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Abstract : Most patients treated with hyperthermia have tumors which are refractory advanced and/or
recurrent tumors which cannot be controlled by conventional treatments, and their performance statys is
often poor. Thus, it is very difficult for these patients to maintain a physical position suitable for
heating tumors whose temperatures can be maintained at more than 42°C for nearly an hour (in order to
induce direct toxicity in tumor cells). Furthermore, we sometimes cannot help interrupting the heating
due to acute adverse reactions such as severe pain. In addition, it is also very difficult to heat tumors
homogeneously to temperatures over 42°C, using currently available heating devices. In many clinical
studies in which hyperthermia was used to enhance the efficacy of radiotherapy, tumor temperatures
could be increased only to the 40-41.5°C range. Under these conditions, heat-induced cell death,
increased cellular radiosensitivity, and vascular damage are likely to be insignificant in spite of the
increased response of tumors to radiotherapy. Recently, mild temperature hyperthermia (MTH)-induced
physiological effects on tumors have been shown to lead to an increased blood flow and a resulting
increase in tumor oxygenation, and this could lead to increased radiosensitivity if radiotherapy was used
after MTH, and to an increase in chemosensitivity vie an increased transport of drugs into tumors.
Therefore, if the clinician’s goal is to keep the tumor temperature in the 40-41°C range, it is possible to
reduce a patient’s burden, make it easier to maintain a patient in a suitable position for heating, and
avoid interrupting the heating session. In thermoradiotherapy, when heating at temperatures higher than
42-43°C can be warranted, hyperthermia should be performed after radiotherapy. However, when
heating over 42°C is difficult, an alternative useful approach may be to reverse the order of radiotherapy
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and hyperthermia : specifically apply radiotherapy subsequent to tumor oxygenation-inducing MTH.

Key Words : mild temperature hyperthermia, thermoradiotherapy, sequence of heating and radiation,

thermochemotherapy, quiescent cells

Introduction and Background

In the mid-to-late 70s, leading scientists placed great emphasis on the quantitative evaluation of the
cytotoxic effects of elevated temperatures?. In mid-1980s, the first concepts for a thermal dose were
suggested, and it was also shown that significant cell killing could occur if cells or tissues were heated
to over 42°C for 1 hour or more”. Thus, clinical thermal treatment goals and equipment performance
design criteria focused primarily on achieving cytotoxic temperatures.

Studies of the biological basis for cytotoxic high temperature hyperthermia then followed®. First,
it was possible to kill cells with heat, particularly when temperatures were over 42°C for 1 hour or more.
Secondly, heat could also kill cells which were particularly resistant to radiation, such as cells in the late
S-phase of the cell cycle and hypoxic cells. Thirdly, heat induced significant thermo-radiosensitization
and chemosensitization, partly by inhibiting DNA damage repair. Fourthly, the vasculature of tumors
appeared to be more thermally sensitive than normal vasculature, suggesting that tumor tissue would be
more thermally sensitive than normal tissues. All of these findings were of interest, however, there were
great difficulties in generating adequate heat to kill cells directly?. The conclusions from clinijcal

cytotoxic hyperthermia observed over the last two decades are described below.

1. Hyperhermia prescriptions define goals such as reaching temperatures of over 42C for 1 hour or
more per session

A primary rationale for the use of hyperthermia in combination with radiotherapy has been that

hyperthermia is equally cytotoxic toward fully oxygenated and hypoxic cells and that it directly sensitizes

both fully oxygenated and hypoxic cells to radiation®. Such cytotoxicity and such a radiosensitizing

effect would be expected to be significant when the tumor temperature is elevated at least to over 42°C

for 30-60 min. Unfortunately, in clinical practice, the generation of sufficient heat to raise the

temperature of human tumors to this level was rarely achieved with currently available heating devices®.

2. Heat treatment should be given only twice per week
This rationale came from fears that too frequent applications of heat could lead to the induction of
thermotolerance®. Repair of DNA damage can occur at temperatures as low as 40°C, but at that

temperature, thermotolerance will not be induced during or after heating®.

3. Vascular damage in tumors leads to transient hypoxia so hyperthermia treatment should not be
given before radiotherapy treatment
It is now suggested that mild temperature hyperthermia (MTH) actually causes tumor
reoxygenation”. In contrast, higher temperature heating leads to vascular damage and hypoxia®.

Under these conditions, it may be better to apply MTH before radiation in order to take advantage of
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reoxygenation effects on the day of heating as well as the day after heating.

4. Equipment design criteria

The difficulty of achieving therapeutically effective temperatures, combined with the technical
difficulties of applying hyperthermia, and the lack of an adequate commercial return led to the loss of
commercial interest in hyperthermia technology at some of the larger equipment manufacturers like
Varian®. In addition, at least 1 hour is required for one heating session, and this time-consuming task
is another big economic problem for clinics. Thus, until now, there has not been a large amount of
clinical data available on the efficacy of hyperthermia.

In many clinical studies over the past two decades on the efficacy of hyperthermia for various human
tumors, tumor temperatures could seldom be raised to cytotoxic levels, that is to temperatures over
42-43°C%. In fact, in many past clinical studies in which hyperthermia was found to enhance the efficacy
of radiotherapy, the tumor temperatures could be raised only to the 40 to 41.5°C range. The cumulative
minutes of treatment in which 90% of the measured intratumor temperatures (T90) exceeded 39.5°C was
strongly associated with complete responses in superficial tumors“!®, The cumulative time in which
50% of the intratumor temperatures (T50) exceeded 41.5°C was strongly associated with the presence

of > 80% necrosis in soft tissue sarcomas resected after radiotherapy and hyperthermia*!®,

Usefulness of mild temperature hyperthermia (MTH) in cancer therapy
1. Combination with radiation

The following hypothesis has been suggested!” : prognostically important thermal doses are based
on the lowest temperatures achieved within tumors, and these thermal doses are well below those used in
most laboratory studies which have prbvided the traditional rationale for hyperthermia. Direct thermal
cytotoxicity and thermal radiosensitization are insignificant at these low thermal doses, thus, it has been
hypothesized that hyperthermia at low thermal doses can be effective because it causes reoxygenation and
hence radiosensitization in vivo. Acti.lally, MTH, that is, heating to 39-41.5°C range, causes a long
lasting increase in tumor oxygenation through an increase in blood flow. In contrast, heating at
temperatures high enough to reduce tumor blood flow decreases tumor oxygenation”V,

It has also been reported that MTH improves tumor oxygenation in canine tumors'=%. In contrast,
a median temperature of over 44°C resulted in a decrease in tumor oxygenation 24 hours after heating!?.
MTH-induced changes in oxygenation in human breast tumors have also been investigated'V. The
tumors were treated with fractionated radiotherapy, and MTH was initiated during the first week of
radiotherapy. The tumor pO2 increased up to fivefold at 24hours after the first hyperthermia
treatment’”. Thus, it is thought that the increase in tumor pO2 observed during and soon after MTH
resulted from an increase in oxygen supply through an increase in blood flow, and the later increase in
tumor pO?2, that is at 24 hours after heating, is caused by both increased blood flow and decreased oxygen
consumption due to thermoradiotherapy-induced tumor cell death or tumor cell dafnage“” (Fig. 1).
Furthermore, MTH at 41.5°C for 60 min prior to tumor irradiation was significantly effective in
enhancing radiation-induced cell killing’”. An important finding in these studies is that heating at

relatively mild temperatures was superior to heating at high tempereatures in causing reoxygenation to
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Fig. 1. Median tumor pO2 values in control and treated R3230 Ac tumors measured within 12-15 min or at
24 hours after heating at various temperatures for 30 min (panel A) and 60 min (panel B). Each point
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represents the mean=+standard error of 10-26 tumors (Song C.W. et al.'V).
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Fig. 2. The concept of proliferating (P) and quiescent (Q) cells in
solid tumors. Q cells are non-dividing viable cells in solid
tumors.

occur in tumors and in inducing a more complete response to radiotherapy.

In a previous study on the effects of MTH on the size of the hypoxic fraction in murine solid tumors,
the following was observed. In general, the quiescent (Q) tumor cell population, which is the
non-dividing viable fraction of the tumor cell population (Fig. 2) contained a greater hypoxic fraction
than the total (the proliferating cell fraction P+Q) tumor cell population'?. As a result, the Q tumor
cell fraction is more resistant to radiation therapy than the proliferating, or P, fraction of the tumor cell
population. MTH decreased the size of the hypoxic fraction in quiescent or Q cells more markedly than
in the total cell population, regardless of the p53 status of the tumor cells’®. The minimum values for
the hypoxic fractions in both, the total population and the quiescent or Q cell fraction, were reached at
6 hours after mild heating. Therefore, MTH could conceivably result in radio-sensitization because of

its potential to oxygenate the hypoxic fractions of heated tumors (Fig. 3). The time course of changes
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in the decrease in the hypoxic fractions of the total and
Q cell populations after MTH suggested that irradiation 6ol
within 12 hours after mild heating may be a potentially
promising therapeutic method for controlling the
radio-resistant Q fraction of the tumor cells, especially

when it is difficult to elevate the tumor temperature 40t

o —O— Total cells, Heat (+)
weeQee Q cells, Heat (+)
@ Total cells, Heat (-)
] Q cells, Heat (-)

sufficiently to cause vascular damage, kill tumor cells,
and directly radio-sensitize the tumor cells within solid

tumors!?.

Hypontic fraction (%)

MTH at 40 to 41°C, if employed alone, is supposed

to produce almost no cytotoxic effects'®. Based on a

formula used extensively for measuring thermal doses,
CEM43°C T90 (the number of cumulative equivalent

0 f12 24 50 100 150 Heat(-)

: 6 Time after heating

within the heated tumor), the thermal dose value is less (hours)

Fig. 3. Changes in the hypoxic fractions of total
(open circles) and quiescent (open squares)

minutes at 43°C exceeded by 90% of the monitored points

than 1.0¥. Under this criteria, almost no toxicity or

cytotoxic effects would be caused by the use of MTH'®. tumor cell populations after mild
. . . ; . temperature hyperthermia (40°C, 60 min).

However, both in vitro and in vivo, when combined The hypoxic fractions of the total (solid
simultaneously with low dose-rate irradiation, MTH has circle) and quiescent (solid square) tumor
o ) cell populations for tumors which were not

been reported to efficiently inhibit cell recovery which heated are also shown. Bars represent 95%

. confidence limits'®.
could occur with the use of a decreased or lower dose

rate!”. Meanwhile, heating at 41°C simultaneously with
irradiation at a dose rate of 4-20 Gy/hr and below 1 Gy/hr is thought to eliminate the dose-rate-sparing
effect by blocking split-dose repair (sublethal repair) and cell proliferation, respectively?.

2. Combination with other treatments

If thermochemotherapy is used with mild temperatures, the effects of melphalan, cyclophosphamide,
ifosphamide and cisplatin were found to be markedly enhanced by mild heating when compared to
treatment at room temperatures in vivo'®. Furthermore, based on data from in-vitro studies, the
activation energies obtained from Arrhenius plots for cisplatin, bleomycin and 5-fluorouracil used with
MTH below 41.0°C were significantly smaller than the energies seen with thermal applications using
temperatures above 41.0°C. This means that thermal enhancement of the cytotoxicity of many
chemotherapeutic agents increases most significantly at temperatures below 41.0°C'®. This implies, that
in general, thermal enhancement in chemotherapy is could be feasible in combination with MTH.

According to previous reports, MTH sensitized tumor cells to the hypoxia-specific cytotoxin
tirapazamine, and induced cytotoxicity more markedly in p53-mutated tumor cells and intratumor Q cell
populations than in wild type p53 tumor cells and in the total tumor cell populations, respectively*®
(Fig. 4). This finding suggests that MTH could provide a useful tool in controlling cancer
therapy—resistant p53-mutated tumors and intratumor Q cell populations. When MTH was combined
with chemoradiation therapy, MTH significantly increased the sensitivity of the total cell population
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Cell-survival curves for SAS/neo (a) and SAS/
mp53 (b) cells, tirapazamine dose-response curves
for induced apoptosis frequency in SAS/neo (c)
and SAS/mp53 cells (d), and tirapazamine
dose-response curves for induced micronucleus
frequency in SAS/neo () and SAS/mp53 cells (f)
as a function of an intraperitoneally administered
dose of tirapazamine (10, 20 and 40 mg/kg). In
both SAS/neo and SAS/mp53 tumors, combined
treatment with mild temperature hyperthermia
(MTH, 40°C, 60 min, triangles) caused a decrease
in the surviving fractions when compared with
tirapazamine alone (squares). In both total (solid
symbols) and quiescent (open symbols) cells,
combined treatment with MTH (triangles)
increased induced apoptosis and micronucleus
frequencies when compared with tirapazamine
alone (squares). Bars represent 95% confidence
limits'®.

when combined with cyclophosphamide, bleomycin,
cisplatin or tirapazamine, and the sensitivity of the Q
combined with' bleomycin or

cells when

tirapazamine?® (Fig. 5). Moreover, even after
treatment with the anti-angiogenic agent TNP-470,
combined treatments with tirapazamine and MTH,
whether or not other cytotoxic treatments such as y-ray
irradiation or chemotherapy using cisplatin were used,
was useful for sensitizing tumor cells in vivo including
Q cells?”. With boron neutron capture therapy
(BNCT), which has

University (Kyoto University Reactor), 1°B atoms from

been performed at Kyoto
administered '°B-carriers have to be distributed into
tumor tissues as selectively and homogeneously, and to
as high a concentration as possible before exposure to
low-energy thermal or epithermal neutron beams from
the reactor. Under these conditions, the use of MTH
was shown to enhance the delivery of °B into tumor
cells, especially into the Q tumor cell population??
whose !B uptake potential is thought to be much
This

resulted in the survival of more Q cells than P cells

lower than the P tumor cell population?®.

~-after BNCT therapy.

The immune response to tumors is also of interest.
For example, the cytotoxic activity of NK cells was
drastically attenuated by high temperature cytotoxic
hyperthermia. However, it has been suggested that
MTH may activate both the innate and adaptive
immune systems through the activation of NK cells
and through a decrease in the number of regulatory T
cells?®,

Research in the

into inducing an increase

expression of therapeutic genes within cells with MTH
using hsp promoters is also underway. A report has
shown that MTH is more effective in promoting
expression than

heat-mediated suicide-gene

high-temperature therapy?®.

3. The viewpoint from the actual clinical scene

Most patients who received hyperthermia
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Fig. 5. y-Ray dose-response curves for corrected micronucleus (MN) frequency (MN
frequency - C, where C is the MN frequency in cells from tumors in animals not given
y-rays) in the total cell popuation and in quiescent (Q) cells from tumors in mice
given adriamycin, mitomycin C, cyclophosphamide, bleomycin, cisplatin, or
tirapazamine. Total cell population: O Mild heating (—); @ Mild heating (+).
Q cells: [ Mild heating (—); B Mild heating (+). Bars represent 95% confidence
limits2®.

treatments had large tumors that could not be controlled by other treatments, or were very refractory
recurrent tumors which followed an initial anticancer treatment. Moreover, in many cases, patient
performance status was not good. It is very difficult to keep patients a suitable position for heating
tumors whose temperature should be kept at more than 42°C for approximately 1 hour. As a result, in
some cases, hyperthermia cannot avoid being interrupted by an acute toxicity such as pain. ‘It is very
difficult to heat tumors homogeneously to over 42°C, using currently available heating devices.
Therefore, by using a temperature under 41°C, it is possible to ease the burden on the patient, and it is
more practical to maintain a patient in a position suitable for heating, and to avoid interrupting the
application of heat.

In order to continue with the development of hyperthermic treatments, the physical, biological, and
medical fields have to progress in step with each other. However, since there is little current progress in
developing physics based devices, an easy-to-operate heating device is not available. In practice, with
ideas from clinical practitioners who operate conventional heating devices, most heating sessions
currently manage to be effective and to maintain an effective relationship between the heated sites and the
heating devices with suitable arrangements made to optimize heating. Under these circumstances, the
actual experiences of the current individual practitioners of hyperthermic medicine can be one of the most

important factors influencing the outcome of tumor responses to hyperthermic treatment. This is why
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it is not easy to standardize hyperthermic treatment as has been done for radiotherapy. When it is
possible to heat tumors over 42°C in expectation of direct cytotoxicity to tumor cells during the first
heating session, trying to heat tumors to over 42°C will be attempted at subsequent heating sessions.
However, when it is impossible to heat tumors to over 42°C during the first heating session, changing to
MTH becomes a reasonable protocol in succeeding sessions, and completing the entire course of heating
treatment while avoiding an interruption of the heating process has to become at least one of the most
important goals'¥. In fact, according to the author’s clinical experiences with real world hyperthermic
treatments, MTH combined with chemotherapy was found to be very useful for patients with low
performance status who had post-radiotherapy recurrent refractory tumors, and it appears to be possible
to suppress the growth of tumors and to keep the size of the tumors almost constant, even if it is
impossible to decrease the size of the tumors?®®. Recently, some reports have also proposed and
emphasized the significance of hyperthermia combined with chemotherapy as a tumor dormancy therapy

in the treatment of refractory advanced and recurrent solid tumors?"2®.

Summary and Conclusions

Originally, hyperthermia was a heat treatment aimed at directly targeting tumor cells or the
environment surrounding tumor cells*®. In classical hyperthermic oncology, significant tumor cell
killing is supposed to occur if cells or tissues are heated to over 42°C for 1hour or more*®.
Radiosensitization and chemosensitization induced by heat treatment were thought to be able to play a
significant role by partially inhibiting DNA damage repair®. However, clinical experience over the past
25 years has shown that it is not possible to routinely achieve thermal dose goals of over 42°C for 1 hour
or more. It is now known that cytotoxic temperatures are only achieved in a small fractions of the tumor
during typical hyperthermic treatments with currently available heating technologies (except with thermal
ablation)?®.

The effects of MTH (39 through 41.5°C for 1 to 2 hours) on tissues are subtle, and have been largely
ignored until recently. However, the subtle effects of MTH, including heat-mediated tumor
reoxygenation” and the inhibition of sublethal and potentially lethal damage repair'”, provide a very
strong rationale for using MTH in combination with radiotherapy. In addition, the physiological and
cellular effects of MTH can improve the delivery of drug vehicles?®, activate promoters for heat-mediated
gene therapy?39, and increase the immune response to tumors through a variety of mechanisms?*3".

Therefore, in clinical thermoradiotherapy, when heating at temperatures higher than 42-43°C for 1
hour or more can be warranted, hyperthermia should be carried out right after radiotherapy. However,
when heating over 42°C is difficult, another useful approach may be to reverse the order of radiotherapy
and hyperthermia, namely, use radiotherapy following tumor oxygenation-inducing MTH'¥. When
tumors are being heated, cancer patients can endure MTH very well because of few acute toxicities, and
MTH is a useful and practical heating mode because even a relatively inexperienced clinical doctor can
easily apply this therapy. Consequently, thermochemotherapy employing MTH also should be
considered worthy of randomized clinical trials, similar to some on-going phase-I*2-3% clinical trials for
the treatment of malignant tumors, although the only phase II clinical trial®*® had stopped because of

enhanced drug-induced hepatotoxicity and the lack of objective responses of treated tumors in seventeen
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eligible patients.
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Abstract in Japanese
FERICB T B 0FHBEEE LT
RIREIRELEDH HHEICDOWT

HEAKIE—RR - 70 A 2% B2 - [ & RS
Pl BB S 2 - A IE R0 - /N BF A T

a0
v

AR F IR TR FARIER AT v 5 —
ST B S R RIS S B R TR I 4R P

AR FERF B E TR AR IEE 7 - ERIC AR RE
HETHAE R X EH HSE] 6-3 CRETAFEEHR)
SRIRIFRCT TR T 5-903 (FERAS AR #1%)

= B 6k, BRI B 2B AREHREE I, EBRES N 2 GRS L kD 2 »ik
RABROEFGHINELE D7 — 5 HED &, BEHEBHAOBERICINET 2R o T &z BEHWA
BT BEOEE, BEBEECHHEETETLEEEZ2ELTWY, T TIEEEYZT
TBOBRER THIEHE L, Wb 5 Performance status DR BWIEEHE V. - T, EEL
BIC L 2 EHNREESR G L C, 42°CUEDEENEERZBEHEL DD 1 BMU LS 2 EE 724k
BRI CI2HIEHDOETHD, MR L 2ERZ EOFEERIC & > CHRETINICHE 2 TREES
FEHEY. Eo, BTOMREE2AWT, MENRE % 2 EE2IZIEH—2, EEOSIETR
ZEHIRFFLTCACCU MBS 2 2 L3R cHEECH 2. M, BEEEOHASKEEREIC & 3
BENEEFBOIEERLUIREEDS L OMEITB W TIL, BESSREEDEE T 40-41.5°CE T L2
THRE N T, BEHREE L 2IERSIRD LR 2ZBO 2 1cb b o3, IR & 2 BB
BIEEHEZIRO LR, BEREESIER, ROBBNERENRIE, EFECEz v, BT, EEER
BHLE (MTH) 283 2 MIEIERA % iz & 2 BERECER L EOEFENZIR, MTH #0
ESHRIRETIC & 2 BRI, BRIOBEBESM I & 2L EEEEmaiiiz bz o T HARE
ENTWE. ZIZT, 40-4ICRIEOEREIMEZ MEEZICED 2% 51F, BHEOAHELERL, &
BRI LHER SN, BEPW 28T 2EDLAREL 2 5. BEEAKRLEEIASEAORCEEL, 1%
FERLFEBEHRRIC A SN MTH OBAE LS p Iz a3 hTw 5. REAGHEBEHGEEIC B W
TlE, 42-43CUAEDOIMRENRIEZ N5 7% 51F, BEVAEIIHEHEENBICHTI N3 RETH 525,
42°CLAEDOIMRSHEETH 570 618, BB & INEOIEF 2 PG s ¥, EERE(FIR £5HET 2
MTH R R S 2 T L, PO R 2 ERNICHF T 200 ERATHA S EE2 6N 5.
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