding up of cells and detachment from the substrate (Andersson et al
1984, Leeper 1985) have been described. Heat has been proposed to have effects on the membrane
lipid content, and an inverse relationship between the cholesterol: phospholipid ratio and heat
sensitivity has been shown by some investigators (Cress and Gerner 1980, Andersson et al 1984)
but others have been unable to demonstrate this (Lepoch 1981 and Andersson et al 198S). On the
other hand, hyperthermic effects on certain membrane proteins as well as hormone and antibody
receptor binding capacity support the hypothesis that membrane related effects are critical in
heat-induced cellular inactivation and that the critical target is most likely a protein (Leeper 1985).
Extensive alterations in extra and intracellular concentrations of Ca" and H+ ions as well as in
cyclic AMP are other heat effects that suggest damage to the cellular membrane as one of the
effects of hyperthermia (Leeper 1985, Dewey 1989).

C. Thermal Damage to Proteins

The damages induced in proteins by heat are imponant for different intracellular structures and the
cellular reproductive system has been thought to play a significant role in heat cell killing in the
following situations:

* Collapse of cytoskeletal components like irreversible depolymerization of
microtubules and microfilaments at and above 43°C has been described (Lin et al
1982). Mitotic spindle disassemble has been found to correlate with lethality in
mitotic CHO cells exposed to 45.5°C (Coss et al 1982).

* Heat-induced accumulation of non-histone proteins, closely associated with the
protein matrix of the cell nucleus, has been shown to restrict DNA supercoiling
(Tomasovic et al 1978, Waiters and Roti-Roti 1982 and Dewey 1989) resulting in
physical obstruction of replicating enzymes. This increase of non histone-proteins
may block replicon initiation and inhibit chain elongation at the matrix. It has been
shown that removal of the excess protein correlates with recovery of replicon
initiation, increasing rate of chain elongation and progression through the S-phase
(Clark etal 1981, Mills and Meyn 1981).

* Finally heat inactivation of DNA polymerases, especially the concentration of DNA
polymerase-B has been shown to correlate well with cell killing by heat (Spiro et al
1982, Mivechi and Dewey 1984). Polymerase-B is associated with DNA repair and
is thought to take an important pan in the radiosensitization effect of hyperthermia.

In conclusion, cell killing by heat may take place by;

* secondary damage to the cell by released, digestive lysosomal enzymes,

* damage to the cellular membrane where the critical target most likely is a protein,
and,

* damage to proteins associated with cytoskeletal components and the reproductive
system, including the DNA-repair enzyme polymerase-B.
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8.1.1.2. Cells Sensitivity to Heat

Hyperthermia, defined as tissue temperature elevation to about 41-45°C, is cytotoxic per se. In
vitro studies have shown that mammalian cells die after hyperthermia in a time and temperature
dependent manner (Westra and Dewey 1971, Dewey et al 1977, Overgaard and Suit 1979, Henle
and Dethlefsen 1980, Hill and Denekamp 1982). Cell survival as a function of heating time at
elevated temperatures has graphically a similar shape as that for ionizing radiation, usually with an
initial shoulder, followed by an exponential slope (Figure 4). The initial shoulder indicates
accumulated cellular damage before cell death occurs. At a lower temperature, however, the
picture is more complicated because the survival curves flatten out after protracted exposure to
heat. This phenomenon will be discussed further later on under thermotolerancc (see chapter
8.1.1.7.).

0 100 200 300 400 500
EXPOSURE TO HYPERTHERMIA (MINUTES)

Figure 4. Survival curves for mammalian cells in culture (Chinese hamster CHO line) heated at
different temperatures for varying lengths of time. (Redrawn by permission from Dewey, W.C.,
Hopwood, L.E., Sapareto, S.A., Gerweck, L.E.: Radiology 123,463-474,1977).

Furthermore, cell cycle dependent sensitivity to heat has been shown in synchronized
Chinese Hamster cells (Westra and Dewey 1971). Thus, the relatively radioresistant cells in the
S-phase of the cell cycle have turned out to be the cells most sensitive to heat. The importance of
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this will be emphasized in appendix 2 (chapter 8.2.2.3). The surviving fraction, S, at the
exponential region of the cell survival curves can be expressed by;

S = e-'
/t0 = e~Kl

where t is the time at the elevated temperature and K=l/t0 is the slope of the exponential portion of
the heat inactivation survival curve in Figure 4, i.e. the heat sens'Hvity of the cells. The parameter
K can be regarded as the rate at which cells are killed (according io the same principle as Do on the
slope of an ionising radiation survival curve describes the dose necessary to reduce the fraction of
surviving cells to 37 % of their former value, Hall 1978). The marked increase in the slope
somewhere between 42°C and 43°C (Figure 4) indicates a speed up of the sensitivity of the cells to
heat at and above this level. Thus, a time-temperature dependence in cell killing seems to exist.
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Figure S. An Arrhcnius plot for heat inactivation of mammalian cells in culture. The reciprocal of the
Do values (obtained from Fig. 4) is plotted versus the reciprocal of the absolute temperature (Redrawn
by permission from Dewey, W.C., Hopwood, L.E., Sapareto, S.A., Gerweck, L.E.: Radiology 123,
463-474, 1977).

The Arrhenius plot (Figure 5) or Arrhenius equation (Arrhenius 1889) has been used to
describe the time-temperature dependence of heat-inactivation of mammalian cells in culture
(Westra and Dewey 1971, Dewey et al 1977, Hall 1978, Henle and Dethlefsen 1980). This
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equation is based on the empirical relationship between reaction rate constants of chemical
processes and the absolute temperature.

The Arrhenius equation is commonly written as:

where K represents the reaction rate constant, A is an independent constant, Ea is the Arrhenius
activation energy, R is the universal gas constant and T is the absolute temperature. The logarithm
of the Arrhenius expression gives:

= \nA-EJRT

For a constant activation energy Ea, the logarithm of the rate constant K (^sensitivity) is thus
a linear function of the reciprocal of the absolute temperature T, and the slope of the line will be
related to the activation energy E,. With data taken from Fig 1 the Arrhenius-plot results in two
straight lines which cross each other somewhere between 42 °C and 43 °C, the breaking or
inflection point. The activation energies thus differ below and above this point. This bi-phasic
Arrhenius-plot is usually but not always found in mammalian cell cultures (Leith et al 1977,
Dewey et al 1977, Bhuyan 1979). It has also been observed in in vivo animal studies with a similar
level of the breaking point (Overgaard 1978).

The slopes of the lines in the Arrhenius-plot indicate the following relationship between time
and temperature: a one-degree increase in temperature is equivalent to a two-fold decrease in time
for the same hyperthermic effect for temperatures above 43 °C and a four-fold decrease in time for
an iso-effect below 43 °C. This existence of a breaking point has been suggested to reflect different
targets for heat cell-killing (Dewey et al 1977, Henle and Dethlefsen 1978, Bhuyan 1979).
Different cell lines differ widely in their sensitivity to heat (Conner et al 1977, Leith et al 1977,
Raaphorst et al 1979). For most cell lines, however, the activation energy at and above 43 °C falls
within a rather narrow range between about 100 and 200 kcal/mole calculated from the Arrhenius
relationship (Dewey et al 1977, Henle and Dethlefsen 1980). Since the denaturation of several
enzymes and proteins of mammalian origin is said to involve inactivation energies of 110 to 200
kcal/mole (Johnson et al 1954, Morris et al 1977), the target for heat cytotoxicity at and above
43°C is thought to be a critical protein (Dewey et al 1977, Leeper 1985).

The activation energy below 43 °C is much greater and suggests a different mechanism of
cell killing or induction of thermotolerance (see chapter 8.1.1.5 and 8.1.1.7).

The variation in cellular thermal sensitivity is much broader than the variation in cellular
radiosensitivity (Gerweck and Burlett 1978, Suit and Gerweck 1979) and there seems to be no
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correlation between differences in heat sensitivity and differences in radiosensitivity (Gerweck and
Burlett 1978, Raaphorst et al 1979). Sensitive tumour as well as normal cells are killed more
rapidly by hyperthermia compared to radi therapy (Crile 1963, Overgaard and Overgaard 1972,
Hill and Denekamp 1982). Non-cycling plateau-phase cells have been found to be at least as
sensitive or more sensitive to hyperthermia as exponentially growing cells ( Hahn et al 1974,
Schulman and Hall 1974, Leith et al 1977). This is in contrast to the lower sensitivity of
non-cycling cells to most other anti-tumour agents (Bhuyan 1979).

Early in vitro studies have indicated that malignant cells are intrinsically more sensitive to
heat than their normal counterparts (Vollmar 1941, Cavalieri et al 1967, Kase and Hahn 1975,
Giovanella et al 197o, Overgaard 1977). The design of these studies has been criticised especially
due to the choice of cells used for comparison and for the end point to evaluate the treatment
results (Bhuyan 1979).

Furthermore, in early in vivo studies an exposure of 41.5 - 43.5 °C caused little histological
damage in normal mouse tissue but severe damage to mouse mammary carcinoma (Overgaard and
Overgaard 1972). This was primarily apprehended as an intrinsic higher sensitivity to heat in
tumour cells. Possible temperature differences between tumour and adjacent normal tissue, due to
vascular discrepancies, as well as differences in environmental status (Kang et al 1980, Song et al
1984, Overgaard and Nielsen 1980, Stewart et al 1983) are thought to have complicated the
interpretation of the results. Contemporary and later extensive experimental data, however, do not
convincingly demonstrate a greater intrinsic heat sensitivity in transformed cells (Dewey et al
1977, Hall 1978, Bhuyan 1979, Suit and Gerweck 1979, Kang et al 1980, Song 1987). The
opposite, that tumour cells are less sensitive to heat than normal cells has been reported for
hepatoma cells versus normal rat liver cells (Harisiadis et al 1975).

A number of environmental factors, common in in vivo situations, have been found to affect
the heat sensitivity of cells, cultured in vitro. Thus, nutritional depletion and high acidity, mostly
secondary to chronic hypoxia and common in tumours due to poor vascularisation, have been
shown to enhance cell-killing by heat in vitro (Hahn 1974, Overgaard and Bichel 1977, Gerweck et
al 1983, Streffer 1985). Hypoxia per se does not sensitize cells to heat if hypoxia does not give rise
to environmental effects, like nutritional deprivation, low pH, etc. (see chapter 8.1.1.5). Without
such effects, however, hypoxic cells have been found to be at least as heat sensitive as oxic cells
(Gerweck et al 1974, Suit and Gerweck 1979, Song 1987).

Much of the above mentioned environmental factors, affecting heat sensitivity to cell in vivo,
are considered to be caused by the state of the vascular physiology in the heated region. This will
be discussed below.

8.1.1.3. Tissue Vascularization and its Effects on Hyperthermic Treatment

The heat damage to cells in vitro and in vivo is dependent on the heat dose delivered, that is, the
temperature and the length of the heating (Westra and Dewey 1971, Overgaard and Suit 1979,
Henle and Dethlefsen 1980, Field and Morris 1983, Sapareto and Dewey 1984, Berg-Block and
Reinhold 1984). The temperature of tissues during external or internal heat influx is dependent on
the heat efflux. The latter is mainly carried out by blood perfusion which varies greatly in different
tissues (e.g. the resting blood flow of human muscle, fat, skin, normal breast, liver, thyroid and
adrenal is 1.6, 3.3, 5.0, 4.0, 28, 400 and 500 ml/ 100 g and min, respectively) (Patterson and
Sträng 1979, Hill and Denekamp 1978, Overgaard and Nielsen 1980, Lagendijk 1982, Song 1987)
although surface cooling and thermal conduction may play some role (Suit and Gerweck 1979, Hill
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and Denekamp 1982, Waterman et al 1989, Brezovich et al 1990). A preferential higher
temperature with increased risk of heat damage to tumours may then occur by hyperthermia when
the blood flow in tumours is inferior to that in normal tissue, i.e. when the dissipation of heat from
the tumour is slower than that from the normal tissue (Storm et al 1979, Song et al 1984 and Son»
1987).

In most tumours the blood vessels are different from those of the normal tissue due to rather
different morphological and functional characteristics (Peterson 1978). Depending on the rate of
tumour proliferation the blood vessels in tumours tend to be tortuous, elongated, dilatated and lack
basement membrane (Eddy 1976, Vaupel 1977, Song et al 1984). Lacuna-like sinusoids and
channels which do not drain properly will lead to stasis and thrombosis. The flow of blood through
such a coarse capillary network will be sluggish and an intermittent circulation with periods of
stasis is thought to be the normal feature of the intravascular transport system of most neoplastic
tissues (Kang et al 1980, Song et al 1984, Reinhold and Endrich 1986). Furthermore, as the
tumour growth increases the proportion of tumour space occupied by vasculature decreases
(Cataland et al 1962, Gullino 1975, Song et al 1984). An exception to this may be the peripheral
area of tumours as well as very slow growing tumours, where tumour vessels may gradually
mature and where host vessels are often incorporated into the tumour mass (Peterson et al 1969,
Song 1984 and 1987). Under such circumstances tumour blood flow will equal that of the
surrounding normal tissue. Some animal tumour studies have even shown a higher blood flow in
small neoplasms than in the adjacent normal tissue (Peterson 1979, Song 1987).

Some studies on regional blood flow in human superficial tumours have shown no
correlation to size but a significant difference between lymphomas and anaplastic carcinomas with
the highest blood flow in lymphomas (Tanaka 1974, Mäntylä 1979). Tumours in critical areas of
previous surgical operation and even more those in areas of earlier irradiation have shown lower
blood flow than tumours growing in intact regions (Mäntylä 1979). Considerable variation in blood
flow in different tumours of the same histology and site as well as between the core and the shell in
the same tumour in man has been described (Acker et al 1990).

In conclusion the overall opinion is, however, that the blood flow in human tumours is
usually considerably lower than what is expected for the normal tissue (Nyström et al 1969,
Mäntylä 1979, Song et al 1984, Acker 1990). Thus, as a consequence of the discussion above, and
with respect for some exceptions, tumours in man would be more prone to damage by
hyperthermia than their surrounding normal tissue.

8.1.1.4. Effects of Hyperthermia on Tissue Vascularization

A. Animal Studies

The thermal effects on the blood flew in different animal tumours and normal tissues have been
extensively studied with different methods (venous out-flow in tissue isolated tumour, optical
studies of tumours in observation chambers, 133Xenon washout, different kinds cf radionuclide
trapping, and laser Doppler flowmetry) (Vaupel et al 1977, and 1988, Reinhold et al 1978, Endrich
et al 1979 and 1984, Eddy et al 1980, Emami et al 1981, Stewart and Begg 1983, Reinhold and
Endrich 1986, Song 1987, Proctor et al 1990). The microcirculation of the malignant tumours has
then with some few exceptions been shown to tolerate elevated temperatures less well than that of
the normal tissues (Figure 6). The initial vascular response in tumours to heating at relatively low
temperatures ( 4 1 - 4 3 °C) for varying lengths of time (30 - 60 min) was a small, mostly not more
than two-fold increase in blood flow, followed by a decrease during the rest of or after the heating
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(Song et al 1984, Emami and Song 1984). The initiation of the decline of blood flow was
dependent of the height of temperature and the length of heating and differed considerably for
different types of tumours. Also pronounced intertumour variabilities of blood-flow changes in
tumours of the same histology, origin and of comparable size have been seen at a given tissue
temperature (Vaupel et al 1988). The decline in blood flow, sometimes progressing to cessation,
lasted for a brief (1 h) or prolonged (24 h) time, depending on the amount of heating but still with
possibility to return to control levels at least by 48 - 72 h (Kang et al 1980).

Leg Skin RIF-1 Tumour

0 30 (0 tO 0 30 MM

Tim* after Initiation of Heating ( min )

Figure 6. Compiled recordings of changes in blood flow (Laser Doppler Flow) in the skin and RIF-1
tumours of C3H mice. Heating was produced by circulating water at various temperatures (.Redrawn by
permission from Song, C.W., Rhee, J.G. and Haumschild, D.J.: Int. J. Hypenhermia, 1987,3,71-77).

In some tumours vascular damage with rupture of blood vessels, petechiae, haemorrhage and
thrombosis with total cessation of blood flow, ending in tumour necrosis became permanent after
heating at temperatures above 43°C (Reinhold et al 1978, Eddy 1980, Emami et al 1981,
Rappaport and Song 1983, Song et al 1984, Reinhold and Endrich 1986, Song 1987). In normal
tissue (skin and muscle) of animals the blood flow has been found to increase as much as 5-20
times of normal values on heating for different lengths of time at 41-45°C. No decline in blood
flow was seen at temperatures below 43°C even with heating times extended to 120 min (Stewart
and Begg 1983, Song et al 1984, Song 1987). The decline in blood flow occurred at higher
temperatures than for tumour tissue (e.g. 43.5°C for 30 min or 45"C for 15 min in skin and 44°C
for 60 min or 45°C for 30 min in muscle). Furthermore, the blood flow in normal tissue very
seldom dropped to perfusion rates lower than those for normal temperatures (Figure 6) (Rappaport
and Song 1983, Song et al 1987). Depending on the rate of temperature increase (0.5°C/min for 15
min) or the heating time (one hour), however, vascular stasis has been seen in connective tissues in
animals after 45°C and 47°C, respectively (Dewhirst et al 1984a, Dudar and Jain 1984). So-called
heat contraction of normal blood vessels, including arterioles, in animals has only been observed at
a temperature of at least 48°C (Reinhold and Endrich 1986).
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The magnitude of the change in blood flow in tumour, skin and muscles in rats after a second
and subsequent heating has been shown to vary depending on the time interval between heating
and on the magnitude of the heat (Song 1987). This has been suggested to be the effect of a
development of physiological thermotolerance.

Most of the blood flow measurements referred to above have been performed directly before
and after the actual heat sessions. Lately, laser Doppler flowmetry, which can be conducted during
heat treatments, has generally given results in accordance with the previous reports with some
variation due to different types of heating techniques. (Song et al 1987, Vaupel et al 1988) The
problems of heat fractionation in relation to blood flow changes have, however, been somewhat
bewildering after a report on laser Doppler flowmetry performed during heating at 43°C for 60
minutes on canine muscle (Proctor et al 1990) The results of this study are summarized with the
suggestion that a suitable scheme of delivering heat, alone or combined with other modalities, may
be at 1-day intervals. This is contrary to most other suggestions of hyperthermia fractionation.

The possible mechanisms involved in hyperthermia-induced vascular damage in animals are
proposed to be mainly of three different kinds;

* changes in the vessel wall, where the endothelial cells have been observed to
become swollen and adhesive for blood leukocytes.

* changes in blood rheology with decreased flexibility and aggregation of
erythrocytes, fibrin formation and thrombosis.

* changes in micro-haemodynamics with increased vascular resistance, decreased
arterio-venous pressure gradient, A-V shunting, arteriolar vasoconstriction and
oedema formation (Reinhold and Endrich 1986).

B. Human Studies

A relatively limited amount of information on the heat induced changes in the blood flow in
human tumours is available (Reinhold and Endrich 1986, Song 1987, Acker et al 1990). Some
non-physiological evidences of vascular damage characterized by vascular thrombosis and
obliteration, have been seen in histologic examinations of human tumours after heating, sometimes
to very high temperatures (Sugaar and LeVeen 1979, Storm et al 1979). A condition marked by
petechiae, sub-epithelial haemorrhages and oedema in superficially growing cutaneous metastasis
of mammary carcinoma has been observed in our own material immediately after hypenhermia
sessions and without any similar effects in the surrounding normal tissue. The impression of
reduced tumour circulation has been reported from energy wash-out measurements during
hyperthermia delivered to superficial tumours in man, compared with the situation at the start of
the therapy (Hofman et al 1984). In about 60 % of the tumours, heated interstitially in man at a
preset temperature of 44 °C, the temperature increased in such a way after 45 minutes that a
decrease in applied power was necessary. This was interpreted to be caused by a heat induced
reduction of tumour circulation (J.M. Cosset in a personal communication to Reinhold and Endrich
1986 see Reinhold and Endrich 1986). A decrease in the partial oxygen pressure in human tumours
was taken as indirect evidence of hyperthermia induced vascular damage by other investigators
(Bicher and Mitagvara 1984).

An increase in tumour blood flow as a direct result of hyperthermia was observed in some
patients in a study using the xenon clearance technique (Olch et al 1983). Furthermore in 8 of 12
patients with tumours with a steady-state blood flow this was seen to decrease as a consequence of
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hyperthermia. On the other hand, no significant decrease in blood flow of human tumours was
shown during individual hyperthermia sessions of one hour with temperatures as high as
44 - 45 °C using thermal clearance for flow determinations (Waterman et al 1987). Criticism has
been raised, however, about the thermal washout method as not being sensitive enough to
determine the blood flow (Newman et al 1990) as well as about the commercially available heating
device as not being able to heat the tumours adequately.

In a recent study (Acker et al 1990), evaluating Laser Doppler Flowmetry methods (LDF),
the blood flow of tumours in 21 patients was registered during a total of 73 hyperthermia treatment
sessions. In a significant proportion of the patients (sessions) sustained or increased blood flow in
the treated tumours was registered. A decrease, however, was also seen but in a smaller proportion,
and absolute vascular stasis was never observed. Four different general patterns of flow were
distinguished; two with a more or less initial increase, while the other two showed either a
sustained or decreased flow (Figure 7) These two latter flow types were seen in hyperthermia
sessions where the average temperature was slightly to obviously higher than in sessions with
initially increasing blood flow.

The well known, relative difficulties (for technical and physiological reasons) to deliver
uniform heat to tumours in man may be one reason for poorer documentation on blood flow
reduction by heat in human tumours, compared to the overwhelming documentation on this subject
in experimental tumours. It has also been suggested that the blood vessels of human tumours may
be less thermosensitive than vessels of most of the experimental tumours (Reinhold and Endrich
1986, Waterman et al 1987, Hill et al 1989). Reduced thermal sensitivity of the vasculature in a
slowly growing mouse tumour has been reported (Hill et al 1989). Slowly growing mouse tumours
and human tumours have been shown to have a lower endothelial labelling index than rapidly
growing mouse tumours (Hobson and Denekamp 1984). This may result in differences in the
vascular architecture in most experimental tumours compared with human tumours. A demand for
a higher minimum tumour temperature for the vascular shut-down of tumours in man may then
exist (Hill et al 1989).
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Figure 7. A: Cases in which an increase in blood flow to a plateau level was observed in response to
hyperthermia; B: cases in which there was no noticeable blood flow response to hypothermia; C: cases
in which either a sudden or steady decrease in blood flow occurred in response to hyperthermia (a
steady drop is shown here); D: cases in which a flow increase was followed by a decrease in blood flow
during hyperthermia. B and C -sessions showed slightly to obviou ly higher average temperature,
respectively, compared with A and D (Redrawn by permission fror > Acker, J.C., Dewhirst, M.W.,
Honore1, G.M., Samulski, T.V., Tucker, J.A. and Oleson, J.R.: Int. J. Hyperthermia, 1990,6,287-304).
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8.1.1.5. Tissue pH and its Relation to Heat Sensitivity of Cells

It has been known for rather a long time that solid tumours in animals (Näslund and Swensson
1953, Eden et al 1955, Gullino et al 1964) as well as in humans (Meyer et al 1948, Näslund and
Swenson 1953, Ashby 1966) usually have a lower pH than their surrounding normal tissues. This
is thought to be a result of an intrinsically elevated rate of glucose consumption in the tumours and
thereby an increased lactic acid production under oxygenated as well as hypoxic conditions.
Hypoxia per se, however, seems to further increase the production of acid substances (Burgess and
Sylvén 1962, Dales 1960). Furthermore, the pH value of larger tumours with extensive necrosis
tends to be higher than that of smaller tumours due to a relative lack of glycolysis because of few
viable cells (Song 1987).

Exposure of cells in vitro to hyperthermia at sub-normal pH conditions, i.e. pH < 7.0, has
been shown to enhance cell lethality (Gerweck and Rottinger 1976, Overgaard and Bichel 1977).
This effect was dependent on the temperature level and the tumour cell type. At normal pH, i.e. pH
7.4 - 7.2, tolerance to heat was seen at temperatures, well tolerated in humans, i.e. < 42.5°C (Suit
and Gerweck 1979). Cells at pH 6.7 or lower, however, showed thermal tolerance only at
temperatures lower than or equal to 41°C, and then to a much lesser extent. Thus, under
circumstances where the surrounding tissue really is normal, i.e. has a normal pH, a selectively
enhanced thermal sensitivity, due to differential pH values, may exist in cells of tumour tissue
compared with those of normal tissue (Suit and Gerweek 1979).

Unfortunately this possibly favourable treatment situation was not found at and above 43°C
(Hahn 1974, Overgaard 1977, Suit and Gerweck 1979). At this higher temperature thermal
tolerance might not develop at any pH in cells cultured in vitro.

During hyperthermia, tissue pH in experimental tumours has been found to decrease even
more (Bicher and Mitagvara 1981, Vaupel 1982) at least at temperatures above 42°C (Vaupel
1982, Wike-Hooley et al 1984). An accumulation of acidic metabolites like lactate,
P-hydroxybutyrate and acetoacetate has been demonstrated as an explanation. (Ryu et al 1982,
Streffer 1985). This may be secondary to an elevated metabolic rate during hyperthermia
(Durand 1978, Vaupel et al 1983) but also to increasing hypoxia due to hyperthermic collapse of
the tumour vasculature (See chapter 8.1.1.4.). From a logical point of view this will be somewhat
confusing as the oxidative metabolism said to be necessary for the glycolysis (Warburg 1926) will
diminish or even be totally inhibited under such circumstances. The anaerobic metabolism,
common in malignant tumours (Dales 1960) will, however, be fairly unchanged and even
intensified under hypoxic conditions, and this will lead to increased acidity (Warburg 1926,
Dickson and Shah 1972, Shulman and Hall 1974, Overgaard and Bichel 1977).

The mechanism behind the possible effect of decreased pH on the outcome of hyperthermic
treatment is not clear. It may probably be explained by an accelerated lysosome-dependent cell
destruction which is said to be greatest at acid pH (Overgaard and Bichel 1977).

The level of temperature, the timing and/or the amount of heat seems important in the
relation between hyperthermia and its possibility to affect the level of pH. Thus, a transient slight
increase of pH has been found initially during heating of experimental tumours (Song et al 1980c,
Vaupel 1982) as well as in clinical situations where the average maximum temperature was only
41.9 °C (Thistlewaite et al 1985, Reinhold and Endrich 1986).

Increased acidity of the heated tissue has been thought to be the most important single factor
influencing the cell-killing effect of hyperthermia (Overgaard 1977, Freeman and Malcolm 1985).
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With the background that tumours usually have a lower pH than their surrounding normal tissues,
these circumstances would be of great importance for the effect of hypenhermia in the clinic. Later
experimental findings (Hahn and Shiu 1986) of adaption effects of cells to chronically low pH
imply, however, that the current extracellular pH may be less important for the heat response of the
majority of tumours in the clinic. The more acute reduction of pH, caused by the current
hypothermia, might still, however, be of importance.

Also earlier in vitro studies have shown that prolonged oxygen deprivation, even under fully
controlled, normal pH conditions, increased hyperthermic cell killing by a factor of 5 (Gerweck et
ai 1979). Thus, it might be likely that a more complex alteration of the microenvironment, caused
by prolonged circulatory (oxygenic, nutritional, etc) insufficiency, common in tumours, may be
responsible for the increased effect of hyperthermia, hitherto interpreted as an effect of a
contemporary low pH.

8.1.1.6. Metabolic Effects of Heat

Elevated temperatures increase the reaction rate of most metabolic pathways (glycolysis, citrate
cycle, metabolism of fatty acids, respiration and ATP metabolism), at least during short
hypenhermia treatment (Streffer 1985). The biological variability of individual tumours and
normal tissues is, however, stated to be very high in this matter (Warburg 1926, Hahn 1982,
Streffer 1985). Glycolysis appears to be relatively heat resistant, at least as long as enough glucose
is available. The mitochondrial respiratory chain seems to be somewhat more thermosensitive but
most sensitive is the citrate cycle.

The turnover of energy sources like carbohydrates and fatty acids is said to be increased by
hyperthermia (Streffer 1985). In cultured medium deprivation of energy sources has led to intense
cell killing by heat (Hahn 1982). Glucose starvation for example has been shown to increase the
heat sensitivity of cells. (Haveman and Hahn 1981). A higher supply of nutrient like glucose
should then lead to thermoresistance. On the other hand glucose loading of rats before or due to
hypenhermia decreased extracellular pH (Jähde and Rajewsky 1982, Kallinowski and Vaupel
1989) which may be involved in the enhancement of cell killing by heat. It seems reasonable to
conclude that disturbances of the metabolic pathways in one or the other way, leading to changes
in the microenvironment, may cause enhanced cell killing by hypenhermia. Can it be a question of
timing between the biochemical events and the introduction of the therapeutic modality?

8.1.1.7. Thermotolerance

Hypenhermia is considered to induce transient resistance to further heat treatment when given to
malignant as well as normal cells and tissues (Henle and Dethlefsen 1978, Nielsen and Overgaard
1979, Field and Morris 1985, Nielsen 1986, Law et al 1987, Dikomey et al 1988). This
phenomenon, called thermotolerance, has been found to develop in two different ways.

One type is observed when cells and tissues are exposed to prolonged heating at temperatures
below 40.5-43°C (Dewey et al 1977, Dewey and Esch 1982, Nielsen 1986). The effect can be seen
as a marked decrease of the slope of the survival curves after more than two-three hours of heating
(Figure 4), indicating that the cells are now less affected by the heat. This type of thermotolerance
is of less (or no) importance in clinically applied loco-regional hyperthermia where the treatment
time for a single session seldom exceeds one hour.

56



J. Overgaard

C3H MAMMARY CARCINOMA

t.,U#.Mmm « It

24 4 | M 71 04

FRACTIONATION INTERVAL (h)

Figure 8. Kinetics and magnitude of thermotolerance as a function of preheating temperature (Redrawn
by permission from Overgaard, J.: Int. J. Hyperthermia, 1987,3,329-336).

The hypothesis has been proposed that the inflection point in the Arrhenius plot (Figure 5)
reflects the critical temperature limit for development of thermotolerance and that the increased
activation energy below the inflection point is a manifestation of this type of thermotolerance
(Sapareto et al 1978a, Nielsen 1986).

The other type of thermotolerance is observed when cells and tissues are exposed to a
fraction of increased temperature usually at or above 42 - 43 °C, returned to normal temperature,
and then re-heated (Henle and Dethlefsen 1978, Nielsen and Overgaard 1979 and 1982). Cell death
due to the second heat treatment will be reduced and the reduction will be dependent on the
temperature and the duration of the pre-heating and the space of time between the two treatments.
The higher the temperature and the longer its duration (i.e. the bigger the killing of cells) of the
pre-heating, the greater the extent of thermotolerance and the longer it will take for its maximum
to be reached (Nielsen and Overgaard 1982, Overgaard and Nielsen 1983, Field and Morris 1985).
This will, however, usually happen within 24 hours, where after thermotolerance decays slowly
and disappears in most cases after two to four days. The decay will partly depend on the amount of
heat (the degree of cell damage) or tissues treated, (Figure 8) (Nielsen 1981, Amour et al 1985,
Overgaard 1987, Dikomey et al 1988). A generally decreased metabolic rate due to the heat shock
is also thought to increase the time of decay (Streffer 1985, Dikomey et al 1988).

Induced thermotolerance, however, has been seen to persist up to 5 to 7 days (even 14 days)
in some experimental studies (Rofstad and Brustad 1985, Overgaard 1987, Mooibroek et al 1988).

In courses of repeated hyperthermia sessions the nature of the decay is similar to that after a
single hyperthermia treatment (Nielsen and Overgaard 1985, Law et al 1987). It is not possible by
multiple heat fractions of the same size to continually increase the level of maximum
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thermotolerance as far as an already achieved maximum not is exceeded by a higher heat dose per
fraction.

The exact kinetics and magnitude of thermotolerance in human tissues and tumours is not
known (Overgaand 1987). It is, however, obvious that the above mentioned second type of
thermotolerance, studied in vitro and in vivo in experimental systems, has been taken into
consideration when clinical treatment schedules, combining fractionated radiotherapy and
hyperthermia, have been planned (Kapp et al 1985, Valdangi et al 1988, Lindholm et al 1989).

Thermotolerance follows similar patterns in in vitro and in vivo situations. This strongly
suggests that it is a cellular rather than a humoral phenomenon (Field 1987). A pronounced
cellular origin- heterogeneity seems to exist, however, between heat sensitivity and the tendency to
develop thermotolerance. This heterogeneity has been seen even in cell lines derived from the
same origin. Thus, a linear correlation (Nielsen and Overgaard 1982, Rofstad and Brustad 1985,
Dikomey et al 1988) as well as no correlation at all (Tomasevic et al 1983) or inverse correlation
(Armour et al 1985) have been seen.

The relation between extracellular pH and development of thermotolerance has also been
extensively studied. A maximum thermotolerance was said to decrease partly with decreasing pH
(Gerweck 1977, Henle and Dethlefsen 1978, Nielsen and Overgaard 1979, Holohan and Dewey
1986) but the opposite has also been seen (Dikomey et al 1988). Differences might depend on the
cell lines studied and the heat doses given. In a study on Chinese hamster ovary cells, pre-heated at
43 °C for 30,45 or 70 min at pH 6.7, 7.1 or 7.7, respectively, both the maximum thermotolerance
as well as the time to reach this maximum were found to correlate with cell survival decreament
after the primary heating. Both parameters were only affected by pH in so far as the pH altered the
survival after the priming heat (Dikomey et al 1988).

It was early proposed that a poor nutritional condition and an acidic environment which may
be present in solid tumours, could partly inhibit thermotolerance (Henle and Dethlefsen 1978,
Nielsen and Overgaard 1979). This has sometimes led to an optimism that the environmental
differences in normal and tumour tissue may lead to a therapeutic gain also as far as
thermotolerance is concerned. When compared on an equal basis, however, there is little to
distinguish thermal tolerance in normal and neoplastic cells (Field 1987, Roizin-Towle and Pirro
1988). Depending upon whether there is an increasing or decreasing (see above) thermotolerance
as an effect of decreasing pH, the optimism for a therapeutic gain in vivo may largely depend on
differences in physiology between tumour and normal tissue rather than on thermotolerance per se
(Field 1987, Roizin-Towle and Pirro 1988).

The molecular basis for the development and decay of thermotolerance is not fully
understood (Field 1987, Overgaard 1987). There are, however, numerous reports that hyperthermia
results in the synthesis of a set of specific proteins (heat stress or heat shock proteins) and some
evidence that thermotolerance is related to this protein synthesis has been presented (Hahn and Li
1982, Tomasevic el al i987, Roizin-Towle and Pirro 1988, Li and Mak 1989). Other studies, some
performed in experimental systems similar to those referred to above, have indicated, however,
that thermotolerance may be induced by two different mechanisms: one involving proteins leading
to the development of heat shock proteins and the other being independent of these processes
(Boon-Niermeijer 1986, Laszlo 1988).

As indicated above, thermotolerance has been extensively studied, although not in humans,
where we, in fact, know very little about it. Still the general opinion is that thermotolerance is a
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general biological phenomenon which has to be considered when planning clinical treatment
schedules including hyperthermia (Nielsen and Overgaard 1985, Law et al 1987, Field 1987).
Maybe the best planning of these schedules will be to totally avoid thermotolerance, that is, to
make the fractionation intervals for hyperthermia fairly long. (Nielsen and Overgaard 1985, Field
and Morris 1985 and Streffer, Overgaard, Field, Arcangeli, Perez, Kapp personal
communications).

8.1.1.8. Step-up, Step-down Sensitization

When normal and malignant cells and tissues are exposed to temperatures of approximately
43 °C or higher for usually 5 - 20 minutes, immediately followed by heating at lower temperatures
for a prolonged period, then the lower temperature will be more effective than if given without the
preheating at the higher temperature (Henle 1980, Urano and Kahn 1983, Lindegaard and
Overgaard 1987, Hume and Marigold 1987, Jung 1989, Marigold and Hume 1989). In other words,
when the step-up heating is higher and the step- down heating is lower than the transition
temperature in the Arrhenius plot (Figure 5), the so-called step-down sensitization steps in. As a
consequence, when the results of such a heating concept are analysed in an Arrhenius plot you may
find that the breaking point has disappeared (Figure 9) (Li et al 1982, Field and Morris 1984,
Lindegaard and Overgaard 1987).
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Figure 9. Arrhenius plot of single and step-down heated tumours. Note the lack of breaking point after
step-down heating (Redrawn by permission from Lindegaard and Overgaard: Int. J. Hyperthermia,
1987,3,79-91).
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The relationship between time and temperature of the step-up heating and the effect of the
following step-down heating in vivo has recently been studied in C3H mammary carcinoma
(Lindegaard and Overgaard 1990). When step-up heating was continually increased up to 15 and
20 minutes, the effect of the step-down heating was successively increased. At these preheating
times, however, the effect of the step-down heating approaches asymptotically a plateau value,
demonstrated by parallel dose-response curves. The slope values increase also with the increasing
time of the step-down heating from temperatures below and up to 42.5°C but not higher.

The reason for sensitization by step-down heating is not quite clear. It has been suggested
that at least a part of the sensitizing effect is due to inhibition of the development of
thermotolerance during the second part of the treatment (Hahn 1982, Hahn and Shiu 1985),
associated with inhibition of protein synthesis (Hahn and Shiu 1985). Another interpretation has
been that temperatures above the breaking point create more lesions (sublethal or nonlethal) than
may be fixed, whereas these lesions may be lethal by fixation at the lower temperatures in the
second part of the treatment (Henle 1980, Jung 1986 and 1989). Increased thermal sensitivity due
to step-down heating has been found in normal tissue without a significant alteration of the
activation energy for tissue damage below the breaking point. This has been interpreted as support
for the view that thermosensitization by step-down heating is not solely due to inhibition of
thermotolerance (Marigold and Hume 1989, Lindegaard and Overgaard 1990).

A therapeutic gain factor due to a possible difference in damage to normal and tumour tissue
has not been confirmed for the sensitization effect of step-down heating (Urano and Kahn 1983,
Hume and Marigold 1987).

Considerable fluctuations in temperature during a clinical hyperthermia session are often
observed (Hahn 1982, Lindholm et al 1982 and 1990, Lindegaard and Overgaard 1987). High to
low temperature sequences are therefore likely to occur. So far, however, there is no clinical
information about the advantage - or disadvantage - of sensitization by step-down heating.
According to this type of heating, temperatures below 41°C, normally not causing any significant
heat damage, are able to do so after an immediately preceding short period of high temperature.

8.1.2. Hyperthermia in Combination with Ionizing Radiation
8.1.2.1. Introductory Comments

The main target for ionizing radiation to cause damage to mammalian cells is thought to be the
DNA molecule resulting in different types of DNA-strand breaks. It has been suggested that the
degree of this damage, dependent on the type of ionizing radiation and the absorbed dose could be
described in three different operational terms.

* Lethal damage, which leads irrecoverably to cell death.

* Potentially lethal damage, which under normal circumstances will cause cell death,
but its expression can be altered by suitable manipulation of the post irradiation
tissue environment. This can lead to either increased or decreased cell survival

* Sublethal damage, which under normal conditions can be repaired in some hours
unless there is additional sublethal damage in one way or the other (new doses of
radiation, radiation sensitizers, etc.) which then can interact to create lethal damage
(Elkind etal 1965, Little etal 1973, Hall 1978, Elkind 1984).
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Figure 10. Typical survival curves for mammalian cells exposed to radiation. For densely ionizing
radiation, e.g. low-energy neutrons, the doseresponse curve is a straight line and may be characterized
by one parameter; the 37% dose slope or Do. For sparsely ionizing radiation, e.g. x-rays, the
dose-response curve has an initial shoulder followed by a straight, or almost straight protion. This
curve is characterized by two parameters; the 37% dose slope, Do, of the straight portion and the
extrapolation number, n, which is a measure of the width of the initial shoulder. This may also be
specified in terms of the quasithreshold dose Dq, which is the dose at which the extrapolated straight
portion of the dose-response curve cuts the dose axis (Redrawn by permission from HallJEJ.:
Radiobiology for Radiologist, Second Edition 1978; Harper & Row, Inc., Philadelphia.

In cell survival curves, registered after fractionated doses of ionizing radiation (Figure 10),
these different categories of damage are expressed partly in the exponential slope, representing the
degree of direct cell killing (lethal and potentially lethal damage) and partly in the shoulder
(sublethal damage) which indicates the possibility for cells to accumulate and possibly repair
sublethal damage before possible cell death occurs due to a second event. (Elkind et al 1965, Belli
etal 1967, Elkind 1984)

Clinical radiotherapy still mainly uses sparsely ionizing radiation qualities and rather low
absorbed doses per fraction radiation. The damage delivered may then very often be located in the
shoulder region of the cell survival curve where damage repair is important (Hall 1978, Révész and
Palcic 1985).
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8.1.2.2. Radiosensitizing Effects of Heat

The combination of hyperthermia and ionizing radiation kill cells synergistically according to
several in vitro studies (Belli and Bonte 1963, Ben-Hur et al 1974, Hall 1978, Suit and Gerweck
1979). A thermal radiosensitizing effect can be seen even at rather modest temperatures of about
41°C and this increases with temperature and time up to a maximum vhere the heat treatment itself
begins to cause even direct thermal injury (Field 1987).
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Figure 11. Comparison of the fraction of cells surviving heat or x-irradiation delivered at various
phases of the cell cycle. (Redrawn by permission from Westra, A and Dewey, W C, Int J Radiat Biol,
19,467-477,1971.)

Heat may interfere with the repair of potentially lethal damage (Hahn 1974, Li et al 1976,
Overgaard 1978) and reduces the repair of sublethal damage (Ben-Hur et al 1974, Overgaard
1978), caused by irradiation. The hyperthermic radiosensitization can be seen as a reduction of Dc,
shown as an increase of the exponential slope (i.e. 1/DO) in the survival curve (Belli and Bonte
1963, Hall 1978) as well as evidenced by a less pronounced shoulder (Ben-Hur et al 1974, Henle

62



and Leeper 1977, Andrews 1978). The Do for cells heated 1 hour immediately prior to irradiation
has been shown to decrease from 140 rads at 37°C to 130, 90 and 65 rads at 41, 42 and 43°C,
respectively (Gemer et al 1976). In an in vitro study, combining heat and low-dose-rate irradiation
(3.3 rad/min), Do was reduced from 378 rads at 37°C to 60 rads at 42°C which was far more than
was observed at relatively high dose rates (360 rads/min) (Ben-Hur et al 1974). The cells treated
with low-dose-rate irradiation were supposed to be unable to repair sublethal irradiation damage at
42°C. The approach may have a special clinical applicability when using interstitial treatments.

8.1.2.3. Heat, Radiation and Cell Cycle Phase Sensitivity

The relatively radioresistent cells in S-phase of the cell cycle are shown to be those most sensitive
to heat, used alone or combined with ionizing radiation (Westra and Dewey 1971, Sapareto et al
1978b). This has been regarded as a potential advantage in the combination of the two modalities
(Figure 11). Fnm in vitro studies, however, there are no reliable data that finally indicate a higher
degree of radiosensitization of cancer cells opposed to normal cells (Suit and Gerweck 1979, Field
1987). In fast growing tumours expected to have more cells in the S-phase than the slower
proliferating normal tissue, some preferential killing of tumour cells may occur, however, during
combined treatment with radiotherapy and hyperthermia.

8.1.2.4. Heat and OER of Ionizing Radiation

The influence of heat on the oxygen enhancement ratio (OER) of ionizing radiation has been
studied in vitro with different techniques in different cell systems (Suit and Gerweck 1979, Field
and Bleehen 1979). The results have shown reduction (Kim et al 1975) as well as increase (Power
and Harris 1977) of radiation OER. Experiments in vivo using stunting of the growth (Myers and
Field 1979) as well as skin reaction of the baby rat tail (Field and Bleehen 1979, Suit and Gerweck
1979) as endpoints showed equal OER for ionizing radiation at increased and at normal
temperatures. According to these data there may be some uncertainty regarding the hyperthermic
OER of ionizing radiation which cannot be generally assumed to be reduced for all tissue cystems
(Hall 1978, Suit and Gerweck 1979, Field 1987). Different environmental conditions (e.g. the level
of glucose, serum proteins, pH etc) of the cells were believed to have influenced the results. Later
observations in vitro, however, indicate that pH and nutritional deficiency are far less important
when heat is used to enhance radiation response than for direct heat cytotoxicity (Lunec and Parker
1980, Field 1987) and heat is believed to enhance the effect of ionizing radiation equally to
hypoxic and oxic cells (Field and Bleehen 1979, Field 1987).

8.1.2.5. Time to Reach Response and Repair of Combined Heat and Radiation

The quality of the enhanced response to the combined treatment is similar to that following
ionizing radiation alone, providing the heat treatment is not sufficiently severe to cause early
necrosis (Law et al 1978, Mivechi and Hofer 1983). Like radiation alone it has a more delayed
effect of several days compared with the more rapid cytotoxic effect of heat alone after which
cellular death is essentially complete af'er 24-48 hours (Hill and Denekamp 1982, Mivechi and
Hofer 1983). The opinion that thermal radiosensitization requires only short exposures to heat has
been presented; prolonged heating might then not further enhance this type of thermal effect, in
contrast to cytotoxic cell death to heat which increases with exposure time (Mivechi and Hofer
1983). The repair time of hyperthermic damage is, however, considerably longer than that of
radiatio- (Dewey et al 1977, Field and Bleehen 1979). In combined treatments this has been
suggested as an explanation of some hyperthermic sensitization of radiation response in normal
tissue by the heat from the previous day's treatment when hyperthermia combined with
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radiotherapy has been fractionated with too short intervals (Overgaard 1981). Other experiments
have indicated, however, that the radiosensitizing effect of heat diminishes by the interval between
heat and X-ray and is completely lost by a separation of 24 hours (Law et al 1977).

24

HOUtS IfTWEEN TIEATMENTS

Figure 12. Thermal enhancement ratio (TER) as a function of the time interval and sequence between
hypothermia and radiation treatment of a C3H mammary carcinoma and its surrounding skin. If
radiation is given before heat the TER for the skin is markedly reduced within an hour, and after 4
hours no thermal enhancement of the skin is retained. This results in a increasing therapeutic gain
factor (TGP) if both skin and tumour are heated (Redrawn by permission from Overgaard, J.: Int. J.
Radiation Oncology Biology Physics, 16, S3S-S49).

8.1.2.6. Thermal Enhancement, Therapeutic Gain and the Importance of Sequence and
Interval of the Treatment Modalities

The quantitative dose effect of combined heat and ionizing radiation is usually described by the
thermal enhancement ratio, TER, defined as:

DRT+HT

where DRT is the radiation absorbed dose required to give a certain biological effect when given
alone, and DRT+HT is the absorbed dose required to cause the same effect when radiation is
combined with hyperthermia.

Values for TER have been obtained in a number of different normal tissues as well as
different transplanted tumours (Law et al 1977, Field et al 1977, Overgaard 1978, Hume and Field
1978, Stewart and Denekamp 1978, Hill and Denekamp 1979, Overgaard 1980 and 1981) and
were shown to increase with magnitude of heat treatment. Thus, TER increased from above 1 for
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heat treatments of approximately 41°C for 60 minutes to maximum values of 3 and 4 at
temperatures close to 43°C where heat treatment itself was also supposed to cause direct cytotoxic
thermal injury.

When heat and ionizing radiation were combined in simultaneous treatments and under
similar physiological conditions, TER values were almost similar in tumour and normal tissue and
probably not very tissue dependent (Overgaard 1980, Field 1987). According to these findings no
benefit, or therapeutic gain, would be the result of combined treatment unless the tumours under
hyperthermia sessions are selectively heated to a higher extent compared with their surrounding
normal tissues. This may sometimes be the case due to circulatory differences (see 8.1.1.3 and
8.1.1.4) but is far from obligatory in clinical situations. The therapeutic gain (which is principally a
clinical concept) of the combined treatment has been expressed by means of a therapeutic gain
factor, TGF, which is defined as:

TFR

TERn

where TERt and TERn are the thermal enhancement ratios for tumour and normal tissue,
respectively. (Stewart and Denekamp 1978, Overgaard 1978) This factor should thus be greater
than one. The effect on TER of different sequences and time intervals between heat and ionizing
radiation has been studied extensively (Law et al 1977, Myers and Field 1977, Overgaard 1978 and
1980, Hill and Denekamp 1979, Field 1987). The maximal value will be obtained when the two
modalities are given simultaneously, but then mainly the same TER will be seen in the tumour and
in the normal tissue. Thus, the TGF will unity, and no improvement in therapeutic gain will be
achieved. As the separation between the two modalities is increased, the thermal enhancement ratio
is decreased but to a less extent in the tumour compared with the normal tissue (Figure 12). If
ionizing radiation is given before and the spacing between the two modalities is extended to
approximately 4 hours or more thermal enhancement will be lost in the normal tissue but persist
more or less for about 24 hours in the tumour. This will result in a TGF greater than 1 and with the
more specific value dependent of the temperature and the time used (Law et al 1977, Myers and
Field 1977, Stewart and Denekamp 1978, Overgaard 1978, 1980 and 1989, Hill and Denekamp
1979, Field 1987). The therapeutic advantage to do so is believed to be the result of selective,
direct cytoxic heat damage to acidic and/or nutritional deficient, radioresistent tumour cells in solid
tumours, rather than to a true thermal sensitization of ionizing radiation (Overgaard 1982, Field
1987). If, on the other hand, selective tumour heating is possible (interstitial hyperthermia to well
defined tumours?) the most beneficial regimen would be to give ionizing radiation in the middle of
a hyperthermia session.

If heat is given before ionizing radiation the differences in decreasing TER by time
separation of the modalities will be less apparent due to more variable and not easily predictable
results in the normal tissues (Figure 12) (Hume and Field 1978, Stewart and Denekamp 1978,
Overgaard 1978,1980 and 1989, Field 1987).
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8.1.2.7. Intrinsic Mechanism of Radiosensitization

As indicated, the main target for ionizing radiation is the DNA-molecule, which, among others, is
subject to single - and/or double - strand breaks. A possible alteration in the cells' capacity to repair
the breaks after combined heat and radiation has therefore been the matter of many studies (Leeper
1985, Dewey 1989). These have either shown no change (Ormerod and Stevens 1971), an increase
(Ben-Hur 1974, Dikomey 1982), or a decrease (Corry et al 1977,, Clark et al 1981, Dikomey et al
1982, Jorritsma and Konings 1984, Mitchel and Birnbom 1985, Waiters et al 1987) in the repair of
strand-breaks. Differences in the use of cell systems and methods for determining strand breaks
may have influenced the results as well as differences in the applied temperature level. Thus, DNA
strand-break repair, studied immediately after relatively conventional doses of ionizing radiation
(2-7 Gy), was increased after 42°C but decreased after 45°C. Both of these temperatures, however,
caused a greater number of remaining double strand-breaks 1 hour after cessation of the ionizing
radiation (Dikomey 1982, Leeper 1985). The heat-induced delay in the cells' repair of X-ray
induced strand-breaks has an activation energy of 140 kcal/mole, thus suggesting protein
denaturation as the intrinsic mechanism.

A doubling of radiation induced DNA protein cross linking has also been shown when 43 °C
hyperthermia preceded 50 Gy, given to L1210 cells (Bowden et al 1982).

Investigations of enzyme activities (polymerase alpha, polymerase beta, ligases,
topoisomerases) indicate that the loss of activity of the DNA-associated repair-enzyme polymerase
beta correlates best with radiosensitization (Mivechi and Dewey 1984, Dewey 1989). Loss of
polymerase activities can be increased by lowering the intracellular pH (Chu and Dewey 1988)
which is in contrast to earlier suggestions that pH is less important for the radiosensitizing
mechanism (Field 1987).

The sequence of events, partly described above and leading to thermal enhancement of
radiation induced chromosomal aberrations and cell death, is, however, still far from fully
understood (Dewey 1989).

8.1.2.8. Fractionated Heat and Ionizing Radiation

Preclinical studies on daily and weekly fractionated heat and radiation have been performed in the
same experimental models as those used on thermal enhancement ratio (Law 1979, Stewart and
Denekamp 1980, Overgaard 1981, Overgaard and Nielsen 1984). Simultaneous heat and radiation,
given on one day a week or on five consecutive days a week, gave thermal enhancement ratios
(TER) of approximately 2.5 in the tumour and slightly more in the skin. Thus, no therapeutic gain
was obtained.

Sequentially combined treatments with heating four hours after radiation, given on one day a
week or five consecutive days a week reduced TER to approximately 1,4 in the tumour and even
more in the skin. Thus, a slight hut clear therapeutic gain was obtained. This was much more
evident when the interval between fractions was increased to 72 hours. The thermal enhancement
ratio was then still approximately 1.4 in the tumour but disappeared totally in the skin. A further
increase in the therapeutic gain was obtained when only the last of five consecutive radiation
fractions was combined with sequential heat treatment. This effect of the combined treatment was
interpreted to be mainly caused by the cytotoxic effect of hyperthermia alone to radioresistent cells
in the tumour, due to physiological differences in tumour tissue compared with normal tissue
(Overgaard 1980, 1981 and 1989, Nielsen etal 1983, Field 1987).
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Besides the examples given above, reviewed experimental studies of multiple fractionations
of essentially simultaneous heat and radiation have shown virtually an unchanged or decreased
TER in the normal tissue as numbers of fractions have increased (Field 1987). The differences in
effect have been suggested to be dependent on the sequence in which heat and radiation were
combined in each fraction. Thus, hyperthermia immediately prior to radiation may improve the
blood flow and oxygenation, especially in the normal tissue (see chapter 8.1.1.4.), making its cells
more sensitive to subsequent radiation. Such a regimen will increase the TER in normal tissue but
will be of no consequence if heat follows radiation (Law 1979, Overgaard 1980 and 1989, Field
1987).

The phenomenon of thermal tolerance may also influence the TER (Law 1979, Nielsen et al
1983, Overgaard and Nielsen 1983 and 1984). The number of fractions, and especially the fraction
interval, have been shown to be critical. For example prior heating has been seen to reduce tumour
response to simultaneously combined treatment with a maximum at 16 hours later (Nielsen et al
1983). This was evident in the actual tumour system by reduction of TER from 5.1 to 3.3. The
induction of thermotolerance was, however, smaller in the combined treatment than that observed
after heat alone, but the time course for its manifestation was the same. The effect of
thermotolerance completely disappeared with a treatment interval of 120 hours (5 days).

With sequential treatment thermotolerance fully manifested itself, i.e., the resistance to the
combined treatment equalled the induced resistance to heat alone (see 8.1.1.7). Again a total decay
of thermotolerance was seen with fractionation intervals of 120 hours (Nielsen et al 1983).

A further developed study on the same tumour system with totally 5 combined treatment
fractions (simultaneous as well as sequential) showed an increasing TER by an increase of the
fractionation interval of > 3 days up to S days but no longer. Intervals longer then 5 days seemed to
again reduce TER, which was probably due to tumour growth between the fractions (Overgaard
and Nielsen 1984).

8.1.2.9. Final Conclusion on Fractionation of Combined Heat and Radiation

A smaller treatment effect in the normal tissue compared with the tumour is essential tor a
therapeutic gain to be obtained. This might not be achieved with a true simultaneously combined
treatment unless a selective heating of the tumour take place. In the clinic this may rarely be the
case, possibly with the exception of interstitial treatments.

On the basis of the results and the discussion above two main strategies may exist for
applying heat as an adjuvant to radiotherapy in the clinic:

* Firstly, as a radiosensitizing agent. This approach is only valid when heat and
radiation are applied simultaneously and may require preferential heating of the
tumour compared with normal tissue to give a meaningful therapeutic gain. To
make the combination most effective the heat might be joined to just a few but
higher fractions of radiotherapy per week than what is common in more
conventional treatment schedules.

* Secondly, as a specific cytotoxic agent against radioresistent cells, which may be
achieved by sequential combined treatment. In this case conventional low dose daily
fractions of radiotherapy may be the most suitable.
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Experimental data support a general suggestion to give hyperthermia once or twice a week to
allow most of the thermotolerance to decay, both for direct and radiosensitizing effects (Overgaard
1981 and 1989, Field 1987).

"When I use a word", Humpty Dumpty
said in a rather scornful tone, "it means
just what I choose it to mean - neither
more nor less". "The question is", said
Alice, "whether you can make words
mean different things". "The question
is", said Humpty Dumpty, "which is to
be the master - that's all".

Lewis Carroll in Through the
Looking-Glass
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8.2. Appendix 2: Physical Aspects

In clinical practice tumour temperature may be raised either by external or internal application of
heat.

8.2.1. External Loco Regional Heating Techniques

Three principal basic approaches have been used far-application of clinical, external hyperthermia
(Nilsson 1984, Sapozink etal 1988a).

• Ultrasound at frequencies of about 0.3-3.0 (5.0)MHz

• Electromagnetic fields at radio frequencies <300 MHz

• Electromagnetic radiation at microwave frequencies between 300-2450 MHz

8.2.1.1. Ultrasound Techniques

To date ultrasound has been used much less in clinical practice than electromagnetic techniques
despite the potential advantages ultrasound may offer (Field 1987, Cony and Kanai 1989,
I.C.M.H., Final report 1990). It is significantly more penetrating in fat compared with muscle
tissue. The very short wavelength in muscle (0.16 cm at 1 MHz) makes it possible to focus
ultrasound even to small volumes at large depths. (Perez et al 1986a, Lele et al 1987). Compared
with microwaves it retains its surface beam width when penetrating through soft tissue and can
more appropriately be thought of as a beam. However, due to its extremely high absorption in bone
(hot spot risk) and total reflexion at tissue - air interfaces {cold spot risk), the anatomical locations
where ultrasound may be applied have been judged to be limited (Nilsson 1984, Perez et al 1986a).

Ultrasound has, however, been successfully used to heat superficial tumours in man (Marmor
et al 1982, Corry et al 1982) and lately new technology has also been promising for heating in
depth. So called scanned, intensity modulated focused ultrasound (SIMFU) systems with multiple
transducers without (Lele et al 1987) or with (Hynenen et al 1990) real time imaging have been
invented and used in clinical practice. The systems have multiple transducers and the former of
them have an extended flexibility in the control of power deposition. The flexibility makes it
possible to heat the periphery of tumours more than the centre and also to follow the margins of an
irregularly shaped tumour (Burdette and Goss 1987). Localized therapeutic heating (42.5 - 43°C)
of 88 % of deep seated tumours of up to 12 cm in depth and 15 cm in diameter have been reported
(Lele et al 1987), with a rapid fall off of temperature outside the tumours. The limitations with
earlier simple systems of ultrasound including treatment associated pain have mainly been
overcome and toxicity is rare. In a similar system (SFUS = scanned focused ultrasound system,
used in 66 tumours in 52 patients) approximately 65 % of all sensor points were heated to > 42.5°C
in tumours as deep as 6-7 cm (Hynenen et al 1990), with the lowest temperature at 40.7 ±1.4 °C.
Pain due to high absorption of power in bone has been shown to be avoidable by special sonication
(Hynenen and DeYoung 1988).

Another system, characterized as the sector vortex phased array ultrasound has been
described as an elegant approach to the problem of heating in vivo. It offers virtually unlimited
three dimensional control of power deposition (Corry and Kanai 1989, Cain and Umemura 1989).
The earlier known drawbacks of high absorption in bone and total reflexion at tissue - air interfaces
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suggests, however, a great need for advanced, computerized planning of all scanned focused
ultrasound treatments (Hynenen et al 1990,1.C.M.H. Final report 1990).

8.2.1.2. Electromagnetic Radio Frequency Field Techniques in the Lower Range of
ISM-frequencies1

There are mainly two different radio frequency (=RF) techniques, capacitive and inductive.

A. Capacitive Radio Frequency Techniques

The radio frequencies used for capacitive heating are mainly 13.56 and 27.12 MHz which
according to international agreements can be used without RF shielding rooms (Sauer et al 1989).
The physical and technical principles are quite simple. Similar to a capacitor a pair of metallic
plates (electrodes), connected to an alternate current radio frequency generator, are placed on
opposite sides of the body. The electric field between the plates produces displacement currents in
the tissue, which causes heat. The power, however, is not homogeneously distributed due to
spreading of electrical currents with heat reduction in the centre and increased heat near the edges
of the electrodes as a result. The human body also shows up a considerable inhomogeneity to RF
power deposition due to different electric properties of human tissues. As the specific dielectric
constant is high for tissues with high water content (e.g. skin, muscle) but low for tissues with low
water content (e.g. subcutaneous fat, bone), the corresponding specific resistance for the
perpendicularly passing RF currents will be low for skin and muscle but high for fat and bone
(Kato et al 1985, Perez et al 1986). Due to these properties excessive heating of fatty tissue with a
ratio ranging from 1:8 and 1:12 between muscle and fat have been seen for capacitive RF of 13.56
and 27.12 MHz, respectively (Sauer et al 1989). To obtain a more uniform power deposition the
plates should be larger in relation to the distance between them. Therefore the number of
capacitive portals have been limited to a maximum of four around the body.

They may be powered with different frequencies to steering of the SAR (Standard
Absorption Ratio) deposition. A proper surface coupling and cooling system is considered
necessary to lower the heat in at least the 2 cm of subcutaneous fatty tissue. A pre-cooling of the
skin 20 minutes before heating to degrees as low as 10°C of the coupling bolus has been
recommended (Kato et al 1985, Rhee et al 1989).

The initial enthusiasm for the capacitive heating technique in the late 70's (Sugaar and
LeVeen 1979) has been followed by some discredit at least in Europe and USA, whereas its
popularity has been sustained somewhat in Japan after continuous research (Kato et al 1985, Abe
et al 1986, Masunaga et al 1990). Simplicity and a relatively low cost are additional reasons for its
popularity (Hand 1989). Further development and clinical applications have also been reported
from USA, Europe and Asia (Song et al 1986, Van Roon et al 1988, Herbst et al 1989, Datta et al
1990). With some new approaches capacitive heating has been shown to give a more homogeneous
power deposition to relatively large and somewhat deep superficial tumours, compared with
microwave techniques (Herbst et al 1989, Gauthrie et al 1989, Masunaga et al 1990). The simple
and compact construction of the ring capacitor plate applicator (Van Rhoon et al 1988) with
homogeneous capabilities over tissue distances < 13.5 cm without hot spots at the surface is
promising for heat treatments of tumours in the extremities. Fundamental limitations include lack
of focused power deposition and still preferential superficial fat layer heating (I.C.M.H. Final
Report 1990).

1 ISM = /ndustrial, Scientific and Medical frequencies
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B. Inductive Radio Frequency Techniques

Heat treatment can be done at radio frequencies of 13.56 MHz to <300 MHz. In contrast to a
capacitive device, where the electrical potential is applied across the tissue (per pendiculare to
interfaces) the heating source in the inductive system is a current distribution parallel to the tissue
surface. The mechanism can be understood by considering the electromagnetic fields around a
small alternating current clement placed parallel to the body surface (Heinzl et al 1989). At any
point an oscillating magnetic field produces eddy currents parallel to the surface (and to
interfaces). This leads to the advantage of low fat heanng and no or fewer unwanted hot spots due
to edge effects. The most conventional applicator of this system is the so-called pancake coil
(Nilsson 1984), suitable for heating rather superficial tissue volumes.

A commercially available magnetic coil system manufactured under the name Magnetrode
(Storm et al 1981), consisting of an annular one-turn coil excited at 13.56 MHz, was primarily
thought of as a regional deep heating device. The ability of this has been debated in the literature
(Palival et al 1982, Oleson 1984, Shimm et al 1988). Furthermore, power deposition by this device
is reported to be limited by pain in most (67 per cent) of the treatments (Sapozink et al 1988b).

Another inductive applicator design, used clinically for the heat treatment of superficial
tumours and working at about 150 MHz, has been developed in Aalborg, Denmark (Andersen et al
1984) with improvements suggested by others (Tiberio et al 1984). It has also been further
developed as a flexible applicator conformable to a curved tissue surface, which is common in
clinical practice (Johnson et al 1987). The inductive techniques, used for deep heating, are said to
suffer from the fields being highly non-uniform and inadequately documented in clinical trials.
(Oleson 1984,1.C.M.H. Final report 1990).

8.2.1.3. Radiative Electromagnetic Aperture techniques

Microwave ISM-frequencies of 2450 MHz, 915 MHz and 434 MHz have primarily been those
mostly used in heating techniques based on radiative electromagnetic apertures. So far these
techniques are probably also those most often used in clinical practice and have all been the basis
for the hyperthermia technique used in our study group. The applicators are usually so called
open-ended waveguides, delivering an electromagnetic plane wave in front of the tissue. The
penetration depth will depend upon the aperture size, the frequency used and the dielectric
properties of the heated tissue (Nilsson 1984, Perez et al 1986). For different frequencies Table 10
shows the penetration depths at which the absorbed power density (W/cm3) drops to 50 % and 13.5
%, respectively, of its value at the surface of the given media (homogeneous media of high and
low water content). From this table it is seen that microwaves at all frequencies are far more
penetrating in fat than in muscle (which is contrary to other described electromagnetic techniques).

For waveguide applicators of clinically practical dimensions, however, the frequency
dependent penetration depth is far less pronounced than suggested primarily by plane wave
analysis (Turner and Kumer 1982). Thus, the increase in penetration is very modest over the
frequency range of 300-1000 MHz microwaves, possibly with exception of very large applicators.
It should also be emphasized that the thermotherapeutic field sizes are considerably smaller than
the area of the microwave applicators employed in clinical hyperthermia. This problem has,
however, to some extent been reduced by fitting two or more antennae in a special way to the
applicators. A 12 x 12 cm2 applicator driven with four symmetrically placed antennae has then
been able to deliver iso-power density curves representing a thermotherapeutic field size of more
than 80 % of the aperture size (Perez et al 1986).
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Table 10: Plane wave penetration of microwaves in homogeneous media of high (H) and
low (L) water content.

Penetration depth (cm)

Frequency (MHz)

2450

915

433
300
100

dH high water content e.g. muscle and skin

1.7
3.0

3.6
3.9
6.7

dL low water content e.g. fat and bone

11.2

17.7

26.2

32.1

60.4

Coupling of the applicator - patient interface with a bag(s) of de-ionized water has been
proven to be essential for the reduction of electromagnetic leakage and the increase of the
efficiency of power transfer from the applicator to the tissue. (Nilsson 1984, Perez et al 1986a)
Leakage of less than 2 mW/cm2 measured 5 cm from the applicator has been noted in most cases.
Improved coupling to tissue surfaces of extreme curvature (e.g. lateral chest wall) has been
effected by use of multi-element applicators, in which the mechanical coupling of component
elements to one another is non-rigid. A six-element conformable soft applicator fitted to a special
antenna could deliver a useful heating area of about 80 % of the aperture areas of even rather small
elements without any notable loss of power between them (Perez et al 1986a).

A similar, flexible dual applicator set-up, operating at either 200 or 434 MHz and suitable
for treatment on curved surfaces in the head and neck region or extremities has been shown to
deliver an improved iso-SAR distribution when operated with coherent fields in phase
(Nilsson 1984).

Recent developments in superficial applicators have been towards compact, lightweight
devices to replace waveguides or horn type applicators (Hand 1989). Examples include microstrip
patch and spiral antennae operated at 915 or 433 MHz (Kapp et al 1988b). They have the
advantage of being light and small and may be assembled into wide arrays and can more easily
conform to different curved body surfaces.

Radiative aperture applicators, usually operating at lower frequencies (20 -120 MHz) have
been constructed to give regional deep heating e.g. the coaxial TEM applicator (Lagendijk 1983)
and a special gap applicator (Raskmark and Andersen 1984). A ring of aperture sources,
surrounding the patient, has also been used for construction of so-called phased array systems
(APAS, Turner 1984 the movable applicator phased array system, DHF, Raskmark and Andersen
1984, Heinzl et al 1989). By proper phasing of the individual applicators their power contributions
will interact in a positive manner at a certain point (Strohben 1989). These methods are said to be
useful for heating tumours in the pelvic region but tend to produce systemic heating and stress
when used higher up in the body. Together with treatment pain, this will be a limiting factor for
the use of this technique.

A further development of the coaxial TEM applicator (de Leew and Lagendijk 1987) has
similar field configuration as the annular phased array systems. Due to a special construction,
however, the discomfort of systemic stress for the patient is thought to have been overcome. This
technology, as well as the DHF technology, have been indicated as promising (I.C.M.H. Final
report 1990).
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Radiative devices of annular phased array type are shown to give a central power deposition
> 60 % of maximum superficial SAR values (Turner 1984) but details of the SAR distribution in
patients are uncertain (I.C.M.H. Final report 1990). It should also be emphasized that SAR is not
an ideal method to determine deep heating characteristics of different applicators since there is no
simple correlation between this parameter and the resulting temperature distribution. Existing
devices may routinely elevate 50 % of intra-tumoural sites to > 42.5°C in extremities (Oleson et al
1989) but in other body sites the elevation is usually lower, e.g. 50 % of intratumoural sites £ 41°C
(Kapp et al 1988, I.C.M.H Final report 1990).

The temperature distribution in living tissue is mainly governed by the thermal convection of
the blood flow. Tissue thermal conduction as well as the rate of metabolic heat generation and
energy absorption by the tissue from external heat-sources may also play some role. This may be
calculated by the bio-heat transfer equation, which, however, has a number of limitations.
(Bowman 1981, Lagendijk 1982, Nilsson 1984). Furthermore, tumours in different hosts and at
different sites have heterogeneous and dynamic thermal properties. Systems for heating must
therefore be very flexible to respond to all these variations. A more feasible approach may be to
design heating systems for specific tumour sites rather than promoting generic devices to treat most
tumour sites (Cetas 1989).

8.2.2. Interstitial and Endocavitary Heating Techniques

The difficulties in external heating have led to a considerable interest in the development of
invasive methods for heating wherever clinically adaptable. Interstitial techniques applicable to
both superficial as well as some deep seated tumour sites have continued to increase (Field 1987,
Hand 1989, De Ford et al 1990). The more specific background to this may be composed of
several factors, for example:

• Anatomical barriers to external heating techniques, like a rich layer of fat tissue,
bones or air cavities, leading to undesirable hot spots in the normal tissue and cold
spots in the tumour.

• The possibility to restrict the heat treatment to the very tumour with minimal
heating in the normal tissue surroundings.

• The suggestion of more increased radiosensitization when heat is combined with
low- dose-rate compared with high dose rate radiotherapy (Ben-Hur et al 1974, see
chapter 8.1.2.2.).

• The supposed biological advantage to be able to give simultaneous heat and
radiotherapy selectively to the tumour in a clinical situation (Overgaard 1981,
Dewhirst et al 1984, De Ford 1990).

The main indications for interstitial and endocavitary heating techniques are partly similar to
those for brachytherapy (Cosset et al 1985, Gauthrie 1989), for example, urological,
gynaecological and head and neck tumours, but also chest wall recurrences. Later development
has, however, also included deep seated tumours in the abdomen, the chest and the brain as
possible targets for these heating techniques (Brezovich and Atkinson 1984, De Ford et al 1990,
Gottlieb et al 1990, Zang Liru et al 1990).
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There are principally three different technical approaches to interstitial and intracavitary
heating:

• radio frequency (RF) currents (500 kHz - 27 MHz)

• microwave antennae (300-2450 MHz)

• hot sources (ferromagnetic seeds, hot water)

8.2.2.1. Interstitial Radio Frequency Systems

In these systems radio frequency currents are passed in tissue between electrodes in suitable
temporal and spatial sequences. The electrodes are usually insulated from the tissue except in the
region where heating is desired (Hand 1989).

Previously the heat was delivered by using the metal casings of the radium needles as
electrodes to produce the localized RF current field, typically 500 kHz -1 MHz (Manning and
Gerner 1983). Similar or modified approaches to this technique have also been used by others
(Cosset et al 1985, Emami et al 1987) Plastic catheters with a metallic portion or flexible tubes
with a thin layer of metal coating have been designed to enable simultaneous proper heating as RF
electrodes as well as casing of different types of brachytherapy sources. The average spacing of the
electrodes may be 1 to 2 cm (Gautherie 1989), which is appropriate to the recommended spacing
between catheters for brachytherapy according to the Manchester as well as Paris systems
(Meredith 1967, Dutreix et al 1982). Flexible insulated RF electrodes with the ability to restrict
heating to one portion of the implanted length and implant irregularly shaped tumours have been
described (Goffinet et al 1990). A computer-controlled array automatically changes the subset of
electrodes which are activated at any time as determined by a feed-back from temperature sensors
belonging to the system (Kapp et al 1988b). Extensive thermal dosimetry, however, indicated that
suboptimal and highly non-uniformed temperature distribution was induced. A new flexible
multi-element RF electrode afterloading catheter has therefore been developed (Prionas et al
1989). This should improve the temperature distribution especially in the longitudinal direction of
the electrodes. (Hand 1989,1.C.M.H. Final report 1990).

Another system using 27 MHz flexible wires for capacitive coupling of tissue combined with
indium brachytherapy has the advantage of free choice of effective heating length up to the tip of
the wire, simplicity and low cost (Visser et al 1989). Application in curved (U-shaped) standard
afterloading catheters, for example, for use in head and neck implantations, is possible. Uniform
heating pattern all around the inserted length of the electrodes, independent of the depth, and
individual power regulation of the electrodes have been added by others (Marchal et al 1989) to
the advantages mentioned above.

8.2.2.2. Interstitial Microwave Techniques

In microwave techniques of this kind an array of small needle-shaped applicators (dipole antennae)
are usually applied (Hand 1989). The importance of the choice of frequency (300-2450 MHz),
antenna length and effects of changing relative phases and power have been discussed (Strohbehn
and Mechling 1986).

Interstitial microwave antennae often have a deeper heating field penetration near their
mid-depth. This may in special situations result in fewer implants needed to heat the same tumour
volume as compared with RF electrodes and ferromagnetic seeds. A major limitation of
conventional invasive microwave devices has been a tendency to give a low heating zone near the
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tip of the antennae. This has led to the disadvantage of a need for antenna insertion beyond the
tumour boundary, creating an unnecessary risk to the patient. Research has, however, been directed
at obtaining an improved distribution of absorbed power, especially along the antennae (Lin and
Wang 1987, Roos and Hugander 1988). A somewhat increased temperature profile at the tip
compared with the rest of the antenna has been registered as well.

Conventional dipole antennae have the disadvantage of changing their heating patterns
according to the insertion depth. This problem has been dealt with in the construction of a helical
coil antenna which retains its heating profile regardless of its location below the tissue surface
(Satoh and Stauffer 1988).

Invasive microwave heating technique has progressed towards submillimeter thin applicators
with a diameter of 0.58,0.33 and 0.20 mm in order to minimize the insertion trauma. The heating
pattern of these applicators does not differ very much from that of others. Their durability and
power handling are said to be adequate for use in patients, and are predicted to be useful for
percutaneous treatment of deep seated tumours, as well as in intraoperative and intravascular
approaches (Gottlieb et al 1990).

In a study, comparing thermal dosimetry of commercial radio frequency localized current
field (RF-LCF) and microwave dipole antenna systems, a square array of parallel heat sources and
thermometry probes was inserted through a 4 cm2 grid into a depth of 7-8 cm of a muscle volume
in vivo. The results showed that the RF-LCF technique heated more uniformly with the depth and
more consistently within the array boundaries compared with the microwave dipole antennae
(Stauffer et al 1989). It should be added that the comparison does not seem to have included any of
the recently developed microwave antennae referred to above.

8.2.2.3. Interstitial Hot Source techniques

Hot source techniques include inductively heated ferromagnetic implants, interstitially placed hot
water tubes and electrically heated needles. In all cases the heat is delivered from the source to the
tissue by thermal conduction and blood convection (Hand 1989, Cetas 1989). The power
deposition pattern is not dependent on more or less complicated physical rules for different
frequency waves to propagate in tissues. The implant is also the hottest area in the treatment target.
A disadvantage has been that usually more heat sources per volume unit are needed than with the
earlier mentioned interstitial methods.

An array of metal needles or plastic tubes, spaced at 10 or 14 mm, was implanted in vivo in a
study of interstitial hyperthermia using hot-water (Schreier et al 1990). With a water temperature
of 45.5°C it was possible to get a tissue temperature in muscle above 43.5°C for an implant-spacing
of 10 mm but below 42.5°C for a spacing of 14 mm. It was necessary to elevate the water
temperature to 48°C to exceed 42.5°C in the tissue for an implant spacing of 14 mm. It is
interesting that temperatures in vivo tended to be higher than those predicted by computer
treatment simulation.

An interstitial hot source method, using 2.2 mm in diameter-catheters containing electrically
resistive heating elements has been applied to 11 patients with intracranial tumours (De Ford et al
1990). The inter-catheter spacing was 15 mm. The length of the heating elements was matched to
the dimensions of the tumours, thereby limiting the heat delivery to nearby normal tissue. The
catheters were connected to a controllable power source and the internal temperature of the
catheters was monitored via an internal thermistor. Other thermistor probes, spaced 1 cm apart and
totally four probes per patient, were inserted between the heating catheters. These probes had a
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total of 56 measuring sites. The desired individual catheter temperature was achieved by guidance
of a computer and simulation of intra-tumoural temperature was achieved by solving a modified
version of the bioheat transfer equation. Comparison of intra-tumoural temperatures from
simulations and measured values differed by about ± 0.75°C. According to the authors (De Ford et
al 1990) prediction and control of local minimum tumour temperatures are feasible with their
conductive interstitial heating technique.

It is a pity that nothing was said about the effect on the tumours and the outcome of the
patients.

Self-thermoregulating ferromagnetic implants (thermoseeds) with their Curie point in the
therapeutic temperature range has been investigated for cancer therapy by several research groups
(Brezovich et al 1989). When the implant is exposed to an oscillating magnetic field (not higher
than 200 kHz and not lower than SO kHz) electric currents are induced in the implant, leading to
the desired heat production. Temperature regulation is based on the drop in heating power when
the Curie point of the actual thermoseed is reached. Criticism about the method has been presented
especially concerning the uncertainties of the temperature regulation principle (Cetas 1989) and
thermoseed migration (Brezovich etal 1990).

8.2.2.4. Endocavitary Heating Technique

The use of intracavitary devices has been the simplest means for localized heating of tumours
possible to reach by natural body orifices. Thus, rectal (Mendecki et al 1980), vaginal (Valdagni et
al 1988b) urethral (Astrahan et al 1989a) oesophageal (Astrahan et al 1989b, Zang Lira et al 1990)
and nasopharyngeal (Zhong et al 1990) systems, usually operating at microwave frequencies, have
been developed. They all have the limitation that the effective radial penetration (temperature
>42°C) is generally < 0.5 cm if the temperature at the applicator surface is limited to 45°C.
Systems for water cooling of the applicator/tissue interface can be used which makes it possible to
increase the power input. The effective radial treatment penetration depth can then be increased to
1.0 cm (Trembly 1989). Effective longitudinal heating lengths of 5 to 14 cm have been described.
Improved radial penetration and adjustable heating lengths are announced in new cylindrically
focused ultrasound applicator arrays, which are under development (Diederich and Hynenan 1989,
I.C.M.H. Final report 1990).

8.2.3. Thermometry
8.2.3.1. Introduction and Some Quality Assurance Principles

Different in vitro studies have shown that a temperature change of only a few tenths of a degree
can considerably affect the cellular response to hyperthermia (Dewey et al 1977, Overgaard and
Suit 1979). This emphasizes the importance of an accurate, real time thermometry system with a
good thermometric, temporal and spatial resolution for controlling heat treatments and ensuring
patient safety. At present this may still only be achieved invasively by implantation of temperature
sensing probes into tissue of interest (Carnochan et al 1986, Overgaard and Bach Andersson 1990,
Cetas and van Rhoon 1991).

Some major requirements for clinical thermometry systems have been proposed, somewhat
differing in the course of time. Thus, the thermometric accuracy and resolution within a
temperature range from 30 °C to 50 °C (Shrivastava et al 1988) or 37 °C to 46 °C (Hand et al
1989) should be ± 0.2 °C or ± 0.2 °C or better, respectively. The temporal resolution should be < 1
second and the stability of any thermometer must be 0.2 °C or better over a duration of a treatment
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session (Hand et al 1989). The requirements of spatial resolution have differed all over the world
partly according to the sites treated and the types of sensor probes used (single with or without
thermal mapping = pull-back, or multi-sensor probes). Early on, a spatial resolution of 1 cm was
stated as being desirable (Nilsson 1984). In the quality assurance guide-lines for ESHO (European
Society of Hyperthermic Oncology) the spatial resolution is exemplified by a minimum number of
temperature sensors for hyperthermia treatments of tumours in different sites (breast, head and
neck). In the case of a breast tumour a minimum of five sensors, placed in the periphery of the
tumou•;, is required, where of one peripherally in the depth. Furthermore, at least one sensor is
required on the normal skin.

According to this protocol "all temperature sensors must be calibrated against a temperature
standard which is accurate to 0.2°C and traceable to a national standard. This calibration could
be made by using at least two calibrated mercury thermometers and a stirred water-bath with
appropriate temperature uniformity and stability" (Hand et al 1989).

8.2.3.2. Commercially Available Thermometer Probes

A. Thermocouples

A variety of temperature sensor probes has been described during the relatively short era of
modern hyperthermia. The so-called thermocouple probe is probably the most widely used
temperature measuring device in clinical and biological studies (Carnochan 1986, Paliwal 1987).
In fact it was established for biological measurements over 50 years ago (Warren 1935) and in the
middle of the eighties there was an over 60 per cent world-wide report on the use of this type of
thermometry as the primary system for thermal dosimetry (Carnochan 1986). A thermocouple
consists of a pair of wires of different metals (e.g. manganin-constantan1 or copper-constantan),
welded or soldered together at one pair of then' ends. If the weld, called the measuring junction, is
at a temperature different from that of the free ends, an electromotive force will exist between the
free ends. If these ends are connected electrically, a current will flow in the circuit thus formed as
long as a difference in temperature is maintained between the other or reference junction. When
the thermocouple is used as a thermometer, a means will be provided for measuring the
electromotive force it generates (Camochaki 1986, Paliwal 1987).

The choice of metals and alloys of the thermocouple junctions is important for the
temperature resolution. Most centres have chosen copper-constantan, readily available
commercially in very small sizes down to 25 urn or less (Scientific Wire* Co., London, U K.).
However, Manganin has replaced copper as this alloy has a higher tensile strength and a lower
thermal conductivity. This means that thermal conduction errors are fewer and therefore junctions
can be sited closer together in multisensor probes. Furthermore, due to almost equal electrical
resistivities of manganin and constantan the electrical balance of the thermocouple probe increases,
making it less susceptible to electromagnetic interference and selfheating (the importance of this
will be discussed below). To protect the junctions and prevent electrical contact with the tissue
plastic tubing (PTFE® Adtech Polymer Engineering, Tetbury, Glos., U.K.), biological inert and
autoclavable, may be used to sheath the thermocouples (Camochan 1986).

' Constanian is an alloy of about 57 % copper and 43 % nickel with small amounts of manganin and iron. Manginin
is 86 % copper, 12 °k mangan, 2 % nickel.
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B. Thermistors

A thermally sensitive resistor, or semiconductor, made from compressed metallic oxide powder
sintered at temperatures of 1000 °C or higher, is called a thermistor. The shape most commonly
used is the bead, directly fused onto platinum lead wires. Teflon coated thermistor probes (Yellow
Springs Inc. Model 511) with an outer diameter of 0.6 mm or less are used for temperature
measurements in vivo. The thermistors are inserted into the tissue by means of intravenous
cannulas (Venflon, 18 gauge) of which the metallic needle is replaced with a thermistor probe. The
nominal resistances of the thermistors are typically 5200, 1200 and 500 ohms at 0 °C, 40 °C and
70 °C, respectively. The calibrations for these values are given by the manufacturer.

The relationship between temperature and thermistor resistance can be expressed by a special
thermistor equation. (Nilsson 1984, Paliwal 1987). The major drawback of using thermocouples
and thermistor probes for temperature recording is the interaction between the metallic leads of the
probes and the electromagnetic field, produced by microwave and radiofrequency hyperthermia
equipments but also of ultrasound (Cetas 1985). The tangential component of the electric field
along the probe wires induces another electric field in the wires, which results in a current density.
This causes perturbations of the registered temperature in different ways;

* the wires radiate electromagnetic fields (thus disturbing the field in the surrounding
tissue),

• the temperature probes are heated by the current generated and

the current causes electromagnetic interference resulting ir pick-up noise in the
electronics of the temperature reading unit (Nilsson 1984).

The interaction between the electromagnetic field and the polyethylene coated thermistor
probes (Yellow Springs Inc. Model 511) used in the patient material of this thesis is earlier
described in detail (Nilsson 1984, Nilsson and Persson 1985). When the probes were placed
perpendicularly to the electric field from the microwave applicator, no perturbation could be
observed. If the most severe case was considered, i.e. with the thermistor leads parallel to the
electric field, a marked distortion of the temperature signal was obtained due to noise pick-up and
self-heating of the probes. The perturbation had, however, completely disappeared in a static
muscle equivalent phantom three seconds after the microwave power had been shut off. By using a
pulsed microwave irradiation technique, the influence of the electromagnetic field perturbation on
the temperature signals thus could be minimized (Nilsson et al 1982, Nilsson 1984). This principle
of pulsed irradiation in periods of 15-20 seconds, interrupted by a pause of 2-3 seconds for
temperature readings, has been the rule for the thermometry used in our clinical sfdies (paper
I-V).

By use of an amplifier the thermistor probes are connected to an analogue-to-digital
converter (ADC) which is interfaced with a computer. Compared to other temperature reading
systems thermistor probes require less complex electronic equipment. Analogue multiplexing
technique can be used, whi^h allows for simple and rapid scanning of the probes in a multi-probe
system. Thermistors are chaiicterized by a short response time and good thermometric accuracy
and stability. No reference ttmperature source is needed, as is the case, for example with
thermocouples (Nilsson iV#4). Thermistors are also comparatively thin and thus convenient for the
patient at the insertion. They are also comparatively cheap.
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Since 1984 multiple sensor thermistor probes (Lund Science AB, Lund, Sweden) have been
incorporated to the temperature-reading unit used in this clinical study (Paper II, IV and V). These
probes have three thermistor beads and are teflon coated with an outer diameter of approximately
0.7 mm.

C. Non-perturbing probes

Temperature perturbation can be minimized by using leads with a high resistivity. Several
non-perturbing probes have been described and used in different commercial systems. A thermistor
sensor with high-resistance plastic leads containing graphite (Bowman 1976) is used in the
BSD-100 hyperthermia system (BSD Medical, Inc., Salt Lake City, Utah, U.S.A). A major
drawback of this probe is its large diameter, roughly 1 mm, used together with a closed-end
catheter with an outer diameter of 2 mm for insertion into the tissue.

Optical fibres provide a technique by which information can be passed along a
non-conducting pathway, thus avoiding many of the problems inherent in temperature
measurement in electromagnetic fields (Paliwal 1987). The optical probes measure changes in
some temperature-dependent interaction with light. Several probes, based on these non-conducting
optical fibre leads, but with different sensors, have been invented. Thus, a liquid crystal sensor
(Rozzell et al 1974), a birefringent sensor of LiNbO3 (Cetas 1977), a fluorescent-type sensor made
of two phosphorus (Wickersheim and Alves 1979) and a semiconductor crystal, gallium-arsenide
(GaAs) as a temperature sensor (Christensen 1977), have been described. This last tyre of probe is
used in the Clini-Therm hyperthermia system (Clini-Therm Corporation, Dallas U.S.A). The
liquid crystal probe (RAMAL, U.S.A), 2 mm in diameter, and the fluorescent \ hosphor probe
(LUXTRON 1000B, LUXTRON, Mountain View, Calif., U.S.A) are both available as single
sensor probes. These types of probes are, however, not very practical in clinical situations, where
probes with multiple sensors, diminishing the number of insertion points, are preferred.

Multichannel systems with non-perturbing multisensor probes have now been available for
some years. For example, multi-GaAs-sensors as a linear array with up to 8 sensor points in one
probe with an outer diameter of only 1.1 mm (Thermosentry 1200) are supplied by Clini-Therm
Corporation (Paliwal 1987). Probes with multiple fluorescent phosphor sensors (Model 2000
Multichannel Fluoroptic Thermometer) or multiple thermistor sensors with high-resistance leads
(BSD-200) are available from LUXTRON and BSD Medical Incorporated, respectively. All these
multichannel units are, however, still rather expensive. The interaction of these so called
non-perturbing probes with electromagnetic fields is considerably less than that of thermocouples
and conventional thermistors but none of them is really totally non perturbing. A perfect
temperature probe should have the same dielectrical properties as the tissue it is inserted into
(Hochuli 1981, Nilsson 1984).

8.2.3.3. Non-invasive Thermometry

The patient burden associated with the insertion of the probes and the general problem of their
orientation should be solved if a proper non-invasive thermometry system is to be used. Several
non-invasive systems have been suggested, most of them still under development. The following
examples are very briefly reviewed below:

• Microwave multi-frequency vadiometry is a system which in principle measures the
black body noise radiated into a surface applicator (Overgaard and Bach Andersen
1990).
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• Ultrasound may be used following the principle that sound velocity in living tissue
is dependent on tissue temperature (Christensen 1983, Cetas 1985).

• Computerized tomography (CT) for thermometry in vivo exploits the fact that
CT-numbers are temperature dependent (Bentzen and Overgaard 1984).

• Nuclear Magnetic Resonance (NMR) is interesting since the relaxation times Tl and
T2 are dependent on tissue temperature (Cetas 1985, Le Bihan et al 1989).

• Electrical impedance tomography (EFT) uses the phenomenon that conductivity
changes with tissue temperature. It is possible to some extent to make an image of
conductivity distribution during a hyperthermia treatment by low-frequency current
from the surface into the depth and measure the potential deposition on the surface
(Overgaard and Bach Andersen 1990, Blad et al 1991).

All the non-invasive thermometry systems suggested are, however, still under development.
Only the future will show whether these systems can make any substantial contribution to the
advancement of hyperthermia (Overgaard and Bach Andersen 1990), not the least from the
practical point of view. Non-invasive thermometry is not to be used alone for hyperthermia
protocols of today (Cetas and van Rhoon 1991).
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8.3. Appendix 3: Quality Assurance on the Thermometry System

In collaboration with LARS WEBER, Dept of Radiation Physics, Lund University, who has made
the laboratory-work.

8.3.1. Introduction

It is of great importance for the patients and for the analysis of the treatment effects that the
performance of the thermometry is well known. During recent years world-wide interest in quality
assurance in hyperthermia has been emphasised through the Quality Assurance Protocols of HPC
1986 and E.S.H.O 1987 (Shivastava et al 1988, Hand et al 1989). Following the principles of these
protocols quality assurance measurements of thermometry have been made (Weber 1988) on the
Lund Buchler Hyperthermia System 4010, the equipment mainly used for hyperthermia treatment
in this study.

Com

HYPERTHERMIA SY

puter
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Microwave
Generator
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Applicator

Water Bolus

Probes

Figure 13. Block diagram of the Lund Buchler Hypothermia System 4010.

The different parts of the system, controlled by a Data General desktop computer, are shown
as a block diagram in Figure 13. Details have been described elsewhere (Nilsson et al 1982,
Nilsson and Persson 1985) and are also found in paper II.
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8.3.3. Quality Assurance Results

The acceptability criteria for temperature measurements (Shrivastava et al 1988) are presented in
Table 11. For determination of the accuracy of temperature readings, data points for 102
thermometer intercomparisons have been acquired. The distribution of all temperature points are
shown in Figure 14. The mean temperature deviation was close to 0.00°C with a standard deviation
of 0.06°C. Thus, all probes had errors far less than the acceptability criterion of ± 0.2°C.

The individual performance for a single probe of each type is shown in Figure 15, while
Figure 16 presents the performance for one of the multisensor probes. As shown in the figures they
all have an acceptable performance in the range of 30-50°C. The precision of the system for all
available probes showed no significant inaccuracies. In fact, several probes had a standard
deviation less than 0.05° C.

The stability, measured in a water bath at 41.0° C, showed a maximum drift of 0.07 °C over
90 minutes for all types of thermistor probes. The best probe showed a drift of only 0.03° C during
the same period of time. There were no significant differences between the single and the
multisensor probes, nor between the two different types of single probes. Thus, the acceptability
criterion of 0.1 °C/h was fulfilled for all probes.

Thermistor probe: Mode! 511 Thermistor probe: T1

o
o»
v
•o

-0.1 -

Figure 15. Temperature deviations in the interval 30 - 50 °C for a Model 511 (left) and a Tl (right)
single probe thermistor.

The response times, only measured for the single probes were found to be in the range of
0.4- 1.9 s for the bare probes and 1.4 - 3.^ s for those placed in a catheter. The acceptability
criterion of < 10 s is thus well fulfilled.
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8.3.2. Quality Assurance Performance

For temperature measurements this system uses two kinds of teflon-coated probes; a single
thermistor probe or a multisensor thermistor probe. The latter contains three sensors linearly
separated with a distance of 1 cm. The temperatures are recorded every 15th seconds with a
resolution of 0.01 °C and presented on a monitor as well as stored on a hard-disk for later analysis.
Six single probes (four T, Lund Science AB, Sweden and two Model 511 Yellow Springs Inc.
U.S.A.) and two multisensor probes (T3 Lund Science AB, Sweden) were available for control.
Temperature readings were obtained with the thermistors in a water bath (MS. Messgeräte-Werk
Lauda, F.R. Germany). This was stable and accurate to better than 0.01 °C over a period of five
minutes covering the temperature range 30 - 50°C. The temperatures measured with the
thermistors were compared with those from a highly sensitive mercury thermistor with a fractional
division of 0.01 °C and a factory calibrated accuracy of 0.02 °C.

The criteria for the measured parameters of accuracy, precision, stability and response time
mainly followed the principles of the hyperthermia quality assurance protocols of HPC and
E.S.H.O. (Shrivastava et al 1988, Hand et al 1989). The criterion of precision was, however,
measured with a time interval of 15 seconds instead of 10 seconds as indicated by HPC. The reason
for this was that the Lund Buchler Hyperthermia System 4010 uses this interval between the
temperature readings in the program used for clinical treatments. The criterion of stability was also
performed under slightly different circumstances as the measurements were carried out at 41.0 °C
instead of 42.5 °C as recommended by the HPC protocol.

All thermistor probes
60
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0 0.1
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Figure 14. Frequency distribution of temperature deviations, Tj-
for temperatures 30 < T, ,^ 50 °C.

for all thermistor probes tested in
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Table 11: Acceptability criteria according to

Parameter

Accuracy 30-50 °C

Precision reproducibility of ten successive readings

Stability over 1-3 h

Response time

Probe diameter

HPC and ESHO

HPS's criteria

± 0.2 °C

Std.dev.<0.1 °C

0.1 °C7h

95 % of stepchange within 10 s

< 1.2 mm

ESHO's criteria

± 0.2 °C

no criteria

0.2 °C over a treatment

no criteria

as small as possible

0 "\

0.2
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Figure 16. Temperature deviations in the interval 30 - 50 °C for a T, multisensor thermistor probe.
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There was a difference in the response time between the two different types of single
thermistor probes (Table 12). The shorter time required to heat the Model 511 sensor reflects the
smaller volume for this sensor compared to the T, sensor.

Table 12:

Probe

Tl

Model 511

Mean response time for single probes

No of probes

4

2

Mean response time, bare probes
(s)

1.7

0.5

Std dev
(s)

0.24

0.04

Mean response time with cr, Jieler
(s)

3.1

1.6

Stdde
(s)

0.33

0.25

The probe diameter of both single and multisensor probes from Lund Science AB varied
between 0.77-0.81 mm. The two probes from Yellow Springs Inc. had a diameter of 0.43 and 0.46
mm, respectively. Thus, all probes were acceptable with a good margin to the thickness criterion in
Table 11.

8.3.4. Conclusions on Quality Assurance

The ATS 100 thermometry system of Lund Buckler Hyperthermia System 4010 was evaluated
concerning accuracy, precision, stability, response time and probe diameter, all according to HPC
and E.S.H.O. quality assurance criteria. All tests showed that the thermometry system is very well
suited for temperature measurements. The data of all the thermistor probes showed a satisfactory
margin to the upper limit stated by the HPC and E.S.H.O. protocols for the evaluated parameters.

The conclusion of Shrivastava et al (1988) "that although the technology used with each
thermometer system was capable of producing a temperature accuracy of ± 0.2°C, this accuracy
was clinically achievable only with a concerted effort and a constant alertness on the part of the
investigator" is fully supported by our experience.

85



9. Acknowledgement

I wish to express my sincere gratitude to:

• Torsten Landberg, head of the Dept. of Oncology, Malmö, my tutor, who
introduced me to the field of hyperthermia with a great enthusiasm and support I
never will forget.

• Elisabeth Kjellén, Dept. of Oncology and Per Nilsson, Dept. of Radiation Physics,
Lund, my closest co-workers in the hyperthermia team for their extended, fruitful
collaboration and friendship through the years.

• Dick Killander, Prof, of the Dept. of Oncology and Bertil Persson, Prof of the Dept.
of Radiation Physics, Lund, for their interest in the project and encouraging words
when most needed.

• Sören Mattsson, Prof. of the Dept. of Radiation Physics, Malmö, who kindly and
decidedly advised me with a lot of good suggestions in the final composition of the
manuscript.

• Elsa Jönsson and Marianne Eriksson nurses of the Depts. of Oncology in Malmö
and Lund, respectively, for their skilful care of the patients as well as of me, and for
many other necessary and near things so important in a project like this.

• To those who took over when Elsa and Marianne had to go for holiday I am also
indebted.

• Inger Svensson, secretary of the Dept. of Oncology, Malmö, who (re)produced the
manuscript and actually wrote the book.

• Tommy Knöös, Dept. of Radiation Physics, Malmö, who contributed to one of the
papers, gave technical assistance and in the final also gave my book a more
accessible lay-out with his fantastic computer; all with his good feeling for help and
support.

• Lars Weber, Dept. of Radiation Physics, Lund, who made the quality assurance
check of the thermometry system and who also assisted technically at other
occasions. Such an assistance was also given by Sven Hertzman, Dept. of Radiation
Physics of Lund and Göteborg.

• Nils-Erik Augustsson, Dept. of Radiation Physics, Malmö, who once upon a time
learned me the practical grounds of radiotherapy.

• A lot of other physicists at the Depts. of Radiation Physics of Malmö and Lund for
their interest and participation when technically necessary.

• Sally Hill, CRC Gray Laboratory, Mount Vernon Hospital, Northwood, Middlesex,
U.K., Otto Ljungberg, Dept. of Pathology, Malmö, and Kristianstad, and Lars
Andreasson, Dept. of Otorhinolaryngology, Malmö, for their skilful contributions to
the papers.

86



* Harald Andersson, Southern Swedish Regional Tumour Registry and Pär-Ola
Olsson, Dept. of Statistics, Lund University, for their consultative help with the
statistics, and to Per Nilsson who actually performed the statistical analyses.

* A lot of colleagues all over Sweden who with great interest took part and found the
patients indicated for the new treatment modality.

* My nice colleagues and the lovely staff at the Depts. of Oncology and Radiation
Physics in Malmö, who patiently have taken care of all the other medical problems I
should have cared for but had to leave when the thesis stroke its claws into my body.
A special thank to all of you for all the chats and jokes during the way which made
it easier to go.

Last, BUT DEFINITELY NOT LEAST, my wife, Karin, my child M Björn, Kristina, Anna and
Martin, also the dog Husman, who is in his heaven (he couldn't v >'.< any longer), the cat Igor (he
still likes to wait) and the rest of my family and friends for ^s comfort (they have all been
waiting!).

Financial support for this work have mainly .-*en received from:

Cancerfonden, John and Augusta Perssons stiftelse för vetenskaplig medicinsk forskning, Gunnar
Nilsson Cancer Research Trust Found, Allmänna sjukhusets i Malmö stiftelse för bekämpande av
cancer, Malmö stad, Lund Science AB, and Berta Kamprads fond för cancerforskning.

Byta ett ord eller två
gjorde det lätt att gå.
Alla människors möte
borde vara så.

Hjalmar Gullberg

87



10. References
Abe, M., Hiraoka, M., Takahashi, M., Egawa, S., Matsuda, C , Onoyama, Y., Morita, K., Kakehi, M., and Sugahara,

T., 1986, Multi-institutional studies on hyperthermia using an 8-MHz radiofrequency capacitive heating device
(Thermotron RF-8) in combination with radiation for cancer therapy. Cancer, 58,1589-1595.

Acker, J.C., Dewhirst, M.W., Honoré, G.M., Samulski, T.V., Tucker, J.A., and Oleson, J.R., 1990, Blood perfusion
measurements in human tumours: evaluation of laser Doppler methods. Int. J. Hyperthermia, 6,287-304.

Amichetti, M., Valdagni, M., Graiff, C , and Valentini, A., 1991, Localregional recurrences of breast cancer:
treatment with radiation therapy and local microwave hypcrthermia. Am. J. Clin. Oncol., 14,60-65.

Andersen, J.B., Baun, A.A., Harmark, K., Heinzl, L., Raskmark, P., and Overgaard, J., 1984, A hyperthermia system
using a new type of inductive applicator. IEEE Transaction on Biomedical Engineering, BME31,1,21-27.

Andersson, R.L., Lunec, J., and Cress well, S.R., 1985, Cholesterol content and heat sensitivity of nine mammalian
cell lines. Int. J. Hyperthermia, 1,337-347.

Andersson, R.L., Tao, T.-W., and Hahn, G.M., 1984, Cholestrol: Phospholipid ratios decrease in heat resistant
variants of B16 melanoma cells. Hyperthermic Oncology Vol, 1, Summary Papers, edited by J. Overgaard
(London and Philadelphia: Taylor & Francis) pp. 123-126.

Andrews, J.R., 1978, The Radiobiology of Human Cancer Radiotherapy, Second Edition. (University Park Press,
Baltimore).

Arcangeli, G., Arcangeli, G., Guerra, A., Lovisolo, G., Cividalli, A., Marino, C , and Mauro, F., 1985, Tumour
response to heat and radiation: prognostic variables in the treatment of neck node metastases from head and
neck cancer. Int. J. Hyperthermia, 1,207-217.

Arcangeli, G., Cividalli, A., Nervi, C , Creton, G., Lovisolo, G., and Maura, F., 1983, Tumor control and therapeutic
gain with different schedules of combined radiotherapy and local external hyperthermia in human cancer. Int.
J. Radiation Oncology Biol. Phys., 9, 1125-1134.

Arcangeli, G., Nervi, C , Cividalli, A., Lovisolo, G.A., and Mauro, F., 1984a, The clinical use of experimental
parameters to cvaluatae the response to combined heat (HT) and radiation (RT). Hyperthermic Oncology 1984,
Vol. 1, Summary papers, edited by J. Overgaard (London and Philadelphia; Taylor & Francis) pp. 329-332.

Arcangeli, G., Nervi, C , Cividalli, A., Lovisolo, G.A., 1984b, Problem of sequence and frctionation in the clinical
application of combined heat and radiation. Cancer Research 44 (Suppl), 48574863.

Armour, E.P., Li, G.C., and Hahn, G.M., 1985, Effects of the proliferation on the decay of thermotolerance in
Chinese hamster ovary cells. Rad. Res., 103,351-362.

Arrhenius, S., 1889, Zeitschrift fur Physicalische Chemie, Bd. IV, p 226.
Ashby, B.S., 1966, pH studies in human malignant tumors. Lancet, 2,312-315.
Astrahan, M.A., Sapozink, M.D., Cohen, D., Luxton, G., Kampp, T.D., Boyd, S., and Petrovich, Z., 1989a,

Microwave applicator for transurethral hypcrthermia of benign prostatic hyperplasia. Int. J. Hyperthermia, 5,
283-296.

Astrahan, M.A., Sapozink, M.D., Luxton, G., Kampp, T.D., and Petrovich, Z., 1989b, A technique for combining
microwave hyperthermia with intraluminal brachytherapy of the oesophagus. Int. J. Hypothermia, 5,37-51.

Belli, J.A., and Bonte, F.J., 1963, Influence of temperature on the radiation response of mammalian cells in tissue
culture. Rad Res, 18,272-276.

Belli, J.A., Dicus, G.J., and Bonte, F.J., 1967, Radiation response of mammalian tumor cells. I. Repair of sublethal
damage in vivo. J Natl Cancer Inst, 38,673-682.

Ben-Hur, E., Elkind, M.M., and Bronk, B.V., 1974, Thermally enhanced radioresponse of cultured Chinese hamster
cells: Inhibition of repair of sublethal damage and enhancement of lethal damage. Rad. Res., 58,38-51.

Berg-Block, A.E., van den, and Reinhlod, M.S., 1984, Time-Temperature relationship for hyperthermia induced
stoppage of the microcirculation in tumours. Int. J. Radial. Oncol. Biol. Phys., 10,737-740.

Bhuyan, B.K., 1979, Kinetics of Cell Kill by Hyperthermia. Cancer Res. 39,2277-2284.
Bicher, H.I., and Mitagvaria, N., 1981, Circulatory responses of malignant tumors during hyperthermia. Microvasc.

Res., 21,19-26.
Bicher, H.I., Wolfstein, R.S., Lewinsky, B.S., Frey, H.S., and Fingerhut, A.G., 1986, Microwave hyperthermia as an

adjunct to radiation therapy: summary experience of 256 multifractionation treatment cases. Int. J. Radiation
Oncology Biol. Phys., 12,1667-1671.

Blad, B., Bertenstam, L., Persson B.R.R., and Holmer, N.G., 1991, EIT: A non-invasive imaging system for
temperature monitoring Acta Radiologica, 32, Fasc. 1, pp 85-87.



Boon-Niermeijer, E.K., Tuyl, M., and van de Scheur, H., 1986, Evidence for two states of thermotolerance. Inl. J. of
Hyperthermia, 2,93-105.

Bowden, G.T., Kasunic, M., and Cress, A.E., 1982, Thermal enhancement of X-ray-induced DNA crosslinking. Rad.
Res., 89,203-208.

Bowman, R.R., 1976, A probe for measuring temperature in radiofrequency heated material. IEEE Trans. Microw.
Theory. Techn. MTT-24,43-45.

Bowman, H.F., 1981, Heat transfer and Thermal dosimetry.J. of Microwave Power, 16,121-
Breastcd, J.H., 1930, The Edwin Smith Surgical Papyrus, Chicago. In Therapeutic heat and cold, 2nd edn, edited by

S. Licht (Waverly Press, Inc.) p. 1%.
Brezovich, I., and Atkinson, W., 1984, Temperature distributions in tumor models elevated by self-regulating

nickel-copper alloy thermoseeds. Medical Physics, 11,145-152.
Brezovich, I.A., Lilly, M.B., Meredith, R.F., Weppelmann, B., Henderson, R.A., Brawner Jr, W., and Sailer, M.M.,

1990, Hyperthermia of pet animal tumours with self-regulating ferromagnetic thermoseeds. Int. J.
Hyperthermia, 6,117-130.

Brezovich, I.A., Meredith, R.F., Henderson, R.A., Brawner, W.R., Weppelman, B., and Sailer, M.M., 1989,
Hyperthermia with waterperfused catheters. Hyperthermic Oncology, 1988, Vol. 1, Summary Papers, edited by
T. Sugahara and M. Saito (London, New York, Philadelphia: Taylor and Francis) pp. 809-810.

Bruns, P., 1888, Die Heilwirkung des Erysipels auf Geschwulste. Beitr. z. Klin. Chir., 3,443-466. (In German).
Burdctte, E.C., and Goss, S.A., 1987, Technical developments in ultrasound-induced hyperthermia. Syllabus: A

categorial course in radiation therapy hyperthermia, edited by R.A. Sleeves and B.R. Paliwal, R.S.N.A., pp.
139-149.

Burgess, E. A., and Sylvén, B., 1962, Changes in glucose and lactate content of ascites fluid and blood plasma during
growth and decay of the ELD ascites tumor. Br. J. of Cancer, 16,298-305.

Busch, W., 1866, Uber den Einfluss welchen heftigere Erysipeln zuweilen auf organisiertc Neubildungen ausuben.
Verhandlungen das naturhistorischen Vereins der preussischen Rheinlande und Westphalens, 23,28-33. (In
German).

Cain, C.A., and Umcmura, S.I., 1989, Problems and prospects for ultrasound techniques in hyperthermia.
Hypcrthcrmic Oncology, Vol. 2, Special plenary lectures, plenary lectures and symposium and workshop
summaries, edited by T. Sugahara and M. Saito (London-New York-Philadelphia; Taylor & Francis) pp.
766-769.

Caldcrwood, S.K., and Hahn, G.M., 1983, Thermal sensitivity and resislanse of insuliln-receptor binding.
Biochemica et Biophysica Acta, 756, 1-8.

Carnochan, P., Dickinson, R.J., and Joiner, M.C., 1986, The practical use of thermocouples for temperature
measurement in clinical hyperthermia. Int. J. of Hyperthermia, 2, 1-19.

Cataland, S., Cohen, C , and Sapirstein, L.A., 1962, Relationship between size and perfusion rate of transplanted
Tumors. J. Nat. Cancer Inst., 29, 389-394

Catlcrall, M., Sutherland, L., and Bewley, D.K., 1975, First results of a randomized clinical trial of fast neutrons
compared with X-rays or gamma rays in treatment of adwanced tumours of head and neck. Br. Med. J., 2,
653-656.

Cavalieri, R., Ciocaltor, E.C., Giovanella, B.C., Heidelberger, C , Johnson, R.O., Margottini, M., Mondovi, B.,
Monica, G. and Rossi- Fanelli, A., 1967, Selective heat sensitivity of cancercells; Biochemical and clinical
studies. Cancer 20,1351-1381.

Cctas, T.C., 1977, A birefringent crystal optical thermometer for measurements in clcctromagnetically induced
heating. In Biological effects of electromagnetic waves, Vol. 2. Ed. by C.C. Hohnson and M.L. Shore. U.S.
Dept. of Health, Education and Welfare, Publication no (FDA) 77-8011, (Rockville, Md.) p. 338.

Cetas, T.C., 1985, Thermometry and thermal dosimetry. Hyperthermic Oncology 1984, Vol. 2. Ed. by J. Overgaard
(London, Philadelphia: Taylor & Francis) pp. 91-112.

Cctas, T.C., 1989, Hyperthermic phisics: 1988. Hyperthermic Oncology 1988, Vol. 2. Ed. by T. Shugahara and M.
Saito (London-New York-Philadelphia; Taylor & Francis) pp. 24-29.

Cetas, T.C., and van Rhoon, G., 1991, Thermometry: Summary, COMAC-BME workshop on quality assurance for
EM hyperthermia. Sabaudia, Latina, Italy, Sept. 20-22 1990. In COMAC-BME Hyperthermia Bulletin no 5.
Ed. J. van Dijk et al, Amsterdam, The Netherlands.

Christcnscn, D. A., 1977, A new nonperturbing temperature probe using semiconductor band edge shift. J. of
Biocngincering, 1,541-545.

89



Chrislensen, D.A., 1983, Thermometry and Thcrmography. Hyperthermia in Cancer Therapy. Ed. by F.K. Storm,
(G.K. Hall Medical Publishers: Boston, Massachusetts) pp. 223-232.

Chu, G.L, and Dewcy, W.C., 1988, The role of low intracellular or extracellular pH in sensitization of hyperthermia.
Rad. Res., 114,154-167.

Churchill-Davidsson, I., Metiers, J.S., Foster, C.A., and Bates, T.D., 1973, The management of cervical lymph node
metaslases by hyperbaric oxygen and radiotherapy. Clin. Radio!., 24,498-501.

Clark, E.P., Dewey, W.C., and Lett, J.T., 1981, Recovery of CHO cells from hyperthermia potentiation to X-rays:
Repair of DNA and chromatin. Rad. Res., 85,302-313.

Cohnheim, J., 1873, Neue Untersuchungen iiber die Entziindung (Verlag von August Hirschwald, 68, Unter den
Linden, Berlin) pp. 52-85..

Coleman, C.N., 1985, Hypoxic cell radiosensilizers: expectations and progress in drup development. Int. J. Radiation
Oncology Biol. Phys., 11,323-329.

Coley, W.B., 1893, The treatment of malignant tumors by repeated inoculations of erysipelas with a report of ten
original cases. Amer. J. Med. Sci., 105,487-507.

Coley, W.B., 18%, The therapeutic value of the mixed toxins of the streptococcus of erysipelas and Bacillus
prodigeosus in the treatment of inoperable malignant tumors. Amer. J. Med. Sci. 112,251 -.80.

Conner, W.G., Gemer, E.W., Miller, R.C., and Boone, M.L.M., 1977, Prospects for hyperthermia in human cancer
therapy. Radiology, 123,497-503.

Corry, P.M., Barlogie, B., Tilchen, E.J., and Armour, E.P., 1982, Ultrasound-induced hyperthermia for the treatment
of human superficial tumors. Int. J. Radiation Oncology Biol Phys, 8,1225-1229.

Corry, P.M., and Kanai, H., 1989, Techniques in ultrasound heatings. Symposium summary. Hyperthermic Oncology
1988, Vol.2. Special plenary lectures, plenary lectures and symposium and workshop summaries, edited by T.
Sugahara and M. Saito (London-New York-Philadelphia; Taylor & Francis) pp. 656-657.

Corry, P.M., Robinson, S., and Getz, S.; 1977, Hyperthermic effects on DNA repair mechanisms. Radiology, 123,
475-482.

Coss, R.A., Dewey, W.C., and Bamburg, J.R., 1982, Effects of hyperthermia on dividing Chinese hamster ovary
cells and on microtubules in vitro. Cancer Research, 42,1059-1071.

Cosset, J.M., Dutreix, J., Haie, C , Gerbulet, A., Janoray, P., and Dewar, J.A., 1985, Interstitial thermoradiotherapy:
a technical and clinical study of 29 implantations performed at the institut Gustave- Roussy. Int. J.
Hyperthermia, 1,3-13.

Cress, A.E., and Gerner, E.W., 1980, Cholestrol inversely reflect the thermal sensitivity of mammalian cells in
culture. Nature, 283,677-679.

Crile, G., 1963, The effects of heat and radiation on cancers implanted on the feet of mice. Cancer Research, 23,
372-380. Crockett, A.T., Kazmin, M., Nakamura, R., 1967, Enhancement of regional bladder megavoltage
irradiation in bladder cancer using local bladder hyperthermia. J. of Urology, 97,1034-1037.

Dales, S., 1960, Effects of anaerobiosis on the rates of multiplication of mammalian cells cultured in vitro. Can. J.
Biochem. Physial., 38,871-876.

Datta, N.R., Bose, A.K., Kapoor, H.K., 1987, Thermoradiotherapy in the management of caracinoma cervix (Stage
IIIB): A controlled clinical study. Indian Medical Gazette, 121,68-71.

Dalta, N.R., Bose, A.K., Kapoor, H.K., and Gupta, S., 1990, Head and neck cancers: results of thermoradioiherapy
versus radiotherapy. Int. J. Hyperthermia, 6,479-486.

De Vita, V., 1983, Progress in cancer management: Keynote address, Cancer, 51,2401-2409.
de Lccuw, A.A.C., and Lagendijk, J.J.W., 1987, Design of a clinical deep-body hyperthermia system based on the

'co-axial TEM' applicator. International J. of Hyperthermia, 3,413-421.
De Ford, J.A., Babbs, C.F., Patel, U.H., Feamot, N.E., Marchosky, J.A:, and Morän, C.J., 1990, Accuracy and

precision of computer-simulated tissue temperatures in individual human iniracranial tumours treated with
interstitial hyperthermia. Int. J. Hyperthermia, 4,755-770.

Dethlefsen, L.A., and Dewey, W.C., (Eds) 1982, Third international symposium: Cancer therapy by hyperthermia,
drugs and radiation. Colorado State University, Fort Collins, Colorado, June 22-26,1980. National Cancer
Inst. Monogr.,61.

Dewcy, W.C., 1989, Mechanisms of thermal injury and thermal radiosensilization. Hyperthermic Oncology 1988,
Vo!, 2., Special plenary lectures, plenary lectures and workshop summaries. Edited by T. Sugahara and M
Saito (Taylor and Francis: London, New York, Philadelphia) pp.75-80.

Dewey, W.C., and Esch, J.L., 1982, Transient thermal tolerance: Cell killing and polymerase activities. Rad. Res.,
92,611-614.

90



Dcwcy, W C , Hopwood, L.E., Sapareto, S.A., and Gerweck, L.E., 1977, Cellular Response to Combinations of
Hyperlhcrmia and Radiation. Radiology, 123,463-474.

Dcwhirsi, M., Gross, JP., Sim, D., Arnold, P., and Boyer, D., 1984a, The effect of rate of heating or cooling prior to
heating on tumour and normal tissue microcirculalory bloodflow. Biorheology, 21,539-558.

Dcwhirst, M.W., and Sim, D.A., 1986, Estimation of therapeutic gain in clinical trials involving hyperthermia and
radiotherapy. Int. J. Hyperthermia, 2,165-178.

Dewhirst, M.W., Sim, D.A., Sapareto, S., and Connor, W.G., 1984b, Importance of minimum tumor temperature in
determining early and long term responses to heat and radiation. Cancer Research, 44,43-50.

Dickson, J.A., and Shah, D.M., 1972, The effects of hyperthermia (43°C) on the biochemistry and growth of a
malignant cell line. Eur. J. Cancer, 8,561-571.

Diederich, CJ., and Hynenen, K., 1989, Induction of hyperthermia using an intracavitary multielement ultrasound
applicator. IEEE Transaction on Biomedical Engineering, BME 36,432-438.

Dikomey, E., 1982, Effect of hyperthermia at 42 and 45°C on repair of radiation-induced DNA strand breaks i CHO
cells. Int. J. of Radiation Biology, 41,603-614.

Dikomey, E., Eikhoff and Jung, H., 1988, Effect of pH on development and decay of thermotolerance in CHO cells
using fractionated heating at 43°C. Int. J. of Hyperthermia, 4,555-565.

Dorlands Illustrated Medical Dictionary, 23rd Edition, W.B., Saunders Company, Philadelphia and London 1957.
Doyen, E., 1910, Traitment local des cancers accessibles par laction de la chaleur an-dessus de 55°. Paris.
Dudar, T.E., and Jain, R.K., 1984, Differential response of normal and tumor microcirculation to hyperthermia.

Cancer Res., 44,605-612.
Dunlop, P.R.C., Hand, J.W., Dickinson, R.J., and Field, S.B., 1986, An assessment of local hyperthermia in clinical

practice. Int. J. Hyperthermia, 2, 39-50.
Dunlop, P.R.C., and Howard, G.C.W., 1989, Has hyperthermia a place in cancer therapy? Clinical Radiology, 40,

76-82.
Durand, R.E., 1978, Potentiation of radiation lethality by hyperthermia in tumor model: Effects of sequence, degree,

and duration of heating. Int. J. Radiat. Oncol. Biol. Physics., 4,401-405.
Dutreix, A., Marinello, G., and Wambersie, A., 1982, Dosimetrie en Curietherapie (Paris: Masson).
Eddy, H.A., 1976, Microangiographic techniques in the study of normal and tumor tissue vascular systems.

Microvasc. Res., 11,391-413.
Eddy, H.A., 1980, Alterations in tumor microcircuiature during hyperthermia. Radiology, 137,515-521.
Eden, M, Haincs, B., and Kahlcr, H., 1955, The pH of rat tumours measured in vivo. J. Natl. Cancer Inst., 16,

541-556.
Egawa, S., Tsukiyama, I., Watanabe, S., Ohno, Y., Morita, K., Tominaga, S., Onoyama, Y., Hashimoto, S.,

Yanagawa, S., Uchara, S., Abe, M., Mochizucki, S., Sugiyama, A., and Inoue, T., 1989, A randomized clinical
trial of hypothermia and radiation versus radiation alone for superficially located cancers. J Jpn Soc Ther
Radiol Oncol, 1,135-140.

Elkind, M.M., Sutton-Gilbcrt, H., Moses, W.B., Alescio, T., and Swain, R.W., 1965, Radiation response of
mammalian cells in culture. V. Temperature dependence of the repair of X-ray damage in surviving cells
(aerobic and hyoxic). Rad. Res., 25,359-376.

Elkind, M.M., 1984, Repair processes in radiation biology. Rad. Res., 100,425-449.
Emami, B., Nussbaum, G.H., Hahn, N., Piro, A.J., Dritschilo, A., and Quimby, F., 1981, Histopathological study on

the effects of Hypcrthcrmia on microcircuiature. Int. J. Radiation Oncology, Biol., Phys., 7, 343-348.
Emami, B., Perez, C.A., Leybovich, L., Straube, W., and Vongerichten, D., 1987,1 ersiitial thermoradiotherapy in

treatment of mallignant tumours. Int. J. Hyperthermia, 3,107-118.
Emami, B., and Song, C.W., 1984, Physiological mechanisms in hyperthermia: A review. Int. J. Radiation Oncology

Biol. Phys., 10,289-295.
Endrich, B., Vogcs, J., Lehmann, A., 1984, The microcirculation of the amclanotic melanoma A-MEL-3 during

hypcrthcrmia. Hypcrthcrmic Oncology 1984, Vol. 1, Summary Papers, edited by J. Overgaaard (London,
Philadelphia: Taylor & Francis), pp. 137-140.

Endrich, B., Zwcifach, B.W., Reinhold, H.S., and Inlaglictta, M., 1979, Quantitative studies of microcirculatory
function in malignant tissue: influence of temperature on microvascular hemodynamics during the early
growth of the BA1112 rat sarcoma. Int. J. Radiat. Oncol. Biol. Phys., 5,2021-2030.

Field, S.B., 1987, Hyperthermia in the treatment of cancer. Phys. Med. Biol., 7,789-811.

91



Field, S.B., and Bleehen, N.M., 1979, Hyperthermia in the treatment of cancer. Cancer Treatment Reviews, 6,63-94.
Field, S.B., Hume, S.P., Law, MR, and Myers, R., 1977, The response of tissue to combined hyperthermia
and X-rays. Br. J. of Radiology, 50,129-134.

Field, S.B., and Morris, C.C., 1983, The relationship between heating time and temperature: its relevance to clinical
hypenhermia. Radiotherapy and Oncology. 1,179-186.

Field, S.B., and Morris, C.C., 1984, Application of the relationship between time and temperature for use as a
measure of thermal dose. Hyperthermic Oncology 1984, Vol. 1, Summary Papers, edited by J. Overgaard
(London, Philadelphia: Taylor and Francis), pp. 183-186.

Field, S.B., and Morris, C.C., 198S, Experimental studies of thermotolerance in vivo: I. The baby rat tail model. Int.
J. of Hyperthermia, 1,235-246.

Fowler, J J7., Adams, G.E., and Denekamp, J., 1976, Radiosensitizers of hypoxic cells in solid tumours. Cancer
Treatment Reviews, 3,227-256.

Freeman, M.L., 1982, Transient nature of thermotolerance. NCI Monograph, 61,275-278.
Freeman, M.L., and Malcom, A., 1985, Acid modification of thermal damage and its relationship to nutrient

availability. Int. J. Radial. Oncol. Biol. Phys., 11,1823-1826.
Gabriele, P., Orecchia, R., Ragona, R., Tseroni, V., and Sannazzari, G.L., 1990, Hyperthermia alone in the treatment

of recurrences of malignant tumors. Experience with 60 lesions. Cancer, 66,2191-2195.
Gautherie, M., El Akoum, H., Ayme, F., Fischer, L., Lauche, H., Methlin, A., Jung, G.M., 1989, External capacitive

radiofrequency hyperthermica: technical advances, phantom studies, clinical trials. Hyperthermic Oncology
1988, Vol. 2. Ed. by T. Shugahara and M. Saito (London-New York-Philadelphia; Taylor & Francis) pp.
700-702.

Gauthrie, M., 1989, Interstitial hyperthermia: State of the art and prospects. Hyperthermic Oncology. 1988, Vol. 2.
Ed. by T. Shugahara and M. Saito (London-New York-Philadelphia, Taylor & Francis) pp. 63-68.

Gerner, E.W., 1985, Definition of thermal dose. Biological isoeffect relationship and dose for temperature-induced
cytotoxicity. Hyperthcrmic Oncology 1984, Vol. 2, Review lectures, symposium summaries and worksho
summaries, edited by J. Overgaard (London and Philadelphia: Taylor & Francis) pp. 245-251.

Gemer, E.W., Lcith, J.T., and Boone, M.L.M., 1976, Mammalian cell survival response following irradiation with 4
MeV X-rays or accelerated helium ions combined with hyperthermia. Radiology, 119,715-720.

Orweck, L.E., and Burlett, P., 1978, The lack of correlation between heat and radiation sensitivity in mammalian
cells. Int. J. Radial. Oncol. Biol. Phys., 4,283-285. Gerweck, L.E., Dahlberg, W.K., and Greco, B., 1983,
Effect of pH on single or fractionated heat treatments at 42-45"C. Cancer Res., 43.1163-1167.

Gerweck, L.E., Gillette, E.L., and Dewey, W.C., 1974, Killing of Chinese hamster cells in vitro by heating under
hypoxic or aerobic conditions. Eur. J. Cancer, 10,691-693.

Gerweck, L.E., Nygaard, T.G., a\1 Burlett, M., 1979, Response of cells to hypenhermia under acute and chronic
hypoxic conditions. Canr f I eserach, 39,966-972.

Gerweck, L.E., Richards, B., .•• A ichaels, H.B., 1982, Influences of low pH on the development and decay of 42°C
thermotolerance in CF . HK. International J. of Radiation Oncology, Biology, Physics, 8 1935-1941.

Gerweck, L.E., and Rotting' '. , i >76, Enhencement of mammalian cells sensitivity to hyperthermia by pH
alterations. Radiation L , »7,508-511.

Giovanella, B.C., Stehlin, J 5 ai J Morgan, A.C., 1976, Selective lethal effect of supranormal temperature on
human neoplastic ce h •*> .icer Res., 36,3944-3950.

Goffinet, D.R., Prionas, S.0- / ipp, D.S., Samulski, TV., Fessenden, P., Hahn, G.M., Lee, E.R., Lohrbach, A.W.,
Mariscal, J.M., and &• snaw, M.A., 1990. Interstitial 192 Ir flexible catheter radiofrequency hypenhermia
treatments of head s neck and recurrent pelvic carcinomas. Int. J. Radat. Oncol. Biol. Phys. 18,199-210.

Gonzalez Gonzalez, D., \ i .)ijk, J.D.P., and Blank, L.E.C.M., and Riimke, Ph., 1986, Combined treatment with
radiation and hyper . rmia in metastatic malignant melanoma. Radiotherapy and Oncology, 6,105-113.

Gottlieb, C.F., Hagmann, \-1., Babij, T.M., Abitbol, A.A., Lewin, A.A., Houdek, P.V., and Schwade, J.G., 1990,
Interstitial microwat. hyperthermia applicators having submilimetre diameters. Int J. Hyperthermia, 6,
707-714.

Grunspan, VI., 1913, EssaK ie mensuration des temperatures reelles des tissus au cours de traitements par I'air chaud,
la diathermic ct l'ele*. .^J-coagulation. Revue de chirurgie, II, 585-589.

Gullino, P.M., 1975, Extracellular compartments of solid tumors. Cancer Vol. 3, edited by F.F. Becker. (Planum,
New York) pp. 317-354.

Gullino, P.M., Claark, S.H., and Grantham, S., 1964, The interstitial fluid of solid tumors. Cancer Res., 24,780-798.

92



Haaland, M., 1907-1909, In: C.Lcwm, Bösanige Geschwiilste bei Ratten und Mäusen, Zeitschr. f Kretsforsch., VI,
p. 304.

Hahn, E.W., Alfieri, A.A., and Kim, J.H., 1979, The significance of local tumor hyperthermia/radiation on the
production of disseminated disease. Int. J. Radiation Oncology Biol. Phys., 5,819-823.

Hahn, CM., 1974, Metabolic aspects of the role of hypothermia in mammalian cell inactivation and their possible
relevance to cancer treatment. Cancer Res., 34,3117-3123.

Hahn, CM., 1982, Hyperthermia and cancer Plenum Press, New York.
Hahn, CM., and Li, C O , 1982, Thcrmololcrancc and heat shock proteins in mammalian cells. Rad. Res., 92,

452-457.
Hahn, CM., and Shiu, E.C., 1985, Protein synthesis, ihermotolerencc and step-down heating. Int. J. of Radiation

Oncology, Biology and Physics, 11,159-164. Hahn, CM., and Shiu, E.C., 1986, Adaption to low pH modifies
thermal and thermo-chemical responses of mammalian ceils. Int. J. Hyperthermia, 2,379-387.

Hall, E.J., 1978, Radiobiology for the radiologist, Secon Edition (Harper and Row, Publishers, Inc., Hagerstown.)
Hall, EJ., Roizin-Towle, L., and Attix, F.H., 1975, Radiobiological studies with cyclotron-produced neutrons

currently used for radiotherapy. Int. J. Radial., Oncol., Biol., Phys., 1,33-40.
Hand, J.W., Lagendijk, J.J.W., Bach Anderson, J., and Bolomey, J.C., 1989, Quality assurance quidelines for ESHO

protocols. Int. J. of Hyperthermia, 5,421-428.
Hand, J.W., 1989, Heating techniques for clinical hyperthermia. Hyperthermic Oncology 1988, Vol. 2., Ed. by T.

Shugahara and M Sailo (London- New York-Philadelphia; Taylor & Francis) pp. 39-44.
Harisiadis, L., Hall, E.J., Kraijcvic, U., and Borek, C , 1975, Hyperthermia: biological studies at the cellular leval.

Radiology, 117,447-452.
Haveman, J., and Hahn, CM., 1981, The role of energy in hyperthermia- induced mammalian cell inactivation: A

study of the effects of glucose starvation and an uncoupler of oxidative phosphorylation. J. of Cell Physiology,
107,237-241.

Hcinzl, L., Homslclh, S.N., Raskmark, P., Bach Andersen, J., 1989, Electromagnetic applicators. Institut for
elcktroniske sysicmcr, Aalborg, Denmark (personal communication).

Henle, K.J., 1980, Scnsilizaiion to hyperthermia below 43°C induced in Chinese hamster ovary cells by step-down
heating. J. of the National Cancer Institute, 64,1479-1483.

Hcnlc, K.J., and Dcthlefscn, I .A., 1978, Heat fractionation and thermotolerance. A Review. Cancer Research, 38,
1843-1851.

Hcnle, K.J., and Dethlefsen, L.A., 1980, Time-Temperature relationships for heat-induced killing of mammalian
cells. Ann. of New York Academy of Sciences, 335,234-253.

Hcnle, K.J., and Let per, D.B., 1977, The modification of radiation damage in CHO cells by hyperthermia at 40 and
45°C. Rad. Res., 70,415-424.

Hcrbst, M., Seegcnschmicdt, M.H., and Kettner 1989, Thermal distributions using 13,56 MHz radiofrequency
capacitivc heating. Hyperthermic Oncology 1988, Vol. 2., Ed. T Shugahara and M. Sailo (London-New
York-Philadelphia; Taylor & Francis) pp. 695-697.

Hill S.A., and Denckamp, J., 1978, the effect of vascular occlusion on the thermal sensitization of a mouse tumour.
Br. J. Radiol., 51,997-1002.

Hill, S.A., and Denckamp, J., 1979, The response of six mouse tumours to combined heat and X-rays: imp!Nations
for therapy. Br. J. Radiol, 52,209-218.

Hill, S.A., and Denekamp, J., 1982, Histology as a method for determing thermal gradients in heated tumour. Brit. J.
Radiol., 55, 651-656.

Hill, S.A., Smith, K.A., and Denekamp, J., 1989, Reduced thermal sensitivity of the vasculature in a slowly growing
tumour. Int. J. Hyperlhermia, 5, 359-370.

Hiraoka, M, Jo, S., Dodo, Y, Ono, K., Takahashi, M., Nishida, H., and Abe, M., 1984, Clinical results of
radiofrequency hyperthermia combined with radiation in the treatment of radioresistent cancers. Cancer, 54,
2898-2904.

Hobson, B., and Denekamp, J., 1984, Endothelial proliferation in tumours and normal tissues: continous labelling
studies. Br. J. Cancer, 49,405-413.

Hochuli, C.U., 1981, Procedures for evaluating nonperturbing temperature probes in microwave fields. U.S. Dept. of
Health and Human Services, Publication no (FDA) 81-8143 (Rockville, Md).

Hofman, P., Lagendijk, J.J.W., and Schippcr, J., 1984, The combination of radiotherapy with hyperthermia in
protocolized clinical studies. Hypcrthermic Oncology 1984, Vol.1, Summary Papers, edited by J Overgaard.
(London, Philadelphia: Taylor & Francis), pp. 379-382.

93



Holahan, P.K., and Dewey, W.C., 1986, Effect of pH and cell cycle progression on development and decay of
thermotolerance. Rad. Res., 106,111-121.

Homback, N.B., Shupe, R.E., Shidnia, H., Joe, B.T., Sayoc, E., and Marshall, C , 1977, Preliminary clinical results
of combined 433 megahertz microwave therapy and radiation therapy on patients with advanced cancer.
Cancer, 40,2854-2863.

Hume, SP., and Field, S.B., 1978, Hypenhermia sensitization of mouse intestine to damage by X-rays: the effect of
sequence and temporal separation of the two treatments. Br. J. of Radiology, S1,302-307.

Hume, SP., and Marigold, J.C.L., 1987, The effect of step-down heating on mouse small intestinal mucosa. Int. J. of
Hypethermia, 3,153-165.

Hume, SP., Rogers, M.A., and Field, S.B., 1978, Heat induced thermal resistance and its relationship to lysosome
response. Int. J. Radial. Biol, 34,503-511.

Hynenen, K., and De Young, D., 1988, Temperature elevation at musclebone interface during scanned, focused
ultrasound hyperthermia. Int. J. Hyperthermia, 4,267-279.

Hynenen, K., Shimm, D., Anholt, D., Stea, B., Sykes, H., Cassady, J.R., and Roemer, R.B., 1990, Temperature
distributions during clinical scanned, focused ultrasound hyperthermia treatments. Int. J. of Kypeiihcrmia, 6,
891-908.

ICMH, International Consensus Meeting on Hyperthermia Castel Ivano, Trento, Italy, 2-6 May 1989, Final report
1990, guest editor R. Valdagni, Iniernational J. of Hyperthermia, 6,837-877.

Jähde, E., and Rajewsky, M.F., 1982, Sensitization of clonogenic malignant cells to hyperthermia by
glucosemediated, tumour-selective pH redution. J. of Cancer Research and Clinical Oncology, 104,23-30.

Johnson, F.H., Eyring, H., and Palissar, M., 1954, The Kinetic basis of Molecular Biology. (New York, Wiley).
Johnson, R.H., Preece, A.W., Hand, J.W., James, J.R., 1987, A new type of lightweight low-frequency

electromagnetic hyperthermia applicator. IEEE Transaction on Microwave Theroy and Techniques, MTT35,
12,1317-1321.

Jorritsma, J.B.M., and Konings, A.W.T., 1984, The occurrence of DNA strand breaks after hyperthermic treatments
of mammalian cells with and without radiation. Rad. Res., 98,198-208.

Jung, H., 1986, A generalized concept for cell killing by heat. Rad. Res., 106,56-79.
Jung, H., 1989, Step-down heating of CHO cells at 37,5-39°C. International J. of Hyperthermia, 5,665-673.
Kai, H., Matsufuji, H., Okudaira, Y. and Sugmachi, K., 1988, Heat, drugs and radiation givven in combination is

palliative for unresectable esephageal cancer. Int J Radiation Oncology Biol Phys, 14,1147-1152.
Kallinowski, F., and Vaupel, P., 1989, Factors govering hyperthermia-induced pH changes in Yoshida sarcomas. Int.

J. Hyperthermia, 5,641-652.
Kang, M.S., Song, C.W., and Levitt, S.H., 1980, Role of vascular function in response of tumors in vivo to

hyperthermia. Cancer Res. 40,1130-1135.
Kapp, D.S., 1986, Site and disease selection for hyperthermia clinical trials. Int. J. Hyperthermia, 2,2 139-156.
Kapp, D.S., Bagshaw, M.A., Meyer, J.L., Samulski, T.V., Fessenden, P., Lee E.B., and Lohrbach, A.W., 1985,

Optimization of hyperthcrmia and low dose irradiation in the treatment of superficial tumors: A prospective
randomized trial of 2 vs 6 heat treatments (Abst.) Thirty-third Annual meeting of the Rad. Res. Society, May
5-9,1985, Los Angeles, CA, pp. 29.

Kapp, D.S.. Cox, R.S, Fessenden, P., Bagshaw, M.A., Lee, E., Prionas, S.D., and Lochbach, A., 1988a, Parameters
predictive for complications of combined hyperthermia and radiation therapy. Proceedings of the ASTRO 30th
annual meeting. Int. J. Radiation Oncology Biol. Phys., 15 (Suppl. 1), 122-123.

Kapp, D.S., Fessenden, P., Samulski, T.V., Bagshaw, M.A., Cox, R.S., Lee, E.R., Lohrbach, A.W., Meyer, J.L., and
Prionas, S.D., 1988b, Stanford University institutional report. Phase I evaluaation of equipment for
hypcrthermic treatment of cancer. Int. J. Hyperthermia, 4,75-115.

Kapp, D.S., Lawrence, R., 1984, Therapeutic evaluation during brachytherapy for carcinoma of the uierina cervix:
adverse effect on survival and enhancement of distant metastasis. Int. J. Radiation Oncology, Biol. Phys. Vol
10,2281-2292.

Kapp, D.S., Petersen, I.A., Cox, R.S., Hahn, G.M., Fessenden, P., Prionas, S., Lee, E.R., Meyer, J.L., Samulski,
T.V., and Bagshaw, M.A., 1990, Two or six hyperthcrmia treatments as an adjunct to radiation therapy yield
similar tumor responses: results of a randomized trial. International J. of Radiation Oncology, 19,1481-1495.

Kase, K., and Hahn, G., 1975, Differential heat response of normal and transformed human cells in tissue culture.
Nature, 255,228-230.

Kato, H., Hiraoka, M., Nakajima, T., and Ishida, T., 1985, Deep-heating characteristics of an RF capacitive heating
device. Int. J. Hyperthcrmia, 1,15-28.

94



Keating-Hart, 1909, La fulgeration et ses resultats dans de Bailment du cancer daprés une statistique personelle de
247 cas. Éditeur A. Maloine Paris.

Kim, J.H., Hahn, E.W., and Ahmed, S.A., 1982, Combined hyperthermia and radiation therapy for malignant
melanoma. Cancer, 50,478-432.

Kim, S.H., Kim, J.H., and Hahn, E.W., 1975, The radiosensitization of hypoxic tumour cells by hyperthermia.
Radiology, 114,727-728.

Kim, J.H., Tokita, N., and Nisce, L.Z., 1977, Local tumour hyperthermia in combination with radiation therapy.
Cancer. 40,161-169.

Kjellén, E., Lindholm, C.-E., and Nilsson, P., 1989, Radiotherapy in combination with hyperthermia in recurrent or
metastatic mammary carcinoma. Hyperthermic Oncology 1988, Vol. 2., edited by T. Sugahara and M. Saito.
(London-New York-Philadelphia: Taylor & Francis) pp. 426-429.

Kortad, P., 1968, Intercapillary distance, oxygentension and local recurrence in cervix cancer. Sand. J. Clin. Lab.
Invest. 22,145-157.

Lagendijk, J.J.W., 1982, The influence of blood flow in large vessels on the temperature distribution in
hyperthermia. Phys. Med. Biol.,27,17-23.

Lagendijk, J.J.W., 1983, A new coaxial TEM radiofrcquency/microwave applicator for noninvasive deep-body
hyperthermia. J. of Microwave Power, 18,367-376.

Lambert, R.A., 1912, Demonstration of the greater susceptibility to heat of sarcoma cells, J. of Amer. Med. Ass.,
LIX, 2147-214C.

Laszlo, A., 1988, Evidence for two states of ihermotolerance in mammalian cells. Int. J. of Hyperthermia, 4,
513-526.

Law, M.P., 1979, Some effects of fractionation on the response of the mouse ear to combined heat and X-rays. Rad.
Res., 80,360-368.

Law, M.P., Ahier, R.G., and Field, S.B., 1977, The response of moouse skin to combined hyperthermia and X-rays.
Int. J. of Radiation Biology, 32,153-163.

Law, M.P., Ahier, R.G., and Field, S.B., 1978, The response of the mouse ear to heat applied alone and combined
with X-rays. Br. J. of Radiology, 51,132-138.

Law, M.P., Ahier, R.G., and Somaia, S. 1987, Thermotolerance induced by fractionated hyperthermia: Dependence
on the interval between fractions. Int. J. of Hyperthermia, 3,433-439.

Law, M.P., Ahier, R.G., Somaia, S., and Field. S.B., 1984, The induction of thermotolerance in the ear of the mouse
by fractionated hyperthermia. Int J. of Radiation Oncology, Biology, Physics, 10,865-873.

LcBihan, D., Delannoy, J., Levin, R.L., and Hoult, D.I., 1989, Temperature monitoring by molecular diffusion
imaging using a Combined Hyperthermia-Magnetic Resonance Imaging System. Hyperthermi Oncology 1988,
Vol. 1, Summary papers. Ed by T. Sugahara and M. Saito (London, New York, Philadelphia: Taylor &
Francis) pp. 659-660.

Leeper, D.B., 1985, Molecular and cellular mechanisms of hypothermia alone or combined with other modalities.
Hyperthermic Oncology 1984, Vol. 2, Review lectures, symposium summaries, and workshop summaries,
edited by J. Overgaard (London, Philadelphia: Taylor and Francis) pp. 9-40

Leith, J.T., Miller, R.C., Gerner, E.W., and Boonc, M.L.M., 1977, Hyperthermic potentiation. Biological Aspects
and Applications to Radiation Therapy. Cancer, 39,766-779.

Lele, P.P., Goddard, J., Bluter, M., 1987, Clinical results with scanned, iniensitymodulated, focused ultrasound
(SIMFU) system Syllabus: A categorial course in radiation therapy; hyperthermia, edited by R.A. Steeves and
B.R. Paliwal, R.S.N.A., pp 159-170.

Leopold, K.A., Harrclson, J., Prosnitz, L., Samulski, T.V., Dewhirst, M.W., and Oleson, J.R., 1989, Preoperative
hyperthermia and radiation for soft tissue sarcomas: advantage of two vs one hyperthermia treatment per week.
Int. J. Radiation Oncology Biol. Phys., 16,107-115.

Lepock, J.R., 1982, Involvement of membranes in cellular responses to hyperthermia. Rad. Res., 92,433-43»
Lcpock, J.R., Massicolte-Nolan, P., Rule, G.S., and Kruuv, J., 1981, lack of a correlation between hypertht. ;c cell

killing, ihermotolerance, and membrane lipid fluidity. Radiation Res., 87,300-313.
Li, G.C., Cameron, R.B., Sapareto, S.A., and Hahn, G.M., 1982, Reinterpretation of Arrhenius analysis of cell

inactivation by heat. National Cancer Institute Monograph, 61,111-113.
Li, G.C., Evans, R.G., and Hahn, G.M., 1976, Modification and inhibition of repair of potentially lethal X-ray

damage by hyperthermia. Rad. Res., 67,491-501.
Li, G.C., and Hahn, G.M., 1980, A proposed operational model of thermotolerance based on effects of nutrients and

the initial treatment temperature. Cancer Research, 40,4501-4508.

95



Li, G.C., and Mak, J.Y., 1989, Re-induction of hsp 70 synthesis: an assay for thermotolerance. Int. J. of
Hyperthermia, 5,389-403.

Lin, J.C., and Wang, Y.J., 1987, Interstitial microwave antennas for thermal therapy. Int. J. Hypothermia, 3,37-47.
Lin, P.S., Turi, A., Kwock, L., and Lu, R.C., 1982, Hyperthermia effect on microtubule organization. National

Cancer Institute Monograph, 61,57-60.
Lindegaard, J.C., and Overgaaard, J., 1987, Factors of importance for the development of the step-down heating

effect in C3H mammary carcinoma in vivo. Int. J. Hyperthermia, 3,79-91.
Lindegaard, J.C., and Overgaard, J., 1990, Step-down heating in a C3H mammary carcinoma in vivo: effects of

varying the time and tempeerature of the sensitizing treatment Int. J. Hyperthermia, 6,607-617.
Lindholm, C.-E., Kjellén, E., and Nilsson, P., 1989, Low dose radiotherapy with or without hyperthermia in

superficial human tumours with an evaluation of prognostic factors for tumour response. Hyperthermic
Oncology 1988, Vol. 2, Special plenary lectures, plenary lectures and symposium an workshop summaries,
edited by T. Sugahara and M. Saito (London-New York-Philadelphia:Taylor and Francis) pp. 618-620.

Liubrand, B., Edsmyr, F., and Révész, L., 1975, A Low dose-fractionation scheme for the radiotherapy of carcinoma
of the bladder experimental background and preliminary results. Bull. Cancer, 62,241-248.

Little, J.B., Hahn, CM., Frindel, E., and Tubiana, M., 1973, Repair of potentially lethal radiation damage in vitro
and in vivo. Radiology, 106,689-694.

Liversage, W.E., 1975, The advantages of low-dose rate. Proceedings. Br. Inst. Radiol., 48,948.
Luk, K.H., Pajak, T.F., Perez, C.A., Johnson, R J., Conner, N., and Dobbins, T., 1984a, Prognostic factors for tumor

response after hyperthermia and radiation. Hyperthermic Oncology 1984, Vol. 1, Summary papers, edited by J.
Overgaard (London and Philadelphia; Taylor & Francis) pp. 353-356.

Luk, K.H., Francis, M.E., Perez, C.A., and Johnson, R.J., 1984b, Combined radiation and hyperthermia: comparison
of two treatment schedules based on data from a registry established by the radiation therapy oncology group
(RTOG). Int J. Radiation Oncology Biol. Phys., 10,801-809.

Luk, K.H., Perser, P.R., Castro, J.R., Meyler, T.S., and Philops, T.L., 1981, Clinical experiences with local
microwave hyperthermia. Int. J. Radiation Oncology Biol. Phys., 7,615-619.

Manning, M.R., and Gemer, E., W., 1983, Interstitial thermoradiotherapy. Hyperthermia in cancer therapy. Ed. by
K. Storm (Boston, Massachusetts; G.K.H. Med. Publishers) pp. 467-477.

Mäntyiä, M.J., 1979, Regional blood flow in human tumors. Cancer Res., 39,2304-2306. Newman, W.H., Lele,
PP., and Bowman, H.F., 1990, Limitations and significance of thermal washout data obtained during
microwave and ultrasound hyperthermia. Int. J. Hyperthermia, 6,771-784.

Marchal, C , Bey, P., Hoffstetter, S. and Robert, J. 1986, Ultrasoud and microwave hyperthermia in the treatment of
superficial human cancerous tumors. In: Hyperthermia in cancer treatment Vol II (Eds Anghileri L.J., Robert
J.) pp. 211-265. CRC Press Inc, Boca Raton, Florida.

Marchal, C , Nadi, M., Hoffstetter, S., Bey, P., Pernot. M., and Prieur, G., 1989, Practical interstitial method of
heating operating at 27,12 MHz. Int. J. Hyperthermia, 5,451-466.

Marchand, F., 1908, AHgemeine Wirkung hoher Temperatur. Steigerung der Eigenwärme (Hyperthermie). Handbuch
d. allg. Pathologic I (Leipzig, Verlag von S. Hirzel) pp. 82-108.

Marigold, J.C.L., and Hume, S.P., 1989, Thermosensitization by step-down heating in mouse testis. Int. J. of
Hyperthermia, 5,371-376.

Marmor, J.B., Pound, D., and Hahn, G.M., 1982, Clinical studies with ultrasound induced hyperthermia. National
Cancer Institute Monograph, 61,333-337.

Marmor, J.B., Pound, D., Postic, T.B., and Hahn, G.M., 1979, Treatment of superficial human neoplasms by local
hyperthermia induced by ultrasound. Cancer, 43,188-197.

Masunaga, S., Hiraoka, M., Takahashi, M., Jo, S., Akuta, K., Nishimura, Y., Nagata, Y., and Abe, M., 1990, Clinical
results of thermoradiotherapy for locally advanced and/or recurrent breast cancercomparison of results with
radiotherapy alone. Int. J. Hyperthermia, 6,487-497.

Mendecki, J., Friedenthal, E., Botstein, C , Peglione, R., and Stcrzer, F., 1980, Microwave applicators for localized
hyperthcrmia treatment of cancer of the prostate. Int. J. of Radiation Oncology, Biology, Physics, 6,
1583-1588.

Meredith, J.W., 1967, Radium Dosage: the Manchester system (London: Livingstone)
Meyer, K.A., Kammerling, E.M., Amtman, L., Koller, M., and Hoffman, S.J., 1948. pH studies of malignant tissues

in human beings. Cancer Res., 8,513-518.
Milligan, A.J., 1986, Blood flow response in normal canine muscle during fractionated hyperthermia (abstr.) Int. J.

Radiat. Oncol. Biol. Phys., 12,182.

96



Mills, M.D., and Meyn, R.E., 1981, Effects of hyperthermia on repair of radiation-induced DNA strand breaks. Rad.
Res., 87,314-328.

Miichel, R.E.J., and Birnboim, H.C., 1985, Triggering of DNA strand breaks by 45*C hyperthermia and its influence
on the repair of gamma- radiation damage in human white blood cells. Cancer Research, 45,2040-2045.

Miltal, B., Emami, B., Sapareto. S.A., Taylor, G.H., and Abrath, F.G., 1984, Effects of sequencing of the total
course of combined hyperthermia and radiation on RIF-1 Murine Tumor. Cancer, 54,2889-2897.

Mivechi, N.F., and Dewcy, W.C., 1984, Effect of glycerol and low pH on heat-induced cell killing and loss of
cellular DNA-polymerase activities in Chinese hamster ovary cells. Rad. Res., 99,352-362.

Mivechi, N.F., and Hofer, K.G., 1983, Evidence for separate modes of action in thermal radiosensitizataion and
direct thermal cell death. Cancer, 51,38-43.

Miyakoshi, J., Hiraoka, M., Takahashi, M., Kano, E., Abe, M., and Heki, S., 1983, Skin response to step-up and
step-down heating in C3H mice. International J. of Radiation Oncology, Biology, Physics. 9,1527-1532.

Mooibroek, J., Dikomey, E., Zywietz, F., and Jung, H., 1988, Thermotolerance Kinetics and growth rate changes in
the R1H tumour heated at 43'C. Int. Jouornal of Hyperthermia, 4,677-686.

Morris, C.C., Myers, R., and Field, S.B., 1977, The response of the rat tail to hyperthermia. Br. J. of Radiology, 50,
576-580.

Muller, C , 1910, Eine neue Behandlungsmethode bösartiger Geschwiilste. Muenchener Medizinische
Wochenschrift,28,1490-1493.

Muller, C , 1912, Therapeutischc Erfahrungen an 100 mit Kombination von Röntgenstrahlen und Hochfrequenz,
resp. Diathermie behandeltcn bösartigen Neubildungen. Muenchener Mediziniche Wochenschrift, 28,
1546-1549.

Muratkhodzhaev, N.K., Svetitsky, P.V., Kochegarov, A.A., Alminazarov, Sh. A., Kuznetsov, V.N., Shek, B.A.,
1987, Hyperthermia in therapy of cancer patients (in Russian) Medical Radiology, 32,30-36.

Myers, R., and Field, S.B., 1977, The response of the rat tail to combined heat and X-rays. Br. J. of Radiology. 50,
581-586.

Myers, R., and Field, S.B., 1979, Hyperthermia and the oxygen enhancement ratio for damage to baby rat cartilage.
Br. J. of Radiology, 52,515-416.

Näslund, J., and Swensson, K.E., 1953, Investigations of the pH of malignant tumours in mice and humans after the
administration of glucose. Acta ObsL Gynecol. Scand., 32,359-367.

Nielsen, O.S., Overgaard, J., and Kamura, T., 1983, Influence of thermotolerance on the interaction between
hyperthermia and radiation in a solid tumour in vivo. Br. J. of Radiology, 56,267-

Nielsen, O.S., 1981, Recovery of hyperthermic damage and development of thermotolerance in unfed plateau phase
cells in vitro. J. of the National Cancer Institute, 66,61-66.

Nielsen, O.S., 1986, Evidence for an upper temperature limit for thermotolerance development in L, A, tumour cells
in vitro. Int. Journal of Hyperthermia, 3,299-309.

Nielsen, O.S., and Overgaard, J., 1979, Effect of extracellular pH on thermotolerarice and recovery of hyperthermic
damage in vitro. Cancer Research, 39,2772-2778.

Nielsen, O.S., and Overgaard, J., 1982, Influence of time and temperature on the kinetics on thermotolerance in L,
A, cells in vitro. Cancer Re- search, 42,4190-4196.

Nielsen, O.S., and Ovcrgaard.J., 1985, Studies on fractionated hyperthermia in L, A, tumour ceils in vitro: response
to multiple equel heat fractions. Int. J. of Hyperthermia, 1,193-203.

Nilsson, P., 1984, Physics and technique of microwave-induced hyperthermia in the treatment of malipant tumours.
Thesis, Lund.

Nilsson, P., and Persson, B., 1985, Computer controlled microwave system for clinical hyperthermia. Physics in
Medicine and Biology 30,283-292.

Nilsson, P., Persson, B., Kjcllén, E., Lindholm, C.-E., and Landberg, T., 1982, Technique for microwave-induced
hyperthermia in superficial tumours. Acta Radiologica Oncology 21,235-239.

Nyström, C , Forssman, L.f and Roos, B., Myometrial blood flow studies in carcinoma of the corpus uteri. Acta
Radiol. Ther. Phys. Biol., 8,193-198.

Olch, A.J., Kaiser, L.R., Silbcrman, A.W , Storm, F.K., Graham, L.S., and Morton, D.L., 1983, Blood Flow in
human tumors during hyperthermia therapy: Demonstration of vasoregulation and an applicable physiological
model. J. of Surgical Oncology, 23,125-132.

Olcson, J.R., 1984, A review of magnetic induction methods for hyperthermic treatment of cancer. IEEE
Transactions on Biomedical Engineering, BME 31,91-97.

97



Oleson, J.R., 1989, If we can't define the quality, can we assure it? (Editorial). Int. J. Radiation Oncology Biol.
Phys., 16,879.

Oleson, J.R., Dewhirst, M.W., Harvelson, J.M., Leopold, K.A., Samulski, T.V., and Tso, C.Y., 1989, Tumor
temperature distributions predict hypenhermia effect. Int. J. of Radiation Oncology, Biology, Physics, 16,
559-570.

Oleson, J.R., Sim, D.A., and Manning, MR., 1984, Analysis of prognostic variables in hyperthermia treatment of
161 patients. Int. J. Radiation Oncology Biol. Phys., 10,2231-2239.

Orecchia, R., Gabriele, P., Tseroni, V., Ragona, R., and Sannazzari, G.L., 1989, Analysis of prognostic factors in a
series of 171 recurrent tumours treated by hypothermia (HT) alone or combined with irradiation (HT+RT).
Hyperthermic Oncology 1988, Vol. 1, Summary papers, edited by T. Sugahara and M Saito (London-New
York-Philadelphia: Taylor & Francis) pp. 619-620.

Ormerod, M.G., and Stevens, U., 1971, Rejoining of X-ray-induced strand breaks in the DNAof a murine lymphoma
cell (LJ17 8Y) Biochim. Biophys. Acta, 232,72-82.

Overgaard, J., 1989, The current and potential role of hyperthermia in radiaotherapy. Int J. of Radiation Oncology,
Biology, Physics, 16,535-549.

Overgaard, J., 1981, Fractionated radiation and hyperthermiaiExperimental and clinical studies. Cancer, 48,
1116-1123.

Overgaard, J., 1977, Effect of Hyperthermia on Malignant Cells in vivo. A Rev.ew and a Hypothesis. Cancer,39,
2637-2646.

Overgaard, J., 1978, The effect of local hyperthermia alone, and in combination with radiation, on solid tumors.
Cancer Therapy by Hyperthermia and Radiation, edited by C. Streffer et al (Urban & Schwarzenberg,
Bollimore-Miinich) pp. 49-61.

Overgaard, J., 1980, Simultaneous and sequential hyperthermia and radiation treatment of an experimental tumor
and its surrounding normal tissue in vivo. Int. J. Radiation Oncology, Biol., Phys., 6,1507-1517.

Overgaard, J. 1985, History and Heritage - an Introduction. Hyperthermic Oncology, Vol. 2.1984, (Taylor and
Francis Ltd, London and Philadelphia, pp. 3-8.

Overgaard, J., (Ed) 1984-1985, Hyperthermic Oncology 1984, Volume 1 and 2. Proceedings of the 4th intemationa
symposium on Hypertheric Oncology, Aarhus, Denmark 2-6 July, 1984. Taylor and Francis, London and
Philadelphia.

Overgaard, J.,1987, Some problems related to the clinical use of thermal isoeffect doses. Int. J. of Hyperthermia, 3,
329-336.Overgaard, J., and Bach Anderson, J., 1990, Oxford testbook of oncology. In press. Personal
communication.

Overgaard J, 1990, The rationale for clinical trials in hyperthermia, In: An introduction to the practical aspects of
clinical hyperthermia, Eds S B Field and J W Hand, 1990 (London-New York-Philadelphia:Taylor and
Francis), pp 213-241.

Overgaard, J., and Nielsen, O.S., 1980, The role of tissue environmental factors on the kinetics and morphology of
tumor cells exposed to hyperthermia. Ann. NY Acad. Sci., 335,254-280.

Overgaard, J., and Nielsen, O.S., 1983, The importance of thermotolerance for the clinical treatment with
hypenhermia. Radiotherapy and Oncology, 1,167-178.

Overgaard, J., and Nielsen, O.S., 1984, Influence of thermotolerance on the effect of combined hyperthermia and
radiation in a C3H mammary carcinoma in vivo. Hyperthermic Oncology 1984, Vol. 1., Summary Papers,
edited by J. Overgaard (Taylor and Francis, London and Philadelphia) pp. 227-230.

Overgaard, J., Nielsen, O.S., and Lindegaard, J.C., 1987, Biological basis for rational design, design of clilnical
treatment with combined hyperthermia and radiation. In Physics and thechnology of hyperthermia, NATO ASI
Series E: Applied Sciences, No 127 (Dordrecht, Boston, Lancaster; Martinus Nijhoff Publishers) pp. 54-79.

Overgaard, J., Overgaard, M., Raskmark, P., Bach Andersen, J., Heinzl, L., Harmark, K., Baun, A., and Knudsen,
M., 1984, Clinical experience with local hyperthermia using a 144 MHz inductive heating system with a single
applicator. Hyperthermic Oncology 1984, Vol. 1, Summary papers, edited by J. Overgaard (London and
Philadelphia; Taylor & Francis) pp. 821-824.

Overgaard. J., and Bichel, P., 1977, The influence of hypoxia and acidity on the hyperthermic response of malignant
cells in vitro. Radiology, 123,511-514.

Overgaard, J., and Suit, H.D., 1979, Time-Temperature Relationship in Hyperthermic Treatment of Malignant and
Normal Tissue in Vivo. Cancer Research, 39, 3248-3253.

98



Overgaard, J., and Overgaard, M., 1987, Hypcrthermia as an adjuvant to radiotherapy in the treatment of malignant
melanoma. A clinical study evaluating the effect of simultaneous or sequential radiation and hyperthermia
treatment. Int. J. Hyperthermia, 3,483-502.

Overgaard, K., 1934, Uber Wärmetherapie bösartiger Tumoren. Acta Radiol., XV, Fasc. 2,89-100. (In German)
Overgaard, K., 193S, Experimentelie unders0gelser over muligheden af en varmeierapi af maligne tumörer.

Ugeskrift for larger, 97,333-337. (In Danish).
Overgaard, K., and Overgaard, J., 1972, Investigations on the possibility of a thermic tumour therapy I. Short-wave

treatment of a transplanted isologous mouse mammary carcinoma. European J. of Cancer, 8,65-78.
Paliwal, B.R., Gibbs, F.A., and Wiley, A.u , 1982, Heating patterns induced by 13.56 MHz radiofrequency generator

in large phantoms and pig abdomen and thorax. Int. J. Radiation Oncology Bioi., Phys., 8,857-864.
Paliwal, B.R., 1987, Basic Physics Parameters and Instrumentation of Hypenhermia. In Syllabus: A Categorial

Course in Radiation Therapy Hyperthermia. Ed. by R. A. Sleeves and B.R. Paliwal (RSNA Inc., Oak Brook,
IL) pp. 57-70.

Patterson, J., and Sträng, R., 1979, The role of blood flow in Hyperthermia. Int. J. Radiation, Oncology, Biol., Phys.,
5,235-241.

Perez, C.A., Emami, B., Nussbaum, G., and Roti-Roti, J., 1986a, ASTRO 28th Annual Meeting, Refreshes Course
No 210. Principles and practice of localized hypenhermia (external and interstitial) St. Louis, Missouri.

Perez, C.A., Gillespie, B., Pajak, T., Homback, N.B., Emami, B.N., and Rubin, P., 1989, Quality assurance problems
in clinical hyperthermia and their impact on therapeutic outcome: a report by the Radiation Therapy Oncology
Group. Int J. Radiation Oncology Biol., Phys., 16,551-558.

Perez, CA., Kuske, R.R., Emami, B., and Fineberg, B., 1986b, Irradiation alone or combined with hyperthermia in
the treatment of recurrent carcinoma of the breast in the chest wall: a nonrandomized comparison. Int. J.
Hypenhermia, 2,179-187.

Perez, C.A., Pajak, T., Emami, B., Hornback, N.B., Tupchong, L., and Rubin, P.. 1991, Randomized phase III study
comparing irradiation and hyperthermia with irradiation alone in superficial measurable tumors. Am. J. Clin.
Oncol., 14,133-141.

Perez, C.A., Nussbaum, G., Emami, B., and von Gerichten, D., 1983, Clinical results of irradiation combined with
local hyperthermia. Cancer, 52. 1597-1603.

Peterson, H.I., Appelgren, K.L., Rudenstam, CM., and Lewis, D.H., 1969, Studies on the circulation of experimental
tumor. I. Effect of induced fibrinolysis and antifibrinolysis on capillary blood flow and the capillary transport
function of two experimental tumours in the mouse. Europ. J. Cancer, 5,91-97.

Petersson, H.I., 1979, Tumor blood flow compared with normal tissue blood flow. Tumor Blood Circulation:
angiogenesis, vascular morphology and blood flow of experimental and human tumours, Editor H.I. Peterson.
(Boca Raton, Fla: CRC Press), 5, pp. 103-114.

Petrovich, Z., Langholz, B., Gibbs, F.A., Sapozink, M.D., Kapp, D.S., Stewart, R.J., Emami, B., Oleson, J., Senzer,
N., Slataer, J., and Astrahan, M., 1989, Regional Hypothermia for advanced tumors: a clinical study of 353
patients. Int. J. Radiation Oncology Biol., Phys., 16,601-607.

Power, J.A., and Harris, J.W., 1977, Response of extremely hypoxic cells to hyperthermia: survival and oxygen
enhancement ratios. Radiology, 123,767-770.

Prionas, S.D., Fessenden, P., Kapp, D.S., Goffinet, D.R., and Hahn, G.M., 1989, Interstital electrodes allowing
longitudinal control of SAR distribution. Hyperthermic Oncology 1988, Vol. 2. Ed. by T. Shugahara and M.
Saito. (London-New York-Philadelphia: Taylor & Francis) pp. 707-710.

Raaphorsi, G.P., Romano, S.L., Mitchell, J.B., Bedford, J.S., and Dewey, W.C., 1979, Intrinsic differences in heat
and/or X-ray sensitivity of seven mammalian cell lines cultured and treated under indentical conditions.
Cancer Res., 39,396-401.

Raju, M.R., 1974, Pions and heavy ions in radiotherapy: a brief review. Excerpta Medica Int. Ser. No 353:5,
161-167.

Rappaport, D.S., and Song, C.W., 1983, Blood flow and intravascular volume of mammary adenocarcinoma 13726A
and normal tissues of rats during and following hyperthermia. Int. J. Radiat. Oncol. Biol. Phys., 9,539-547.

Raskmark, P., and Andersen, J.B., 1984, Electronnically steered heating of a eylinger. Hyperthermic Oncology 1984,
Vol. I, Summary Papers, Ed. by J Overgaard (London-New York-Philadelphia; Taylor & Francis) pp 617-620.

Reinhold, H.S., Blachiewiez, B., and Berg-Block, A., 1978, Decrease in Tumor Microcirculation during
Hypcrthcrmia. Cancer Therapy by Hypenhermia and Radiation, edited by C. Streffer (Bollimore, Munich:
Urban & Schwarzenberg), pp. 231-232.

99



Reinhold, H.S., and Endrich, B., 1986, Tumour microcirculation as a target for hyperthermia. Int. J. Hypenhermia, 2,
111-137.

Révész, L., and Palcic, B., 198S, Radiation dose dependence of the sensitizalion by oxygen and oxygen mimic
sensitizers. Acta Radiologica Oncology, 24,209-217.

Rhee, J.G., Lee, C.K.K., Song, C.W., 1989, Effectss of praecooling in cpacitive deep healing. Hyperthermic
Oncology 1988, Vol. 2. Ed. by T. Shugahara and M Saito (London-New York-Philadelphia; Taylor & Francis)
pp. 693-694.

Robinson, J.E., and Wizenberg, M.J., (Eds) 1976, Proceeding of the international symposium on cancer therapy by
hyperthermia and radiation. Washington D.C., April 28-30.197S Am. College of Radiology.

Rodenburg, G.L., and Prime, F., 1921, The effect of combined radiation and heat on neoplasms. Arch, of Surg. 2,
116-129.

Rofstad, E.K., and Brustad, T., 198S, Heterogeneity in heat sensitivity and development of thermotolerance of
cloned cell lines derived from a single human melanom xenograft. Int. J. of Hyperthermia, 1,85-96.

Roizin-Towle, L., and Pirro, J.P., 1988, Thermotolerance in human cells of normal and neoplastic origin. Int. J. of
Hyperthermia, 4,655-675.

Rojas,A-, 1989, Oxygen: a clinical reality or a mirage? In The Scientific Basis of Modern Radiotherapy, edited by
N.J. McNally (Br. Institute of Radology, Report, 19, London) pp. 89-90.

Roos, D., and Hugander, A., 1988, Microwave interstitial application with improved longitudinal heating patterns.
Int. J. Hypethermia, 6,609-615.

Roti-Roti, J.L., and Laszlo, A., 1989, Heat-induced changes in nuclear and nuclear-matrix protein. Hyperthermic
Oncology 1988, Vol.2. Special plenary lectures, plenary lectures and symposium and workshop summaries.
Ed. by T. Sugahara and M. Saito (London-New York-Philadelphia- Taylor & Francis) pp. 111-114.

Rozzell, T.C., Johnson, C.C., Durney, C.H., Lords, J.L., and Olson, R.G., 1974, A non-perturbing temperature sensor
for measurements in electromagnetic fields. J.s of Microwave Power, 9,241.

Rubin, P., and Carter, S.K., 1976, Combination radiation therapy and chemotherapy: a logical base for their clinical
use. CA, 26,274-292.

Ryu, K.H.L., Song, C.W., Kang, M.S., and Levitt, S.H., 1982, Changes in Lactic acid content in tumors by
hyperthermia. Radiation Res., 91,319-320.

Sakai, K., and Okada, S., 1984, Radiationinduced DNA damage and cellular lethality in cultured mammalian cells.
Rad. Res., 98,479-490.

Sandhu, T.S., Kowal, H.S , Johnson, R.J.R., 1978, The development of microwave hyperthermia applicators. Int. J.
Radiation Oncology Biol. Phys., 4,515-519.

Sapareto, S.A., Hopwood, L.E., Dewey, W.C., Raju, M.R., and Gray, J.W., 1978a, Effects of hyperthermia on
survival and progression of Chinise hamster ovary cells. Cancer Research, 38,393-400.

Sapareto, S.A., 1987, A workshop on thermal dose in cancer therapy: introduction. Int. J. Hypenhermia, 3,289-290.
Sapareto, S.A., and Dewey, W.C., 1984, Thermal dose determination in cancer therapy. Int. J. Radiation Oncology

Biol. Phys., 10,787-806.
Sapareto, S.A., Hopwood, L.E., Dewey, W.C., 1978b, Combined effects of X irradiation and hyperthermia on CHO

cells for varaious temperatures and orders of application. Rad. Res., 73,221-233.
Sapozink, M.D., Gibbs, F.A., Egger, M.J., and Stewart, J.R., 1986, Regional hyperthermia for clinically advanced

deep-seated pelvic malignancy. Am. J. Clin. Oncol. (CTT), 9,162-169.
Sapozink, M.D., Gibbs, F.A., Gibbs, P., and Stewart, J.R., 1988b, Phase I evaluation of hyperthermia equipment -

University of Utha Institutional Report. Int. J. Hyperthermia, 4,117-132.
Sapozink, M.D., Cetas, T., Corry, P.M., Egger, M.J., Fessenden and The NCI Hyperthermia Equipment Evaluation

Contractors Group, 1988a, Introduction to hyperthermia device evaluation. Int. J. of Hyperthermia, 4,1-15.
Satoh, T., and Stauffer, PR., 1988, Implantabic helical coil microwave antenna for interstitial hyperthermia. Int. J.

Hyperthermia, 4,497-512.
Sauer, R., Kato, H., and Seegenschmiedt, M.H., 1989, Techniques for capacitive heating. Hyperthermic Oncology

1988, Vol. 2. Special plenary lectures, plenary lectures and symposiuum and workshop summaries, edited by
T. Sugahara and T. Saito (London-New York, Philadelphia; Taylor & Francis) pp. 682-687.

Savchenlvo, N.E., Zhakov, I.G., Fradkin, S.Z., and Zhavrid, E.A., 1987, The use of hyperthermia in oncology (in
Russian), Medical Radiology, 32,19-24.

Schmidt, H.E., 1909, Zur Röntgenbehandlung tiefliegender Tumöre. Fortschr. Röntgenstr., 14,134-136.
Schreier, K., Budihna, M., Lesnicar, H., Handl-Zeller, L., Hand, J.W., Prior, M.V., Clegg, ST., and Brezovich, J.A.,

1990, Preliminary studies of interstitial hyperthermia using hot water. Int. J. Hypenhermia, 6,431-444.

100



Schulman, N., and Hall, E.J., 1974. Hyperthermia: its effect on proliferative and plateau phase cell cultures.
Radiology, 113,209-211.

Schwartz, G., 1909, Desensibilisirung gegegen Röntgen- und radiumstrahlen. Munchener Medizinischer
Wochenschrift, 56,1217-1218

Scott, R.S., Johnson, R.J.R., Story, K.V., and Clay, L., 1984, Local hyperthermia in combination with definitive
radiotherapy: Increased tumor clearance, reduced recurrence rate in extended follow-up. Int. J. Radiation
Oncology Biol. Phys., 10, 2119-2123.

Seegenschmiedt, M.H., Brady, L.W., Sauer, R., Karlsson, U., Herbst, M., Tobin, R., and Kettner, M., 1989,
Combined radiotherapy and 915 MHz MW hyperthermia for treatment of superficial chestwall recurrences.
Hypcrthermic Oncology, 1988, Vol. 2., edited by T. Sugahara and M. Saito (London-New York-Philadelphia:
Taylor and Francis) pp. 584-586.

Selawry, OS. , Carlsson, J.C., and Moore, G.E., 1958, Tumor response to ionizing rays at elevated temperatures. Am.
J. Roentgenol. 80,833-839.

Sharma S., Patel F. D., Sandhu A. P. S., Gupta B. D. and Yadav N. S. 1990, Endocurietherapy and Hyperthermia
Oncology "in press".

Shimm, D.S., Cetas, T.C., Oleson, J.R., Cassady, J.R., and Sim, D.A., 1988, Clinical evaluation of hyperthermia
equipment: The University of Arizona Institutional Report for the NCI Hyperthermia Equipment Evaluation
Contract. Int. J. Hyperthermia, 4,39-51.

Shrivastava. P.N., Saylor, T.K., Matloubieh, M.S., and Paliwal, B.R., 1988, Hyperthermia thermometry evaluation:
Criteria and quidelines. Internationa! J. of Radiation Oncology Biology Physics, 14,327-335.

Song, C.W., Rhee, J.G., Lee, C.K.K., Levitt, S.H., 1986, Capacitive heating of phantom and human tumors with an 8
MHz radiofrequency applicator (Thermotron RF-8). Int. J. Rad. Oncol. Biol. Phys., 12,365-372.

Song, C.W., Kang, M.S., Rnee, J.G., and Levitt, S.H., 1980, The effect of hyperthermia on vascular function, pH,
and cell survival. Radiology, 137,795-803.

Song, C.W., 1987, Role of vascular physiology in hyperthermica. In Syllabus: A categorial course in radiotherapy,
hyperthermia. Edited by R.A., Sleeves and B.R. Palival. (RSNA, 1415 W. 22nd Street, Tower B. Oak Brook,
IL 60521) pp. 17-26.

Song, C.W., Lokshina, A.M., Rhee, J.G., Patten, M., Levitt, S.H., 1984, Implication of blood flow in hyperthermic
treatment of tumors. IEEE Trans. Biomed. Eng., 31,9-16.

Song, C.W., 1984, Effect of local hyperthermia on blood flow and microenvivonment: A review. Cancer Res.
(suppl.),44,4721S-4730S.

Song, C.W., Rhee, J.G., and Haumschild, D.J., 1987, Continous non-invasive quantification of heat-induced changes
in blood flow in the skin and RFI-1 tumour of mice by laser Doppler Flowmetry. Int. J. Hyperthermia, 3,
71-77.

Spiro, I.J., Denman, D.L., and Dewey, W.C., 1982, Effect of hypertherrnia on CHO, DNA polymymecase alpha and
beta. Rad. Res., 39,134-149.

Stauffer, P.R., Sneed, P.K., Suen, S.A., Satoh, T, Matsumoto, K., Fike, J.R., and Phillips, T.L., 1989, Comparative
thermal dosimetry of interstitial microwave and radiofrequency - LCF hyperthermia. Int. J. Hyperthermia, 5,
307-318.

Steeves, R.A., and Paliwal, B.R., 1987, Sullabus: A Categorial Course in Radiation Therapy: Hyperthermia. (RSNA,
Inc., 1415 W. 22 nd St, Tower B. Oak Brook, JL 60521).

Stehlin, J.S., 1969, Hyperthermic perfusion with chemothrapy for cancers of the extremities. Surg. Gynecol. Obster.
129 (2): 305-308.

Stevenson, H.N.J., 1919, The effect of heat upon tumor tissue. Joum. of Cancer Reaserch, 4,54-56.
Stewart, F., and Begg, A., Blood flow changes in transplanted mouse tumours and skin after mild hyperthermia. Br.

J. of Radiology, 56,477-482.
Stewart, F.A., and Denckamp, J., 1980, Fraciionation studies with combined X-rays and hyperthermia in vivo. Br. J.

of Radiology, 53,346-356.
Stewart, F.A., and Dcnekamp, J., 1978, The therapeutic advantage of combined heat and X-rays on mouse

fibrosarcoma. Br. J. of Radiology, 51, 307-316.
Stewart, J.R., Gibbs Jr, F.A., Lehman, CM., Peck, J.W., and Egger, M.J., 1983, Change in the in vivo hyperthermic

response resulting from the meta bolic effects of temporary vascular occlusion. Int. J. Radiation Oncology,
Biol., Phys., 9, 197-201.

Storm, F.K., Harrison, W., Elliot, R.S., Kaiser, L.R., Silberman, A.W., and Morton, D.L., 1981, Clinical
radiofrequency hyperthcrmia by magnetic-loop induction. J. Microwave Power, 16,179-184.

101



Storm, E, Roe, D., and Drury, B., 1987, The Magnetrode Study Group: Analysis of thermaldose response to heat
(Abst.) Thiny-fifth Annual Meeting of the Rad. Res. Society. February 21-26, p. 16.

Storm, F.K., Baker, H.W., Scanlon, E.F., Plenk, H.P., Meadows, P.M., Cohen, S.C., Olson, C.E., Thomson, J.W.,
Khande Kar, J.D., Roe, D., Nizze, A., and Morton, D.L., 1985, Magnetic-induction hyperthermia. Results of a
5-year multiinstitutional national cooperative trial in advanced cancer patients. Cancer, 55,2677-2687.

Storm, K.F., Harrisson, W.H., Elliott, R.S., and Morton, D.L., 1979, Normal tissue and solid tumor effects of
Hyperthermia in animal models and clinical trials. Cancer Res., 39,2245-2251.

Streffer, C , van Benningen, D., Dietzel, F., Röttlnger, E., Robinson J.E., Scherer, E., Seeber, S., and Trott, K.R.,
(Eds) 1978, Cancer therapy by hyperthermia and radiation. Proceedings of the 2nd international symposium
Essen, June 2-4,1977, Urban & Schwarzenberg. Boltimore-Munich.

Streffer, C , 1985, Metabolic changes during and after hyperthermia. Int. J. Hyperthermia, 1,305-319.
Strohbehn, J.W., and Mechling, J.A., 1986, Interstitial techniques for clinical hyperthermia. Physical techniques for

clinical hyperthermia, edited by J.W. Hand and J.R. Jonnes, (Research Studies Press, Letchworth, U.K.)
Strohbehn, J.W., Curtis, E.H., Paulsen, K.D., Yuan, X., and Lynch, D., 1989, Optimization of the absorbed power

distribution for an annular phased anay hyperthermia system. Int. J. of Radiation Oncology, Biology, Physics,
16,589-599.

Subjeck, J.R., Sciandra, J.J., and Johnson, R.J., 1982, Heat shock and thermotolerance; a comparison of induced
kinetics. Br. J. of Radiology, 55,579-584.

Sugaar, S., and Le Veen, H.H., 1979, A histopathologic study on the effects of radiofrequency thermotherapy on
malignant tumours of the Jung. Cancer, 43,767-783.

Sugahara, T., and Saiio, M., (Eds) 1989, Hyperthermic Oncology 1988, Vol 1 and 2. Proceedings of the 5th
international symposium on hyperthermic oncology, Kyoto, Japan, 29 aug - 3 sept, 1988. Taylor and Francis,
London-New York-Philadelphia.

Suit, H.D., and Shwayder, M., 1974, Hyperthermia: Potential as an anti- tumor agent. Cancer, 34,122-129.
Suit, H.D., and Gerweck, L.E., 1979, Potential of Hyperthermia and Radiation Therapy. Cancer Res., 39,2290-2298.
Suit, H.D., Schlachter, L., and Andrews, J.R., 1960, "Oxygen effect" and tumor size as related to response of

C3H/Ba adenocaracinoma to local X- irradiation. J. of National Cancer Institute 24,1271-1281.
Suit, H., and Lindberg, R., 1968, Radiation therapy administered under conditions of tourniquet-induced local tissue

hypoxia. Am. J. Roentgenol., Radium The., Nucl. Med., 102,27-37.
Suit, H.D., 1982, Potential for improving survival rates for the cancer patient by increasing the efficacy of treatment

of the primary lesion. Cancer, 50,1227-1234.
Tanaka, Y, 1974, Regional tumor blood flow and radiosensiu'vity. In Fraction size in Radiobiology and

Radiotherapy, Editors T. Sugahan, L Révész, and O. Scott (Munich: Urban & Schwarzenberg) pp. 13-26.
Thistlethwaite, A.J., Leeper, D.B., Moylan, D.J., and Nerlinger, R.E., 1985, pH distribution in human tumors. Int. J.

Radiat. Oncol. Biol. Physics., 11,1647-1652.
Thomlinson, R.H., and Gray, L.H., 1955, The histological structure of some human lung cancers and possible

implications for radiotherapy. British J. of Cancer, 9,539-549.
Thomlinson, R.H., 1969, Reoxygenation as function of tumor size and histopathological type. In Proceedings of the

Carmel Conference on Time and Dose Relationships in Radiation Biology as Applied to Radiotherapy. BNL
Report 50203 (C-57), p. 242.

Tiberio. C.A., Raganclla, L., and Franconi, C , 1984, Symmetric pure induction 27 MHz applicator, in Applications
of physics to medicin and biology, Ed. by Z. Bajzer, P. Baxa and C. Franconi (Singapore: World Sientific
Publishing Co.) pp. 585-586.

Tomasovic, S.P., Armour, E.P., North, S.M., and Welch, D.R., 1987, Short communication: Rat mammary
adenocarcinoma heat-strtjs protein in vivo. Int. J. of Hy thermia, 3,467-473.

Tomasovic, S.P., Rosenblatt, PL., and Heitzman, D., 1983, I'.»,., »geneity in induced thermal resistance of rar tumor
cell clones. Int. J. of Radiation Oncology, Biology, Physics, 9,1675-1681.

Tomasovic, S.P., Turner, G.N., and Dewey, W.C., 1978, Effect of hyperthermia on nonhistone proteins isolated with
DNA. Rad. Res., 73,535-552.

Trembly, B.S., 1989, Interstitial and intracavitary microwave hyperthermia. Hyperthermic Oncology 1988, Vol. 2,
edited by T. Shugahara and M. Saito (London-New York-Philadelphia; Taylor & Francis) pp. 719-722.

Turano, C , Ferraro, A., Strom, R., Cavaliere, R., and Fanelli, A.R., 1970, The biochemical mechanism of selective
heat sensitivity of cancer cells: III. Studies on lysosomes. European J. of Cancer, 6,67-72.

Turner, P.F., 1984, Regional hyperthermia with an annular phased array. IEEE Transactions on Biomedical
Engineering, BME 31,106-114.

102



Turner, P.F., and Kumar, L., 1982, Computer solution for applicator heating patterns. National Cancer Institute
Monograph 61,521-523.

Urano, M., and Kahn, J., 1983, The effect of step-down heating on murine normal and tumour tissues. Rad. Res., 94,
350-358.

Valdagni, R., Liu, F.F., and Kapp, D.S, 1988a, Important prognostic factors influencing outcome of combined
radiation and hyperthermia. International J. of Radiation Oncology, Biology, Physics, 15,959-972.

Valdagni, R., Kapp, D.S., and Valdagni, C , 1986, N , (TNM-UICC) metastatic neck nodes managed by combined
radiation therapy and hyperthermia: clinical results and analysis of treatment parameters. Int. J. Hyperthermia,
2,189-200.

Valdagni, R., Amichetti, M., and Christoforetti, L., 1988b, Intracavitary hyperthermia: construction and heat patterns
of individualized vaginal prototype applicators. Int. J. Hypc.'hermia, 4,457-466.

van der Zee, J., van Rhoon, G.C., Wike-Hooley, J.L., and Reinhold, H.S., 1985, Clinically derived dose effect
relationship for hyperthermia given in combination with low dose radiotherapy. The Br. J. of Radiology, 58,
243-250.

van der Zee, J., Treumiet-Donker, A.D., The, S.K., Helle, P.A., Seldenrath, J.J., Meerwaldt, J.H., Wijnmaalen, A.J.,
van den Berg, A.P., van Rhoon, G.C., Broekmeyer-Reuring, M.P., and Reinhold, H.S., 1988, Low dose
reirradiation in combination with hyperthermia: a palliative treatment for patients with breast cancu recurring
in previously irradiated areas. Int. J. Radiation Oncology Biol., Phys., 15,1407-1413.

van der Zee, J., van Putten, L.J., van den Berg, A.P., van Rhoon, G.C., Wike-Hooley, J.L., Broekmeyer-Reuring and
Reinhold, H.S., 1986, Retrospective analysis of the response of tumours in patients treated with a combination
of radiotherapy and hyperthemia. Int. J. Hyperthermia, 2,337-349.

van Rhoon, G.C., Visser, A.G., Van den Berg, P.M., and Reinhold, H.S., 1988, Evaluation of ring capacitor plates
for regional deep heating. Int. J. Hyperthermia, 4,133-158.

Vaupel, P., Kluge, M., and Ambroz, M.C., 1988, Laser Doppler flowmetry in subepidermal tumours and in normal
skin of rats during localized hyperthermia. Int. J. Hyperthermia, 4,307-321.

Vaupel, P., 1977, Hypoxia in neoplastic tissue. Microvasc. Res., 13,399-408. Vaupel, P., 1982, Einfluss einer
localisierten Mikrowellen-Hyperthermic auf die pH-Verteilung in bösartigen Tumoren. Strahlentherapic, 158,
168-173.

Vaupel, P., Miiller-Klieser, W., One, J., Manz, R., and Kallinowski, F., 1983, Blood flow, tissue oxygenation, and
pH distribution in malignant tumours upon localized hyperthermia. Basic pathophysiological aspects and the
role of various thermal doses. Strahlentherapie, 159,73-81.

Visser, A.G., Denrloo, I.K.K., Levendag, P.C., Ruifrok, A.C.C., Cornet, B., and van Rhoon, 1989, An interstitial
hyperthermia system at 27 MHz. Int. J. Hyperthermia, 5,265-276.

Walker, A., McCallum, H.M., Wheldon, T.E., Nias, A.H.W., and Abdelaal, A.S., 1978, Promotion of metastasis of
C3H Mouse mammary carcinoma by local hyperthermia. Br. J. Cancer, 38,561-563.

Wallach, D.F.H., 1978, Action of Hyperthermia and ionizing Radiation on plasma membranes. Cancer Therapy by
Hyperthermia and Radiation edited by C. Streffer et al (Boltimore-Munich: Urban and Schwarzenberg) pp.
19-28.

Warburg, O., 1926, Uber den Stoffwechsel der Tumoren. Arbeiten aus dem Kaiser Wilhelm-institut fiir Biologic
Berlin-Dahlem (Verlag von Julius Springer, Berlin).

Warren, S.L., 1935, Preliminary study of the effect of artificial fever upon hopeless tumor cases. Am. J. of
Roentgenology, 33,75-87.

Warters, R.L., and Roti-Roti, J.L., 1982, Hyperthermia and the cell nucleus. Rad. Res., 92,458-462.
Waiters, R.L., Lyons, B.W., and Axtell-Bartlett, J., 1987, Inhibition of repair of radiation-induced DNA damage by

thermal shock in Chinese hamster ovary cells. Int. J. of Radiation biology, 51,505-517.
Waterman, F.M., Nerlinger, R.E., Moylan III, D.J., and Leeper, D.B., 1987, Response of human tumor blood flow to

local hyperthermia. Int. J. Radial. Oncol. Biol. Phys., 13,75-82.
Waterman, F.M., Tupchoug, L., Matthews, J., and Nerlinger, R., 1989, Mechanisms of heat removal during local

hyperthermia. Int. J. Radiation Oncology, Biol. Phys.,17,1049-1055.
Weber, L., 1988, Quality assurance on a commersial hypperthermia system: Lund Science 4010. Internal report,

Dept. of Radiophysics, Lund University, Sweden.
Welander, E., 1893, Nord. med. Arkiv, No 20,1-42.
Westermark, N., 1927, The effect of heat uppon rat-tumors. Skand. Arch. Physiol. 52. Thesis. Verlag Walter de

Gruyter and Co.; Berlin.

103



Westermark, F., 1898, Uber die Behandlung des ulcerirenden Cervixcarcinoms mittels Konstanter Wärme. Centralbl.
Gyn.,49 1335-1339. (In German).

Westra, A., and Dewey, W.C., 1971, Variation in sensitivity to heat shock during the cell-cycle of Chinese hamster
cells in vitro. Int. J. Radiation Biol. 19,467-477.

Wickersheim, K.A., and AJves, R.V., 1979, Recent advances in optical temperature measurements. Indust. Res.
Dev.,21,82.

Wike-Hooley, J.L., Haveman, J., and Reinhold, H.S., 1984, The relevance of tumour pH to the treatment of
malignant disease. Radiotherapy and Oncology, 2,343-366.

Woeber, K., 19SS, Die Bedentung des Ultraschalls fur die Dermatologie und seine Anwendung bei Hauttumoren in
Kombination mit Röntgenstraahlen. Strahlentherapie, 98,169-184.

Wollmar, H., 1941, Uber den einfluss der Temperatur auf normales Gewebe und auf Tumorgewebe. Z. Krebsforsch.,
51,71.

Zang Liru, Wei Jianguo, Cheng Zhonfa, Wang Guizhu, Liu Lingyi and Li Weilian, 1990,24S0 MHz oesophagus
applicator with multi-temperature sensors and its temperatures-control equipment. Int. J. Hyperthermia, 6,
745-753.

Zhong, Q.R., Chou, C.K., McDougall, J.A., Chan, K.W., and Luk, K.H., 1990, Intracavitary hyperthermia
applicators for treating nasopharyngeal and cervical cancers. Int. J. Hyperthermia, 6,997-1004.

Page» Pick

KAtlMMtitVAHttUUR
UNGtSOMHtLST.

104



History, Performance and Future
of Hyperthermia

B
R
O
O
M
H

L
D
A

DOSBN'TXITDOSE!!
WORK

I ( I

T JUST T
50ME TIME


