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Foreword

Hyperthermia has been found to be of great benefit in combination with radiation
therapy or chemotherapy in the management of patients with difficult and com-
plicated tumor problems. It has been demonstrated to increase the efficacy - of
ionising radiation when used locally but also has been of help in combination with
systemic chemotherapy where hyperthermia is carried out to the total body.

Problems remain with regard to maximizing the effects of hyperthermia as in-
fluenced by blood flow, heat loss, etc.

The present volume defines the current knowledge relative to hyperthermia with
radiation therapy and/or chemotherapy, giving a comprehensive overview of its use
in cancer management.

Philadelphia/Hamburg, June 1995 L.W. Brabpy
H.-P. HEILMANN



Preface

In an attempt to overcome tumor resistance, hypoxia, or unfavorable tumor condi-
tions, oncological research has come to focus on gene therapy, immunotherapy, new
cytotoxic agents, and increasingly sophisticated radiotherapy. Radiation research has
been directed towards heavy particle therapy and modification of the radiation
response by either protecting or sensitizing agents. Improved dose localization using
rotational or conformal strategies has also been implemented. Recently, changes in
radiation fractionation schedules have shown promise of better results. Hyperthermia
in cancer therapy can be viewed similarly as another means to increase the sensitivity
of tumors to radio- and chemotherapy.

Hyperthermia (i.e., the application of heat to attain elevated tumor temperatures,
usually in the range of 41°-44°C) as an adjuvant to chemo- and radiotherapy is
primarily employed to improve local control, while its combination with systemic
chemotherapy and sometimes even whole-body radiotherapy obviously aims at the
control of systemic metastases as well. It is in local control of the primary lesion that
hyperthermia will have the greatest impact, and it is in combination with radiotherapy
that hyperthermia appears to have its greatest potential at present. Therefore it
should be implemented in patients in whom the percentage of local failure is high,
such as those with the common tumors of the brain, breast, lung, oropharynx, upper
gastrointestinal tract, and pelvis including the prostate, uterus, cervix, ovary, and
bladder. Even if the impact on survival from improved local control were to be as
low as 5%, this increase would still represent a very significant number of patients
saved from a cancer death.

In cases where no hope for better survival can be expected from improved local
control, many patients could still benefit from alleviation of the extremely unpleasant
effects of uncontrolled local disease (bleeding, pain, infection, etc.). This is parti-
cularly true for breast cancer patients who experience a local failure at the operated
breast or chest wall, such failure often being associated with a variety of very
distressing symptoms and circumstances. Thus, palliation of uncontrolled local
disease is another important indication for hyperthermia.

A general rationale for the use of hyperthermia began to evolve from the
laboratory in the early 1960s, but the actual task of inducing and monitoring the
heat application clinically proved to be much more technically difficult than was
anticipated. Nevertheless, even early clinical trials using crude technical heating
equipment sometimes achieved encouraging results when hyperthermia and ap-
propriate radiotherapy where combined.

More recently we have seen some very positive clinical results emerging from
well-controlled phase III randomized trials (including malignant brain tumors,
melanomas, head and neck and breast tumors) where good quality assurance has
been assured. Most of these trials were of multi-institutional design to recruit
sufficient numbers of patients within a reasonable period. Studies involving heat in
combination with chemotherapy and even triple-modality therapy are now underway
for tumors with a high tumor growth fraction or high metastatic potential. Innova-
tive and invasive techniques, such as interstitial and intracavitary hyperthermia, have
become available to strengthen our oncological armamentarium. Presently un-
resolved questions point to the following areas of research:
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1. Biologists may deepen or even complete our insight into the development of
thermotolerance, and specific assays of heat shock proteins may provide us with
information about the optimal treatment schedule.

2. Physiologists and pharmacologists may induce artificial alterations of the cellular
environment by means of specific thermosensitizers, vasodilators, or the infusion
of glucose to alter the pH. Using positron emission tomography or magnetic
resonance spectroscopy, the induced changes might easily be monitored and used
for the prediction of tumor response.

3. Physicists or engineers may improve present heating systems: applicators are now
being designed to provide broader field sizes, improved control of power deposi-
tion, thermal homogeneity and heat delivery to areas of limited access, better
shielding of sensitive adjacent normal tissues, better conformity to curved body
surfaces, improvement of overall treatment comfort for patients and improved
equipment and computer operation for staff.

4. There is a further need for useful noninvasive thermometry techniques, e.g.,
microwave or ultrasound radiometry, applied potential tomography, or parti-
cularly magnetic resonance imaging; however, clinical applications are likely to
be some years off.

5. Clinical oncologists (surgeons, radiotherapists, and medical oncologists) must
cooperate to an even greater extent in multicenter trials and quality control, and
design appropriate controlled clinical studies for suitable tumors and body sites.

Despite this “work-in-progress situation,” there is no doubt that the addition
of hyperthermia to chemo- and radiotherapy provides a significant and worth-
while improvement in cancer control, and that it holds good promise as a cancer
treatment for selected body sites. In the two volumes of Thermoradiotherapy and
Thermochemotherapy we have aimed to bring together a group of experts of inter-
national reknown to present up-to-date knowledge and future perspectives in the
fields of hyperthermic biology, physiology, and physics (volume 1) and clinical
options for combined hyperthermia and ionizing radiation or chemotherapy (volume
2). The two volumes include 45 contributions (21 chapters in volume 1 and 24
chapters in volume 2) which demonstrate the advanced state of this multidisciplinary
field. We have structured the contents of the book into six sections: historical
review, biological principles, pathophysiological mechanisms, physical principles and
engineering, clinical applications, and multicenter trials and future research.

The logical order of the chapters, the many figures and tables, the concise
tabulation of parameters for hyperthermia data evaluation, and the comprehensive
subject index provide a clear orientation in the field. The reader will find the
important aspects summarized and highlighted at the end of each chapter. The two
volumes are designed to allow the specialist as well as the interested newcomer to
start with any desired topic or preferred area of research and then easily to proceed
to any other topic of interest.

In publishing these two volumes we hope to promote further scientific exchange
among the countries of Europe, America, Asia and other areas in order to stimulate
the diffusion of knowledge of thermoradio- and thermochemotherapy in all special-
ized oncological fields. Biological research, technical improvements, and new clinical
concepts and therapeutic ideas may pave the way for a broad spectrum of oncological
and even nononcological applications. We hope that you will find this book interest-
ing, informative, and stimulating: it certainly was for all three of us as we participated in
the writing and editing of it.

Erlangen/London/Stanford M. HEINRICH SEEGENSCHMIEDT
CLARE C. VERNON
PETER FESSENDEN
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1.1 Introduction

“Cancer” today means a ‘“‘malignant growing
tumor” which nearly always threatens life if it has
reached its advanced form, but may be ““curable”
if detected in any early stage of development.
One special section of medicine called “oncology”
deals with these malignant diseases. Despite
extensive research in the past, the etiology, possi-
ble preventive measures, and the diagnostic
assessment are still incompletely understood;
similarly, the therapeutic management of cancer
is still not too well established in our present
health care system. By the public, cancer is mostly
perceived as a fatal disease which is often asso-
ciated with pain or other dreadful symptoms,
malnutrition, severe individual discomfort, and
many psychosocial problems.

M.H. SeeGENsSCHMIEDT, MD, Department of Radiation
Oncology, University of Erlangen-Niirnberg, Univer-
sitdtsstrale 27, D-91054 Erlangen, FRG

C.C. VErNON, M. A, FRCR, MRC Hyperthermia Clinic,
Hammersmith Hospital, Du Cane Road, London W12
OHS, UK

Throughout medical history, the diagnostic
and therapeutic management of cancer have been
a matter of controversy and never regarded as a
truly rewarding task. Even now, the early detec-
tion, refined diagnosis, and description of the
clinical development of various tumors along with
their specific clinical symptoms are emphasized
more in the medical curricula and practical train-
ing, continuous medical education, and medical
research than in the complicated and empirical
therapeutic practice of surgical, medical, and
radiation oncology.

Due to the overt lack of success with the more
conventional oncological methods, i.e., surgery,
radiotherapy, and chemotherapy, improved
cancer treatments are desperately sought. They
are often wholeheartedly and quickly embraced if
they offer hope of even a small improvement in
cancer management. However, if the methods in
question fail to prove their therapeutic potential
within a certain period, they also may be too
quickly condemned, without careful assessment.
Thus, historical, political, economic, and even
intrinsically medical aspects may not be dis-
regarded if new oncological treatment modalities
like “hyperthermia” are to occupy their appro-
priate place in oncology.

This introductory chapter to the two volumes
on “Thermoradiotherapy and Thermochemother-
apy” briefly reviews the developing field of
oncology and tries to address the specific role of
hyperthermia in this field from a more historical
perspective. This historical review is intended to
point out only the most interesting areas of hyper-
thermic research, which have come under inten-
sive investigation in recent years. We rely in this
chapter on several excellent summaries of the
same issue as well as some historical comments on
hyperthermia (Licur 1965; Dierzer 1975;
HornBack 1984; MEYER 1984; OVERGAARD 1985;
StorM 1983; SUGAHARA 1989). We are aware that
the presented selection of historical details and
their specific interpretation is a somewhat subjec-



tive view and certainly does not represent a com-
plete assessment of the available historical
sources.

1.2 Historical Perspective on Cancer Therapy
1.2.1 Ancient Times

It is almost certain that some of the “swellings”
and “ulcers” of the skin, breast, and female
genitalia exactly described in different Egyptian
papyri (Papyrus Ebers, Papyrus Edwin Smith,
and Papyrus Kahoun) were true malignant
tumors. On account of their easy accessibility
they were the best-known and best-described
“cancers” of antiquity. Similar descriptions
of malignant tumors are also encountered in
the available ancient medical writings of the
Mesopotamian, Indian, and Persian cultures. The
Greek priests of Asklepios (about 1260 B.c.), the
Asklepiades, who were known for their medical
skills, already knew of and differentiated the con-
tinuously progressing “swellings” with or without
ulceration. Because of the rather similar appear-
ance of a protruding and locally infiltrating tumor
of the breast and the crayfish, they called this
disease “raprivog” (karkinos) (Fig. 1.1).

Fig. 1.1. “Le chancre.” Copperplate engraving from the
medical book Euvres d’Ambroise Pare, 10th edition, Lyon
1641. This engraving illustrates the animal, a crayfish or
crab, which gave the name to our modern disease ‘“cancer.”
The writers at the time of Hippocrates (500-400 B.c.) used
the words “karkinos” and “karkinoma” to describe indis-
criminately chronic ulcerations and swellings that appear
to have been malignant tumours. The Roman Celsus (25
B.Cc.—50 A.p.) translated the Greek word “‘karkinos” into
the Latin “‘cancer,” a term which was used for open and
deeply penetrating types of ulcers, while he used “car-
cinoma” for closed lesions corresponding to our premalig-
nant and malignant tumors. As late as the nineteenth
century both terms were used as synonyms to describe
malignant tumors

M.H. Seegenschmiedt and C.C. Vernon

For noninflammatory tumors, hard swellings,
and ulcers of the skin, female breast, and genitalia
with a tendency to generalization, locoregional
relapse, and a fatal outcome, the Hippocratic
aphorisms derived from the famous Greek physi-
cian Hippocrates of Kos (460-370 B.c.; Fig. 1.2)
used the expressions ‘‘karkinos” (in an early
tumor stage) or “karkinoma” (in an advanced
tumor stage). These expressions were later trans-
lated into the Latin language as the term “‘cancer.”
Occasionally another term, “oxippoc” (Latin:
scirrhus), was used; however, in later times this
expression was applied in a more or less confusing
manner even for noncancerous hard tumors,

Fig. 1.2. Hippokrates of Kos (460-370 B.c.), the famous
Greek physician who became famous for his so-called
Hippocratic aphorisms, which comprised a collection of
items of practical advice for the physicians of the time
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precancerous tumor lesions, and some particular
types of cancer.

The ancient physicians were often reluctant to
treat these malignant diseases, which they
regarded as cancers. In many instances, cancer
therapy was considered useless or even disastrous
for the patient, and also potentially damaging to
the reputation of the physician, especially when
the prescribed treatment was failing. Thus, a
“prudent” physician with wide clinical experience
had to learn through theoretical studies and
clinical practice to “touch” only the easily curable
small tumors (i.e., those in their early stages),
and to leave untreated those patients who dis-
played large protruding, ulcerated, or generalized
tumors (i.e., those in their more advanced stages).
Thus, a broad therapeutic pessimism governed
oncological practice in antiquity. One of the
Hippocratic aphorisms even specifically warns
against the treatment of the “nonulcerated can-
cers,” which were then already regarded as a
more advanced form of cancer, by saying (JONES
and Henry 1959): “It is better to give no treat-
ment in the cases of hidden cancer, as the treat-
ment causes speedy death, while to omit treatment
is to prolong life.”

Also the term “weractacic” (metastasis) was
coined from the Hippocratian medicine meaning
“to change” or “to transform”.

The Roman encyclopedist Aulus Cornelius
Celsus (25 B.c.—50 A.D.) included in his famous
encyclopedia a chapter on “De Medicina,” which
added to the diagnostic but not to the therapeutic
knowledge of cancer. It was the most renowned
physician of antiquity, Clarissimus Claudius Galen
from Pergamon (130-120 A.p.), who wrote a
special volume on ‘““tumors’; however, among the
61 presented ‘“‘tumors” he also described several
nontumorous diseases like “edema,” “erysipelas,”
and “lipomas.” More importantly, Galen codified
the “humoral theory” of disease which arose
about 400-500 B.c. in analogy to the theory of the
four elements and was explained in the treatise
“On the Nature of Man,” written by Hippocrates
or his son-in-law Polybos.

This humoral theory, although not undisputed
in antiquity, became established for the next 1500
years and handed down to the scholastic school of
medicine in the Middle Ages. This fundamental
theory of physiology explained that the physical
condition is due to the relative balance among its
four “humors” — the liquids blood, yellow bile,
black bile, and phlegm. If the mixture (krasis) of

these four humors is in good balance (eukrasia),
the human being enjoys a state of health, while
the imbalance (dyskrasia) of the humors is the
cause of diseases, including cancer. This con-
ceptual idea of disease as an imbalance of the four
natural “forces,” so-called humoralistic medicine,
became very popular among physicians and scien-
tists and convinced almost everybody of antiquity
and thereafter.

With regard to the development of malignant
tumors, Galen held one of the four humors
responsible, the “melan cholos” — the nonexistent
black bile. As long as such an interpretation of
cancer was accepted as the truth, it was bound to
discourage a more ““logical”” approach to the treat-
ment of cancers, including the surgical excision of
tumors. Instead, general treatments such as diets
or drugs or bleedings prevailed as common ther-
apeutic strategies far into the nineteenth century.
Even nowadays, plenty of quacks still thrive on
this “alternative treatment” of cancer.

1.2.2 The Middle Ages

Arabian medicine helped to pass on several ideas
of ancient medicine to the “‘dark” Middle Ages.
Of itself, this period added little to the knowledge
of cancer, although a few aspects, especially in
respect of the internal tumors, were developed
and broadened. For example, the Arab physician
Rhazes (900 A.p.) differentiated nasal polyps and
cancer, and Avenzoar (about 1150 A.p.) suggested
external feeding and nutritional support by means
of clysters and sounds for patients suffering from
slowly growing esophageal and gastric cancers.
The medieval physicians were as sceptical about
the performance of surgical procedures for cancers
as were those of antiquity, and the nascent
separation of the two practical medical fields of
surgery and medicine clearly hampered progress
in oncology.

1.2.3 The Sixteenth, Seventeenth,
and Eighteenth Centuries

In the sixteenth century, the physicians of the
Renaissance provided little new information and
developed no new clinical strategies for the treat-
ment of cancer. For example, the German
anatomist Andreas Vesalius (1514-1564), who
published his famous anatomical book ‘De



humani corporis fabrica libri septem” in 1543,
helped to improve the clinical understanding and
the differentiation of malignant tumors, but again,
his studies were far more targeted at diagnostic
rather than therapeutic progress in oncology. As
a representative example, one of the most famous
surgeons of that time, the Frenchman Ambroise
Paré, still interpreted the occurrence of metastases
in the traditional humoralistic fashion, namely
as a local manifestation of the ‘“melancholic
diathesis.”

In the seventeenth century and the period of
the Enlightenment, the French genius René
Descartes (1596—-1650) — who was a philosopher,
mathematician, and physician at the same time —
was one of the first to challenge the popular
humoralistic ‘‘black bile theory”” of Galen through

a widely acclaimed mechanistic lymph theory

which was in accordance with the then newly
discovered lymphatic system. In a long historical
perspective, his “mechanistic”” concept encour-
aged later surgeons to take a logical approach to
treating cancer by removing all involved cancerous
lymph nodes together with the primary tumor. In
that century, which was sorely troubled by plague
epidemic throughout Europe, the view of cancer
as a “‘contagious disease” was adopted by many
physicians and the public. This opinion derived
from analogies with other tumor-like diseases
including leprosy and elephantiasis. As a fatal
consequence, all sufferers from cancer were
rigorously barred from most hospitals at that time,
a policy which was retained even up to the middle
of the nineteenth century. This is well reflected in
a dramatic conflict in 1874 between James Marion
Sims (1813-1883), who is regarded as the father
of surgical gynecology in North America, and the
managers of the first gynecological hospital in
New York, the famous ‘“Women’s Hospital of the
State of New York”, who intended to bar all
patients with malignant tumors from the hospital.
Finally, patients with tumors were also treated.
Due to major advances in anatomy and general
pathology, the eighteenth century witnessed the
first great scientific debate in medicine between
the declared proponents of the ‘“humoralistic
diathesis” and those of “‘solidistic localism,” which
was then being newly applied to oncological
diseases. The most important promoter of
localism, the Italian Giovanni Battista Morgagni
(1682-1771), taught anatomy in Bologna and
Padua; he precisely described and characterized
numerous cancers which he saw at autopsies from
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this new perspective. An important contribution
to the clarification of the etiology of malignancies
was also made by the Dutch clinician Herman
Boerhaave (1668—1738), who regarded cancer as
a consequence of local irritation, an important
clinical observation which was later confirmed in
respect of many types of occupational cancer,
such as scrotal cancer in chimney sweeps, pul-
monary cancer among the Schneeberg miners,
bladder cancer in aniline workers, and bone
tumors among dial-makers. It was not until this
time, in 1740, that the first specialized hospital for
cancer patients was opened; this hospital, in
Rheims (France), remained open for almost a
hundred years.

1.2.4 The Nineteenth Century

It was not until the nineteenth century that on-
cology made a more decisive step forward through
further progress in pathological anatomy and
detailed histological studies on the various tissues
composing different organs rather than mere
macroscopic observation and description of organ
changes. The founder and promoter of histo-
pathology, the young French physician Marie
Francois Xavier Bichat (1771-1802), was able to
differentiate between the stroma and parenchyma
of cancers and precisely observed their lobular
structure. He rejected the ancient differentiation
between open (ulcerated) and nonulcerated
cancers.

The ingenious inventor of the stethoscope, the
precise diagnostician, observant clinician, and
brilliant pathological anatomist, René Théophile
Hyacinthe Laennec (1781-1826), divided the
malignant tumors into a ‘“homologous” (i.e.,
analogous to existing tissues) and a “heterologous”
group (i.e., without any parallelism to normal
tissues). He was already convinced of the local
origin of cancer, whereas several of his collabor-
ators still believed in the “dyscrasic cancerous
diathesis.” Even 30 years later, the Austrian
pathologist Karl von Rokitansky (1804-1878)
upheld the old humoralistic idea in his early years
and was much supported by the French physician
Jean Cruveilhier (1791-1874), who emphasized
the existence of a “‘cancer juice.” Many other
cancer theories originated in the nineteenth
century which tried to overcome the traditional
hypotheses. However, this was still a scientific
debate on the origin, development, and diag-
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nosis of cancer rather than on the appropriate
treatment.

In the nineteenth century, new concepts and
ideas were transferred from the autopsy to the
operation room. With the introduction of an-
esthesia more aggressive surgeons developed new
treatment concepts. Thus, the field of “surgical
oncology” started to develop and slowly helped to
improve the therapeutic standards achieved with
drugs and diets. This is reflected in the famous
book by the American surgeon John Collins
Warren (1778-1856), “‘Surgical Observations on
Tumours with Cases and Operations,” which was
published in 1837 (PoLLay 1955). Warren also
stressed the importance of complete surgical
removal of “precancerous lesions.”

A completely new oncological understanding
arose from microscopy and the interpretation of
pathological findings according to the Schleiden-
Schwann “cell theory”” (Matthias Jakob Schleiden,
1804-1881; Theodor Schwann, 1810-1880) and
the Remak-Virchow cell theory, which is reflected
by the hypothesis “omnis cellula e cellula” (Robert
Remak, 1815-1865; Rudolf Virchow, 1821-
1902). It was the German anatomist and physio-
logist Johannes Peter Miiller (1801-1858) and his
remarkable book entitled “Uber den feineren Bau
und die Formen der krankhaften Geschwiilste”
(published in 1838) who finally paved the way for
a revolutionary interpretation which still in-
fluences our allopathic medical thinking and
current oncological concepts. Miiller’s work
stimulated the fundamental studies of his famous
disciple Rudolf Virchow, who successfully applied
his “cellular pathology” (i.e., pathology of various
diseases from the perspective of their cellular
changes) to the various malignant diseases. He
was the first to completely define and describe the
“cancerous cell,” the tumor structure, and the
various stages of tumor formation. Virchow was a
very strong proponent of the local origin of cancer,
an interpretation which subsequently stimulated
all the modern therapeutic approaches of surgical
oncology.

Despite some errors in Virchow’s oncological
concept (e.g., that all tumors originate from
connective tissue), his basic ideas have prevailed
until today. Based on the dramatic input of
bacteriology around 1870-1900 and the rapid
technical progress made in various medical dis-
ciplines, including the discovery of x-rays in 1895
by Wilhelm Conrad Rontgen (1845-1923) and
their immediate use in diagnostic and therapeutic
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radiology, as well as the increasing sophistication
of surgery as a whole and of radical operations in
particular, the treatment of cancer has experienced
considerable progress in the twentieth century.
Due to the aforementioned progress and the
development of anesthesiological techniques,
some remarkable new oncological operations
were performed at the end of the nineteenth and
the beginning of the twentieth century, including
the Halstedt operation on the breast (William
Stewart Halstedt, 1852-1922), the Wertheim
operation on the uterus (Ernst Wertheim, 1864—
1920), and the renowned Billroth operation on
the larynx, esophagus, and stomach (Theodor
Billroth, 1829-1894).

1.2.5 The Modern Ages

During the twentieth century our basic under-
standing of cancer has exploded, resulting in an
immense specialization and subspecialization of
oncological research. The most remarkable con-
tributions during this century have come from
biology, biochemistry, pathophysiology, phar-
macology, microbiology, virology, immunology,
and human genetics, but there have also been
contributions from environmental medicine,
epidemiology, biomedical statistics, and many
other related disciplines. Nowadays experimental
research is booming and clinical practice still
diversifying. There is far greater awareness of
individual and general preventive measures,
external and internal diagnostic procedures have
improved dramatically, and for many malignancies
single-modality therapy has been abandoned and
replaced by a multimodality approach.

Nevertheless, not only the patients and the
public but also most physicians and scientists are
confused, frustated, and even intimidated by this
immense diversification, as few are able to achieve
a broad overview of this accumulated knowledge.
Another observation is troublesome: It is not
known whether there has been an actual increase
in cancer in our times or whether the increased
prevalence is attributable to improved cancer
registration, better diagnostic tools, or increased
life expectancy; however, cancer is the symbolic
disease of our modern era, as leprosy was during
the Middle Ages or cholera during the nineteenth
century.

Despite scientific conquests and advances in
clinical practice, many old questions are still



unanswered and with any new answer even more
questions seem to arise. Unfortunately, this is
also reflected in the persistent lack of successful
management for most solid tumors, at least when
they have progressed beyond a merely local stage.
Thus, we must ask ourselves of the field of
oncology:

1. Where have we arrived with our present
scientific knowledge?

2. Is Hippocrates’ pessimistic view on cancer
treatment still valid?

3. Are we now experiencing a new battle between
“humoralists” (represented by laboratory
medicine, medical oncology, and immunology)
on the one hand and “solidists” (represented
by diagnostic imaging or surgical and radiation
oncology) on the other?

4. Will the imminent economic constraints on our
health care systems allow us to pursue new
therapeutic avenues while we continue in the
frustrated therapeutic efforts of the past, or
will we be forced to abandon costly treatments?

5. Can we define better prognostic parameters to
allow more strict selection of patients?

Certainly it will be the task of the next century
to synthesize the multifaceted research efforts, to
improve interdisciplinary cooperation, to intro-
duce stringent quality assurance and control in
diagnostic and therapeutic practice, and to con-
duct controlled multidisciplinary and multicenter
trials where there is a clear indication of any
therapeutic progress from various single institu-
tions. When we reflect on this arduous and still
on-going development of oncology, it should be
evident that the development of hyperthermia in
oncology should be given a fair chance and that a
similar patient attitude should be adopted with
regard to other new treatment concepts and ideas
as tentative steps are taken to define their role in
oncology.

1.3 Historical Perspective on Hyperthermia
1.3.1 General Definitions

The term “hyperthermia,” which is derived from
the Greek “hyper” (i.e., beyond, above, over, or
excessive) and ‘“‘therme” (i.e., heat), has to be
clearly distinguished from the term “fever,”
which derives from the Latin word “febris.” While
the former term refers to the artificial, either
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external or internal induction of localized or sys-
temic heat deposition in the human body, the
latter term describes an internally induced patho-
physiological phenomenon which may be caused
by abnormalities of the brain or triggered by toxic
agents that affect the temperature-regulating
centers in the hypothalamus and lead to a systemic
increase in the body temperature. Viruses,
bacterial toxins, drugs, tissue breakdown, and
foreign proteins can act as so-called pyrogens.
While under the former condition, the normal
thermoregulatory forces react with vasodilatation
and increasing perfusion to maintain the normal
body temperature, under the latter condition the
central thermoregulatory system and the thermal
feedback control mechanisms are still functioning,
but are switched and regulated at a higher than
normal body temperature level.

In contrast, the term “malignant hyperthermia”
is used to describe the sudden and often fatal rise
in body temperature which is mostly associated
with the induction of general anesthesia by means
of halothane, methoxyflurane, cyclopropane, and
diethylether. It occurs preferentially in young
people and in specific families. It is characterized
by the sudden onset of extremely high body tem-
peratures and by tachycardia, cardiac arrhythmia,
and rigidity of muscles. Succinylcholine may be
one triggering agent, and the underlying defect in
susceptible patients seems to be a faulty calcium
metabolism in muscles which results in the typical
tetany symptoms. The burst of muscular activity
produces tremendous quantities of heat which
overwhelm the normal compensation mechanisms
of the human body, and the central temperature
and feedback control mechanisms may be
damaged as well. Systemic temperatures may
reach far beyond 42°C.

“Environmental heat illness” is another scenario
in which the body temperature is elevated above
the normal level. This temperature elevation can
derive from two sources. First, heat can be trans-
ferred from the environment to the human body
by radiation (i.e., via electromagnetic waves) and
by conduction and convection from warm air, hot
water, or other hot media. For example, when
exposed to direct sunlight, the human body can
accumulate up to 150kcal/h. Secondly, heat can
be produced metabolically by the body itself,
especially by intense muscular activity. During
maximal physical exercise the metabolic heat
production reaches 600-900kcal/h, which raises
the core body temperature to as high as 40°C
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(Barp 1961). All individuals suffering from ‘‘heat
stroke” have an intact thermoregulatory center.

Today “hyperthermia” in oncology is used as a
sensitizing agent for ionizing radiation (radiosen-
sitization) or chemotherapy (chemosensitization).
Generally this can be achieved with heat treat-
ments in the range of 41°-43°C, while tempera-
tures above 43°Cinduce direct thermal cytotoxicity
depending upon the duration of heating. Other
means of inducing “hyperthermia” like photoco-
agulation or laser therapy work at considerably
higher temperatures beyond 50°-60°C or even
100°C or higher. Thus, the present meaning of
“hyperthermia” is rather diverse and strongly
related to the applied technique and the purpose
of its application.

1.3.2 General Historical Considerations

The obvious ignorance and confusion about the
exact diagnosis and treatment of “‘cancer” may
well explain many of the remarkable case reports
of ““cancer cure” by exposure to heat which have
been handed down in medical history. In ancient
times most cancers (some of which may not have
been of a truly malignant nature) were treated by
local excision (surgery), diets or drugs (medicine),
and/or bleedings. Another oncological treatment
termed ‘‘cauterization” was also commonplace in
various ancient cultures. This treatment consisted
in the local application of extreme heat either by
the use of specific chemicals, such as ‘“‘cauterizing
salves,” or by direct physical contact of the tumor
with the so-called ferrum candens, which has been
translated as “fire drill” or “red hot iron” (Fig.
1.3). Besides these rather local measures, the use
of hot baths was another traditional means of
treating various types of disease, though only
sometimes cancer (Fig. 1.4).

If we accept that these widely applied caustic
measures represent typical applications of ““local
hyperthermia” (at high temperatures for a short
period of time) and the use of hot baths or the
artificial induction of fever, applications of
“systemic hyperthermia” (at relatively mild tem-
peratures for a much longer treatment duration),
then hyperthermia has a very longstanding tradi-
tion in the treatment of cancer. However, it was
not until the beginning of the twentieth century
that a much more scientific approach was taken to
the application of heat as a means of cancer

Fig. 1.3. Illustration of a typical cautery treatment in the
Middle Ages with the “ferrum candens” (red hot iron).
Copperplate engraving from the sixteenth century.
(Philadelphia Museum of Art, Philadelphia. Purchased:
SmithKline Beckman Corporation Foundation)

therapy, and this will be the focus of most of our
remarks.

During this century and especially during recent
decades new heating techniques and clinical
applications have been developed and many types
of tumors have been treated. For induction of
external local hyperthermia a variety of methods
have been applied, including radiofrequency,
shortwave, microwave, ultrasound, and hot water
perfusion techniques. In addition, internal,
intracavitary, and interventional heat treatments
have been carried out by means of galvanocautery,
electromagnetic heating, and conductive hot
water perfusion. Systemic heating has been induced
by hot baths, artificial fever therapy, and external
heating devices, e.g., heating cabinets. Technical
progress and the growth of clinical expertise,
especially during the last two decades, have helped
us to stimulate the development and implementa-
tion of various heating methods. Thus, nowadays
a broad spectrum of heating methods and tech-
niques is available for clinical applications, as
summarized in Table 1.1.
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Fig. 1.4. Open thermal bath located at a hot spring illus-
trated on the title page of a book from the sixteenth
century. The writing on top of the wood engraving gives
the title of the book: “This booklet tells us about all
natural hot baths.” German wood engraving from around
1500 A.p. (Paris, Bibliotheque des arts decoratifs)

1.3.3 Localized Heating Methods
1.3.3.1 External Cautery

In ancient times heat was applied to various types
of disease, including cancer. One of the oldest
historical reports on the use of heat to treat tumors
was handed down by the Indian ““Ramajana.” Its
use as an oncological treatment is also mentioned
in the Egyptian Edwin Smith Surgical Papyrus,
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which dates back to about 3000 B.c. (BREASTED
1930). Therein a clinical report is presented of a
woman suffering from a (malignant?) breast
tumor. In this case it was recommended that the
tumor be treated by means of the so-called fire
drill, which was clearly meant to be a local caustic
therapy. Subsequently, such local heat treatments
were described in numerous other reports by
Greek and Roman physicians. This ancient con-
fidence in the application of local heat is unders-
cored by one of the famous aphorisms of the
Greek physician Hippocrates, who stated (trans-
lated in Latin words, according to OVERGAARD
1985):

Quae medicamenta non sanant, ferum sanat.
Quae ferum non sanat, ignis sanat.
Quae vero ignis non sanat, insanobilia reportari oportet.

which means:

Those who cannot be cured by medicine can be cured by
surgery.

Those who cannot be cured by surgery can be cured by
heat.

Those who cannot be cured by heat are to be considered
incurable.

While in this specific Hippocratic aphorism
(local) cautery was regarded as a very effective
means of treating advanced malignant superficial
tumors, Hippocrates warned against the use
of (systemic) heat when he stated in another
aphorism:

Heat produces the following harmful results in those who
use it too frequently: softening of the flesh, impotence of
the muscles, dullness of the intelligence, hemorrhages,
fainting, and death ensuing in certain cases.

The broad application of “local heat” through-
out antiquity is addressed in several ancient
Roman scripts, for example in “De medicina,”
the famous encyclopedia of the Roman physician
Celsus (CeLsus 1967), and in the writings of
Galen, who also recommended the use of “‘ferrum
candens” for accessible localized tumors.

However, this “solidistic” or ‘‘mechanistic”
approach to cancer therapy stood somewhat in
contrast to the otherwise “humoralistic concept”
of disease which was commonplace at the time.
Apparently the therapeutic success of local heat
treatment spoke for itself. The records on local
cautery usually state that the involved area was
entirely burnt out, including a margin of sur-
rounding healthy tissue, thereby destroying the
tumor and coagulating the underlying bleeding
vessles. The Greek physician Leonidas from
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Table 1.1. Principal methods and special techniques of heating
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Heating method Specific technique

Clinical applications

Microwave heating methods (50-2450 MHz)

Single external devices Direct tissue contact at the body
surface with use of bolus material

Direct tissue contact with applicators
placed around the lesion

Applicators surround the patient for
regional deep heating

Single antenna or antenna array
directly inserted into the timor

Multiple external devices
Phased array devices

Interstitial devices (‘‘antennae’)

Intracavitary devices (‘‘antennae”) Different antenna designs inserted

into preformed body cavities

Radiofrequency heating methods (0.5-27 MHz)

Inductive external device Loops or coils positioned against the
body surface or surrounding the
patient

Pairs of plate electrodes placed on
opposite sites of the body

Ferromagnetic material (wires,
seeds) implanted directly into the
tumor

Arrays of paired or unpaired needle
electrodes implanted into the
tumor

Ultrasound heating methods (0.5-5.0 MHz)

Single external device Direct tissue contact at body surface
with use of bolus material

Direct tissue contact with applicators
placed around the lesion

Applicators are focused into the
depth of the patient’s body for
deep heating

Single- and multiple-element
antennae or array inserted directly
into the tumor

Single- and multiple-element antenna
inserted into preformed cavity

Capacitive external devices

Inductive interstitial devices

Capacitive or inductive interstitial
and intracavitary devices

Multiple external devices

Focused array devices

Interstitial devices (‘‘antennae’)

Intracavitary devices (“antennae’)

Local and regional perfusion methods

Intravascular blood perfusion Warmed blood into catheterized
vessel

External saline perfusion Warmed saline perfused across the
mucosal surfaces

Warmed water perfused with high
pressure within implanted
catheters

Interstitial hot water perfusion

Systemic heating methods
Induction of fever
Intravascular blood perfusion
External heating techniques

Injection of pyrogenic material

Extracorporeal blood heating

Hot bath and blankets, heat boxes,
space suites, radiative devices

Small superficial tumors
Extensive superficial tumors

Deep-seated tumors of abdomen,
pelvis, or extremities

Any accessible body site; tumors of
the brain, head, and neck, chest
wall, pelvis, extremities, and soft
tissue

Accessible tumors of the pharynx,
esophagus, bile duct, cervix,
uterus, prostate, rectum, and anus

Large or deep-seated tumors in any
body site

Various sites of the body (superficial
or deep)

Any accessible body site; as for
microwave heating

Any preformed body cavity; as for
microwave heating

Small superficial or medium-depth
tumors

Extensive superficial or medium-
depth tumors

Superficial and deep-seated tumors
of abdomen, pelvis, or extremities

Any accessible body site; as for
microwave heating (under
development)

Any preformed body cavity; as for
microwave heating

Tumors in regions with regional
vessel network; liver, extremities,
etc.

Superficial intracavitary tumors:
bladder, cervical anorectal tumors

Any accessible body site; as for
microwave heating

Metastatic and advanced tumors
Metastatic and advanced tumors
Metastatic and advanced tumors

Alexandria (about 200 A.D.) treated large or fixed
tumors of the breast with local cautery. Similar
reports are known from the ‘“Hypomnema” of
Paulos from Agina (625-690 A.D.), who helped to

transmit many of the ideas and concepts of Greek
and Roman medicine to the Arabs when they
conquered the ancient Egyptian metropolis of
Alexandria (PAuLos VON AEGINA 1914).
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External cautery was also a very prominent
treatment for many nononcological disorders and
cancers from antiquity through to the nineteenth
century (Fig. 1.5a,b). Moreover, in many other
old cultures of the Middle East, Asia, and Middle
and South America similar treatment techniques
were handed down to us by various scripts and
sketches. Fig. 1.6 depicts a typical medieval illu-
stration from the medical script “Armamentarium
chirurgicum” by Johann Schultes (Amsterdam,
1672) which demonstrates the typical cauterization
of a female patient with a large ulcerated breast
carcinoma. Similar caustic treatments of tumors
are reported in other body sites and in different
cultures. Most interestingly, in the Middle Ages
and thereafter caustic treatments were usually
performed by the “‘barbers,” who were obviously
responsible for the “solidistic” treatment

Fig. 1.5a,b. Cautery treatment of localized tumors, boils,
and warts in medieval Arabian medicine. a Removal of a
foot lesion. b Removal of a neck node lesion (depicted in
black). Medieval Turkish Surgical Manuscript from Charaf
ed-Din, 1465 (Paris, Bibliotheque Nationale)

M.H. Seegenschmiedt and C.C. Vernon

Fig. 1.6. Use of a ring-shaped hot iron to cauterize a
tumorous lesion of the breast in the seventeenth century.
The illustration explains the preoperative preparation, the
performance of the surgical procedure, and the special
bandage technique postoperatively. The author entitles
this illustration “How to remove the breast with an appar-
ent breast carcinoma and to bandage the site according to
Sostratus.” Illustration from the Armamentarium chirur-
gicum of Johann Schultes, Amsterdam 1672 (Paris,
Bibliothéque de Faculté Médecine)

methods, while the “physicians” tended to follow
the traditional guidelines of ‘“humoralistic”
therapy. These two competing professions and
medical concepts continued their dispute over
diagnosis and the best means of treating diseases,
including cancer, until the twentieth century.
Interestingly, modern methods of ‘“local heat”
application for the treatment of tumors include
the use of electrocoagulation and laser techniques,
which are mostly applied in the operation room.
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1.3.3.2 Internal and Interventional Cautery

Localized heating was not only applied externally
but also used as an internal heating method for
many diseases, especially gynecological disorders
(Fig. 1.7), and some accessible tumors. About
1830 the French surgeon Joseph Claude Anthelme
Récamier (1774-1856) began to use intracavitary
electrical heating (“galvanocautery’) for the treat-
ment of uterine cancers. Subsequently in 1889,
the American surgeon Byrne published his
successful 20-year experience in 367 patients
suffering from cancer of the cervix and/or corpus
uteri. He reported an excellent long-term tumor
response, a reduced or delayed relapse rate,
reduced metastases in operable cases, and excell-
ent palliative effects on pelvic and perineal pain in
inoperable cases. He also stated what is now well
known, namely that “deeper lying cancer cells are
destroyed by less heat than will destroy normal
tissues” (BYRNE 1889, 1892). Several devices and
applicators were invented to apply galvanocautery
to various organs (Fig. 1.8a,b).

The Swedish gynecologist F. Westermark
(1898) implemented intracavitary heating without
using the typical cauterizing approach. Instead,
he induced localized conductive heating by means
of hot water that was perfused through an in-
tracavitary spiral metal tube which he placed in
the vagina. The temperature of the circulating hot
water was constantly controlled between 42° and
44°C over a 48-h treatment period. Although he

Fig. 1.7. Heating apparatus for treatment of various
diseases of the uterus. Apparently the patient feels com-
fortable while reading a book during the treatment, the
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applied this approach primarily for nononcological
disorders and did not consider this method a
typical cancer treatment, he observed excellent
clinical responses in seven ulcerated and inoper-
able cervical carcinomas (WESTERMARK 1898).
These beneficial clinical results in ulcerated or
inoperable cervical tumors were confirmed by
GortscHALK (1899), who believed that higher
temperatures and shorter treatment times would
result in a similar tumor response. Interestingly,
some recent clinical studies suggest that long-term
mild hyperthermia at 41°-41.5°C appears to be
equally as effective as a short-term high-tempera-
ture heat treatment (GaRrcia et al. 1992).

Despite the rapid development of gynecological
surgery in the late nineteenth and the early twen-
tieth century, with Ries-Wertheim hysterectomy
replacing the formerly popular “galvanocautery,”
the American gynecologist Percy (1912, 1913,
1916) again reinforced the use of local cautery for
inoperable uterine cancers. He performed
galvanocautery during laparotomy and kept the
temperatures of the vagina, rectum, and bladder
well controlled between 43° and 46°C by means of
invasively implanted thermometers. Thus, this
could be regarded as the first report on the use of
intraoperative hyperthermia. Percy noted some
excellent palliative effects in inoperable cases and
reported several long-term survivors.

These positive clinical findings were inde-
pendently confirmed by two American surgeons
from the Mayo Clinic: Mayo (1913, 1915) and

book being mounted on the apparatus. From: E. Matthieu,
Etudes cliniques sur les maladies des femmes., Paris, 1874
(Paris, Bibliotheque de Faculté Médecine)
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Fig. 1.8a—d. Galvanocautery. a Wooden box containing a
complete tool set for surgical galvanocautery (according to
Hirsch) around 1900. The box contains an insulated
ceramic handle with connecting plugs (lower left), con-
necting tubes (upper left), and different electrodes (lower
right). Catalogue offer from the electromedical company
Reiniger, Gebbert, and Schall, Erlangen (Germany).
(Courtesy of Siemens Medical Archives, Erlangen). b
Various galvanocaustic devices including batteries for
galvanocautery from around 1892. Catalogue offer from
the electromedical company Reiniger Gebbert, and Schall,
Erlangen (Germany). (Courtesy of Siemens Medical
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Archives, Erlangen). ¢ Galvanocaustic instruments
(according to Paquelin) around 1908 with a set of different
electrode tips of various shapes. Catalogue offer from the
electromedical company Reiniger, Gebbert, and Schall,
Erlangen (Germany). (Courtesy of Siemens Medical
Archives, Erlangen). d Various platin-ceramic tips of
galvanocaustic instruments around 1908. The individual
shapes are used for different types of surgery. Catalogue
offer from the electromedical company Reiniger Gebbert,
and Schall, Erlangen (Germany). (Courtesy of Siemens
Medical Archives, Erlangen)
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Fig. 1.8¢c,d

BaLrour (1915) applied an ‘‘electrocautery”
procedure for the treatment of cervical carcino-
mas. Mayo assumed that preoperative cautery
could prevent the dissemination of malignant cells
during the course of the surgical trauma. Stimul-
ated by the encouraging results obtained, in 1923
the American surgeon Ochsner published his
modified galvanocautery technique, which was
zsed to treat advanced oral cancers involving the
jaw. He reported on very favorable results in
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more than 100 patients suffering from various oral
cancers (OCHSNER 1923).

1.3.3.3 Local Hot-Water Applications

Most historical reports dealing with the use of hot
water for hyperthermia refer to systemic heat
applications by means of hot baths. Only a few
authors have reported on cancer treatment by
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means of localized hot water conductive heating.
As mentioned previously, the earliest report
came from F. WESTERMARK (1898), who used a
circulating hot water device in the treatment of
cervical cancer. However, hot water heating was
also applied externally to treat finger and ex-
tremity tumors as well as penile carcinoma
(Gogerze 1928, 1930; GoerzE and ScHMIDT 1932):
for this purpose the whole extremity or penis was
immersed in a hot water bath for several minutes.
To avoid cooling effects due to heat convection,
the tourniquet technique was applied, which
required the additional use of general anesthesia.
The temperatures were usually not measured, but
probably did not exceed the skin pain threshold of
45°C, since all heat treatments were well tolerated
and no late effects were observed. With this
method good palliation was attained with remark-
able tumor regression in several patients.

Only a few other authors have observed similar
cures with external localized hot water applica-
tions: HorrMaN (1957), HEyN and Kurz (1967),
LAMmPERT (1948, 1965, 1970), and CriLE (1962)
reported on tumor cures in penile carcinomas,
melanomas, and other malignancies. HOFFMANN
(1957) achieved 14 cures among 64 pretreated
melanoma metastases when tumor temperatures
of 45°C were achieved in anesthesized patients,
and CriLE (1962) observed the cure of neuro-
blastoma metastases using a local hot water bath
exposure of 45°C for 1-2h.

1.3.3.4 Electromagnetic Heating Methods

In 1886, the German physicist Heinrich Hertz
(1857-1894) demonstrated the physical nature of
electromagnetic waves and described their char-
acteristic features, thereby confirming the theories
on electromagnetism formulated by the English
physicist James C. Maxwell (1831-1879). Shortly
afterwards in France, d’Arsonval reported that
such currents could also affect physiological
mechanisms in living tissues (d’ArRsoNvaL 1892,
1897), and around 1900 the famous Croatian
physicist Tesla (1856—1943) recognized the heating
capability of high-frequency currents in various
biological tissues. In the following years ““Arson-
valisation” became a very fashionable but contro-
versial treatment method for various diseases
which could be applied to the whole body or parts
of it; however, with these devices only a slight
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increase in the temperature could be achieved
(Fig. 1.9a-d).

In 1907, the German physicist Nagelschmidt
was the first to demonstrate the possibility of deep
heating (“‘thermopenetration”) in the arm and
chest of the human body and subsequently coined
the expression “diathermy.” With the design of
appropriate powerful generators the medical
applications of local diathermy developed rapidly
in the following decades: while longwave
diathermy (0.5-3.0MHz) was already used by
1900, shortwave diathermy with frequencies of up
to 100MHz became the standard approach by
1920, and with frequencies of 100-3000 MHz by
1930. These heating techniques and HF currents
were also introduced into the surgical practice of
the time (Fig. 1.10a-d).

At this point it is worthwhile to reflect on the
available technical means of impacting on human
tissues from a physical perspective. Heat energy,
in reality, is energy of molecular motion within a
particular body. The potential energies include
gravitational, elastic, chemical, and nuclear energy

»
>

Fig. 1.9a-d. Arsonvalisation. The technique of Arson-
valisation used high-frequency currents and large coils to
induce current flow and warmth within human body or
parts of it. Devices for systemic and local autoconduction
could be distinguished. Arsonvalisation was used for dis-
orders of (1) blood circulation, (2) metabolism, (3) central
nervous system, and (4) skin. Other indications were
tuberculosis, gastrointestinal disorders, and hemorrhoids.
Arsonvalisation was also said to influence the central
thermoregulation. a Photograph of whole-body autocon-
densation on the Apostoli condensator couch (around
1907-1912). The primary current, derived from accu-
mulators, is distributed to switches, resistances, ampere-
meters, and voltmeters and brought to a large coil (above
the table). From this coil the secondary currents pass into
the high-frequency machine (below the table), which is a
modified Oudin resonator, and from there to two conduct-
ing cables. One of the conducting cords is attached to the
couch, whilst the other is led to a conducting handle. The
couch itself consists of completely insulating beech-wood.
(Courtesy of Siemens Medical Archives, Erlangen). b
Whole-body autoconduction for treatment in horizontal
position with a whole-body solenoid surrounding the
patient positioned on the Apostoli couch (around 1908-
1912). (Courtesy of Siemens Medical Archives, Erlangen).
¢ Whole-body autoconduction cage for treatment in the
vertical position of a standing or sitting person within the
whole-body solenoid (around 1900). (Courtesy of Siemens
Medical Archives, Erlangen). d Partial-body autoconduc-
tion with double resonating system; one of the electrodes
is hand-held by the patient and connected to a large
solenoid (left), while the other electrode is attached to a
second solenoid and held by the therapist. (Courtesy of
Siemens Medical Archives, Erlangen)
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Fig. 1.10a-d. Surgical diathermy for localized lesions. a
Different electrodes and holders for electrocautery around
1908. The holder (upper leff) has an interrupter; one
electrode (lower left) is designed to treat larynx lesions
with a small transorally placed (active) electrode and a
large external (passive) electrode which is incorporated in
a cervical cuff. Catalogue offer from the electromedical
company Reiniger, Gebbert, and Schall, Erlangen
(Germany). (Courtesy of Siemens Medical Archives,
Erlangen). b Vehicle for transportation of galvano- or
electrocautery supplies around 1908. Catalogue offer from

and some electrical energies. Table 1.2 sum-
marizes the complete spectrum of electromagnetic
waves and their specific physical details (fre-
quency, wavelength, photon energy). The
theoretical concept of the electromagnetic (EM)

19

the electromedical company Reiniger, Gebbert, and Schall,
Erlangen (Germany). (Courtesy of Siemens Medical
Archives, Erlangen). ¢ Surgical diathermy of a localized
mouth lesion around 1910. The ENT surgeon uses a lamp
on his forehead and a hand-held electrocautery which is
attached to the power supply. (Courtesy of Siemens
Medical Archives, Erlangen). d Surgical diathermy with
the “Elchir-Thermoflux System” for large abdominal
operations around 1933/1934. (Courtesy of Siemens
Medical Archives, Erlangen).

wave spectrum was first developed by Maxwell in
about 1860. The waves are defined as bundles of
massless energy (photons) which travel through a
vacuum at different frequencies and wavelengths
at the speed of light (i.e., at 3 X 10%cm/s).
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Table 1.2. Spectrum of electromagnetic waves and photon beams

Properties of and use for thermo- or radiotherapy Frequency (Hz) Wavelength  Photon energy

Radiowaves

Ranging from longwaves, broadcast band, and shortwaves to 1-10° 3km 413 peV

ultrashortwaves; produced by electrical oscillations; pass - - -
through nonconducting materials

Special hyperthermia implementations: 3-10% 0.01m 124 meV

Diathermy (30 m-50 m waves), shortwave therapy

(50 m-3m), microwaves (300 cm—10cm waves)

Infrared radiation

Typical heat waves which are produced by the molecular vibration 3-10% 100 um 12.4 meV

and excitation of outer electrons in atoms - - -

Special hyperthermia implementations: 3-101 1um 1.24eV

Infrared lamps, radiators (0.3 mm-1um waves)

Visible light

From red through yellow, green, and blue to violet light; 4.3-10" 700 nm 1.77eV

produced by excitation of the outer electrons in atoms; - - -

generated by electrical discharge in lamps and gas tubes 7.5-10" 400 nm 3.1eV

No special hyperthermia implementations

Ultraviolet light

Produced by excitation of the outer electrons in atoms; causes 7.5-10" 400 nm 3.1eV

erythema of the skin and kills bacteria - - -

No special implementations 3-10' 10nm 124eV

Soft x-rays

Produced by excitation of the inner electrons in atoms; causes 3-10'6 10nm 124eV

erythema of the skin and kills bacteria - - -

Radiotherapy implementations: grenz rays 3-10" 100 pm 12.4keV

Diagnostic x-rays

Produced by excitation of the inner electrons in atoms 3-10' 100 pm 12.4keV

Radiotherapy implementations: superficial therapy - - -
3-10" 10pm 124keV

Deep therapy x-rays, linac x-rays

Produced by excitation of the inner electrons of an atom 3-10" 10pm 124keV

Radiotherapy implementations: orthovolt/linac therapy - - -
3-10% 10fm 124 MeV

Large linacs/proton synchrotron x-rays

Produced by excitation of the protons in atoms 3-10% 10fm 124 MeV

Radiotherapy implementations: proton therapy - - -
3-10% 1fm 1.24 GeV

Thereby the energy of EM waves is directly pro-
portional to the frequency v and the wavelength
4, 1.e., as the frequency increases, the wavelength
decreases and the energy of the photons in-
creases. If heating methods are compared with
the light photons and x-ray photon beams which
have been simultaneously developed during this
century, it is obvious that the useful “heating
methods” have energies several orders of mag-
nitude weaker than the ‘ionizing radiation
methods” (Table 1.2).

In 1908, Freund reported on an electrical device
to soften and eventually remove superficial tumor
nodules, which he called “fulguration” (FREUND

1908) (Fig. 1.11a,b). At about the same time,
KEeaTING-HarT (1909) reported on a similar new
treatment method which was applied in a total of
247 patients with various accessible tumors. The
applied electromagnetic energy was sparked from
a hand-held electrode through the cancerous
lesion. Keating-Hart was also one of the very first
clinical investigators to combine local heat and
radiation therapy in cancer patients, and he
thereby observed considerably improved results.
Similarly, Doyen (1910) was able to produce
tumor necrosis by means of high-frequency
currents; he called his treatment method
“electrocoagulation.”
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Fig. 1.11a,b. Fulguration. a Catalogue
offer from Reiniger, Gebbert, and Schall
Company, Erlangen (Germany): “Eine
neue elektro-chirurgische Methode! Ful-
guration — Funkenbestrahlung bosartiger
Geschwiilste mit Hochfrequenzstrémen
von grosser Spannung, in Kombination
mit operativer Emtfernung nach Dr.
de Keating-Hart (Marseille)” (A new
electrical surgery method! Fulguration!
Sparking irradiation of malignant tumors
with high-frequency currents in combi-
nation with surgical removal). (Courtesy
of Siemens Medical Archives, Erlangen).
b Details of the fulguration method. The
handheld electrode is attached to the
resonator (top of table) and positioned
close to the lesion. The electrode is acti-
vated with the right thumb (interrupter).
The undesired (!!) heat is counteracted
with high-pressure nitrogen gas from a
gas reservoir

21
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Surgical diathermy was also applied in the treat-
ment of cancers of the rectum and sigmoid colon
by Strauss as early as 1913 (Strauss 1935). Later
Strauss used this procedure in almost all cases of
rectal cancer and applied up to four treatments
depending on the extent of the tumor. He reported
that in the majority of his patients an otherwise
necessary colostomy was thereby avoided, and
full rectal and sphincter function retained. Other
positive findings in his patients included weight
gain and improved laboratory findings (hemoglo-
bin, red blood cell counts). Interestingly Strauss
also noted that 75% of his patients developed
periods of low fever (around 100°F = 37.7°C)
after the tretment which sometimes lasted for
several days—a mechanism which may indicate
tumor necrosis and an early immunological
response which in itself may have had therapeutic
potential.

The German physician Miiller was one of the
first to report (in great detail) on the clinical
effects of combined radiotherapy and heat by
means of diathermy (MULLER 1912, 1913) (some
technical devices were already available at that
time to combine these treatments: Fig. 1.12). Of
100 patients with tumors of different body sites
including the skin, breast, mediastinum, liver,
rectum, uterus, and testis, about one-third showed
a complete response with long-term tumor control
and another third showed a substantial response
though with subsequent tumor regrowth or
metastases. He concluded that “the deeper the
tumor location, the less the options are for treat-
ment success” and strongly recommended this
combined treatment because the tumor responses
obtained were ‘“‘definitely greater” than could
have been expected by radiotherapy alone.
Unfortunately, from a modern scientific perspec-
tive this study was not designed as a randomized
clinical trial.

In 1919, the German gynecologist Theilhaber
reported on a fractionated heating course of 10-20
heat sessions (15-20 min per session) for uterine
and vaginal cancers which he applied by means of
high-frequency currents (THEILHABER 1919, 1923).
Considerable tumor regression and necrosis was
noted, which histologically appeared to be “‘similar
to that seen after X-irradiation.” Despite these
successful applications of heat, surgical diathermy
for gynecological tumors was soon supplanted by
other treatment strategies, including some im-
proved surgical techniques and the use of radium.
Nevertheless, Massey (1925) still stated:
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Fig. 1.12. Combination of diathermy and x-rays in one
apparatus (ca. 1911). This is probably the first instrumen-
talization of combined “heat” and “‘ionizing radiation.”
Catalogue offer from Reiniger, Gebbert, and Schall
Company, Erlangen (Germany). (Courtesy of Siemens
Medical Archives, Erlangen)

“Electrocoagulation is now widely understood to
be the method of choice in the removal of a
carcinoma or sarcoma of the surface region or in
an accessible cavity of the body.”

TyLEr (1926) published a quite remarkable
case study on a patient with rapidly progressing
breast cancer and extensive metastatic abdominal
and liver involvement. After completion of 19
diathermy treatment sessions using opposing ele-
ctrodes in the right upper quadrant of the abdo-
men, the involved liver decreased in size and the
malignant ascites was markedly reduced for
several months. At about the same time other
radiofrequency heating methods were also
implemented in various animal experiments
(JounsoNn 1940; OVERGAARD 1940a; OVERGAARD
1940b; ROHDENBURG and PRIME 1921; WESTERMARK
1927), and it was believed that heat could induce
a selective antitumor effect.

Other clinical reports confirmed the advantages
of surgical diathermy when applied to tumors of
the oral cavity, pharynx, larynx, esophagus,
breast, genitalia, skin, bladder, rectum, prostate,
and other sites (CLARK et al. 1925; CUMBERBATCH
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1928), and thus surgical diathermy soon became a
well-established method. In contrast, the rationale
for nonnecrotizing applications of medical
diathermy was much less clearly defined. Similar
to Arsonvalisation, medical diathermy was applied
for a rather diffuse spectrum of nononcological
diseases including infections (e.g., pneumonia,
angina, appendicitis), bone fractures, chronic
disorders (e.g., hypertension), neurological dis-
eases (e.g., epilepsy, migraine), and unspecific
disorders such as obesity (Fig. 1.13). Interestingly,
these medical diathermy treatments were not
usually recommended in cancer therapy for fear
of possible induction of tumor progression or
distant metastases (BIERMANN 1942; ScotT 1957).
Instead, medical diathermy became an established
method in physical therapy which underwent con-
tinuous improvement (Fig. 1.14a—c).

In 1929, the German Schliephake studied the
biologic effects of shortwave treatment on various
tissue types. Subsequently, he developed a set of
paired electrodes to induce (capacitive) heating in
locally advanced uterine cancers (SCHLIEPHAKE
1935). To heat these deeply located abdominal
tumors, usually one of the two paired electrodes
was placed anteriorly over the pelvis, while the
other was posteriorly positioned over the sacrum.
Schliephake used 20- to 50-MHz radiofrequencies
with a wavelength between 6 and 15 m and applied
several heating periods of up to 40min. He
observed marked destruction of the tumor tissue
when the heat treatment was combined with x-
rays; however, after several weeks all patients
had experienced a relapse and no long-term sur-
vivors were observed. This method was sub-

Fig. 1.13. “Universal Thermoflux” ap-
paratus for localized heating of various
body sites around 1910. The two opposing
insulated electrodes are connected to the
high-frequency generator and hand-held
by the therapist. (Courtesy of Siemens
Medical Archives, Erlangen)
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sequently modified and applied for various other
pelvic tumors (Fig. 1.15a—c).

Shortly afterwards Fuchs (1936) reported on
the clinical experience at the Vienna City Hospital
with a combination of 20-MHz shortwave therapy
(15m wavelength) and ionizing radiation. The
shortwave treatment lasted 20min and was
followed by radiotherapy a few hours later. The
author concluded that there was an improved
tumor response rate without increased radiation
side-effects on the skin in the irradiated field.
MEYER and MutscHELLER (1937) also demon-
strated a large increase in the biological efficacy
of ionizing radiation on tumors when heat was
added. In six patients with superficial malig-
nancies, only one-half of the radiation dose was
sufficient to control the malignant skin lesions.
All tumors regressed rapidly and without inflam-
matory reactions, while skin reactions were less
pronounced than with the normal dose of
radiotherapy.

The so-called synergistic effect between heat
and radiation was also observed by Kors (1939,
1943, 1948) in patients with basal cell carcinoma
of the skin. Korb applied a rather modern clinical
study design, a matched-pair analysis of two
identically sized lesions within the same patient,
one of which was treated with radiation alone
while the other received both treatment modali-
ties. He demonstrated a clear advantage of the
combined treatment. In contrast, BIRKNER and
WACHSMANN (1949) treated several skin car-
cinomas using shortwave hyperthermia and
observed a remarkable tumor growth inhibition,
but were unable to achieve a complete tumor



24

cure, although they applied long-term fractionated
heat treatments (13 sessions of 2—4h each) with
tumor temperatures in the range of 42°-44°C.

1.3.3.5 Ultrasound Heating Methods

Ultrasound is characterized by its intensity
(W/cm?), which is the rate at which energy
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Fig. 1.14a-c. Medical diathermy in physical therapy. a
The heating device “Radiotherm” from Siemens in 1933.
The high-frequency generator offers two currents of 6 and
30m wavelength and a maximum power output of 400 W.
The heat treatment is applied with two electrodes on
opposing sides of the medium, e.g., parts of the human
body. (Courtesy of Siemens Medical Archives, Erlangen).
b Local heating with “Radiotherm” around 1933-1938.
Two 20-cm-diameter round electrodes are connected to
the high-frequency generator and placed on opposite sides
of the upper chest. (Courtesy of Siemens Medical Archives,
Erlangen). ¢ Regional heating with “Radiotherm” in 1947.
The patient is wrapped into insulating blankets to avoid
unnecessary heat loss. The therapist controls the power
manually on the apparatus by turning a knob. She is
holding the insulated active electrode against the upper
portion of the patient’s limbs, while the other active ele-
ctrode is positioned over the upper abdomen and the
passive electrode underneath the pelvis. (Courtesy of
Siemens Medical Archives, Erlangen)

is transmitted by the wave. As the energy is
absorbed, the temperature of the absorbing
material rises. In 1920, the first patent was granted
on the newly developed piezoelectric crystals and
some related methods to induce ultrasound
(LANGEVIN 1920). Ten years later, ultrasonic
research already focused on the different biolo-
gical effects in normal and tumor tissue. In the



A Historical Perspective on Hyperthermia in Oncology

1930s, two Japanese research groups observed
growth delay and complete regression of different
animal tumors when they were exposed to several
ultrasound treatments (NAKAHARA and KOBAYASHI
1934; Namikawa 1938). Tumor inhibition by
ultrasound was confirmed by Krantz and BEck
(1939).

Fig. 1.15a—c. Deep (capacitive) diathermy. Combination
of a small (active) intracavitary electrode and a large
(passive) external electrode. a Abdominovaginal diathermy
(for treatment of vaginal and cervical lesions) with the
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Similar to the implementation of x-rays at the
time, the new ultrasound applications raised high
expectations concerning their potential value in
cancer treatment. Thus, in the 1940s technical
development and clinical work were initiated to
test the method in human tumors (Fig. 1.16). The
first report of the use of ultrasound in human

Chapman Vaginal Electrode. b Abdominourethral
diathermy (for urethral and base of bladder lesions) with
the Corbus Thermophore. ¢ Abdominorectal diathermy
(for prostate lesions) with the Corbus prostatic electrode
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Fig. 1.15a-c. Continued

Fig. 1.16. Ultrasonic treatment of a soft tissue lesion with
an 800-kHz device around 1949. (Courtesy of Siemens
Medical Archives, Erlangen)

cancer therapy was published by the German
investigator HorvaTH (1946). He observed
reduced tumor growth and some complete tumor
regressions after ultrasound treatments in patients
with skin cancers and one with lymphoma;
however, the observed clinical effects were only
transitory. Another early researcher in the field of
ultrasound therapy was WoEBER (1949, 1955, 1956,
1965), who accumulated considerable clinical
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experience with combined ultrasound and radia-
tion therapy in the treatment of skin cancers.
Based on extensive animal experiments, WOEBER
(1955, 1956, 1965) also treated S50 patients with
skin cancers and observed that low-dose radiation
therapy (30-40Gy) combined with ultrasound
heating achieved a response rate similar to that
with high-dose radiotherapy alone (40-60Gy),
which clearly indicates a considerable thermal
enhancement.

DeMMEL (1949) also achieved positive results
and applied about three or four ultrasound
sessions (20min) in patients with basal cell skin
cancer. DirtmMar (1949), while working with
animal tumors, was one of the first investigators
to state that the effects of ultrasound on tissue
were exclusively thermal and involved no intrinsic
anticancer effect. The Russian Burov (1956)
investigated the effects of pulsed ultrasound at
very high intensity (150 W/cm?) and at short time
intervals (1.3s) on animal tumors. When he
applied this technique to human patients who
suffered from malignant melanomas, he observed
several complete tumor responses. Unfortunately,
most early investigators working with ultrasound
never realized or commented on the role of hyper-
thermia in their clinical results, nor did they
document any temperatures.

Nevertheless, these and other positive findings
(DmrtriEVA 1960; WIETHE 1949) were soon out-
weighted by other clinical studies which observed
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no impact of ultrasound on tumor growth (CLARKE
et al. 1970; SoutHaMm et al. 1953). Moreover, it
was even believed that ultrasound could trigger
and stimulate tumor growth (POHLMANN 1951).
The Congress on Ultrasound in Medicine, which
was held in Erlangen (Germany) in 1949, pre-
sented a clear recommendation to avoid ultra-
sound therapy for the treatment of human tumors
—a fatal error now completely reversed by modern
technical developments in ultrasound (HYNYNEN
1990). It is assumed today that the rather negative
impression derived from inappropriate or ineffec-
tive (i.e., insufficient heating) applications
(CLARKE et al. 1970).

The current resurgence of interest in ultrasound
in the treatment of human cancer is based entirely
on its suitability as a modality for the induction of
controlled localized hyperthermia, i.e., well-
collimated beams, focusing abilities, and bene-
ficial absorption characteristics in body tissues
which are proportional to frequency and therefore
lower in fatty tissue than in all soft tissues. In the
early clinical studies at Stanford University
(MARMOR et al. 1979) the investigators achieved
40% objective tumor responses to ultrasound
hyperthermia alone, but most responses lasted
less than 6 weeks. However, the clinical responses
were clearly improved by the combination of
ultrasound and x-rays (MarMoOr et al. 1979;
MarmoR and HaHN 1980). Ultrasound-induced
hyperthermia for the treatment of human super-
ficial tumors was also developed at the M.D.
Anderson University Hospital (Corry et al. 1982).
Other research groups recognized that in experi-
mental tumors the effect of x-rays could be
enhanced by the application of ultrasound
(LeamanN and Krusen 1955; SpriNG 1969;
WOoEBER 1955, 1956, 1965). LEHMANN and KRUSEN
(1955) observed that ultrasound increased radia-
tion-induced growth inhibition of a rodent tumor,
this effect being prevented if the tumor was cooled
during the ultrasound treatment.

1.3.4 Systemic Heating Methods

The Greek philosopher and scientist Parmenides
from Elea (about 500 B.c.) claimed that he could
cure all illness, including malignant tumors, if he
could induce “‘sufficient fever” in the patient.
This is probably the first historical note on the
beneficial effects of systemic heating on cancer.
The effects of exposure of the whole body to high
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temperatures have been widely recognized
throughout medical history, whether achieved by
hot bath or spa treatment, or (in the nineteenth
century and later) by the artificial induction of
fever by pyrogens, or (in modern times) by the
use of special heating cabinets. Nowadays we
assume that “fever” may directly affect malignant
tumors, but also stimulates and reflects an im-
munological response of the human body.

1.3.4.1 Hot Bath Treatment

In all cultures and throughout the history of
mankind, the use of “bath” has had not only a
physical but also a mythological and religious
significance (Fig. 1.17a—c). Some records dating
back to the era of the Greek writer Homer (about
800 B.c.) describe the wonderful healing qualities
of the hot steam bath in the treatment of many
ailments. The Greeks and Romans are reported
to have taken baths in various forms.

The ancient metropolis of Rome was very
famous for its public baths, the so-called thermals
(from the Greek word “thermos,” meaning
warmth). Many Roman emperors like the cruel
militarist Caracalla (211-217 A.p.) tried to pacify
and please the public by building new large public
baths. Interestingly, these Roman baths usually
included a “frigidarium” (for cold water) and a
“caldarium” (for hot water). The highly developed
spa culture of antiquity, with numerous types of
hot baths, was practiced in various modifications
including the hot steam bath, the hot bath in tubs,
and the whole-body bath in hot springs. The latter
is a habit specifically in countries with high geo-
thermic and vulcanic activity like Iceland or Japan
(Sucanara 1989).

Despite the use of hot baths being recom-
mended for many ailments, there have to date
been few reports on the treatment of cancer by
hot baths in the literature. While in several older
textbooks malignant neoplasms were regarded as
a contraindication to spa therapy, recent re-
searchers have suggested on the basis of experi-
mental research that heat exposure has potential
for the prevention of cancer (MITCHEL et al. 1986).
Moreover, SUGAHARA (1989) indicated that hot
baths may even serve this purpose, given the low
incidence of breast cancer and the frequent use of
hot baths in Japans. These speculations might find
a more solid justification in modern immunologic
research, which is providing increasing evidence
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for a cascade of immunological reactions in
humans after systemic heat exposure, which in-
cludes the synthesis of cytokines and interferons
(DEWNING et al. 1988).

M.H. Seegenschmiedt and C.C. Vernon

Fig. 1.17a—c. Hot bath treatment. a Old painting from
Tacuinum sanitatis (The book of health) around 1500 A.D.
The booklet gives medical advice in accordance with
humoralistic medicine. The illustration explains the mean-
ing and use of “‘hot water”’: it is strongly recommended for
humans with a ‘“cold complexion” (predisposition), for
sick and weak persons, and for persons living in cold
regions. (Courtesy of Heimeran Publishing Company). b
Old medieval tapestry showing the hot bath of a person
with a dove (symbol of the “Holy Spirit”) above his head.
The second person uses a bellow to increase the heat
underneath the bath tub. ¢ The hot bath — a typical scene
from medieval aristocratic life around 1500. Old tapestry
from around 1500 (Paris, Museum Cluny)

Unfortunately many experimental and clinical
studies on the use of systemic heating or induction
of artificial fever fail to describe their basic treat-
ment concept and their purpose. However, when
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reviewing the literature two rationales for systemic
heating can be clearly distinguished: (a) to
stimulate the immune sytem against the existing
tumor cells by using moderate temperatures in
the range of 39°-40.5°C (indirect thermal effects),
and (b) to induce at least a tumor growth delay by
use of higher temperatures in the range of 41°-
43°C or to directly destroy the tumor cells at
temperatures above 43°C (direct thermal effects).

1.3.4.2 Febrile Infections and Cancer Prevention

Epidemiological data assembled in the twentieth
century indicate that in most countries the in-
cidence of cancer is increasing at the same time as
the incidence of infections is decreasing. Even at
the beginning of this century, several studies noted
that malignant tumors appeared to be less com-
mon in patients who had experienced several
febrile infections during their life (BuscH 1866a;
BuscH 1866b; FeHLEISEN 1883; CoLey 1894;
EscHweLLER 1898; ScumipT 1910; WOLFFHEIM
1921; BRAUNSTEIN 1929; ENGEL 1934; SINEK 1936;
ScHuLz 1969). It was also assumed that acute
productive tuberculosis could inhibit tumor growth
(ForTH 1937). Others pointed out that a lower
incidence of cancer occurs in geographical areas
with endemic malaria (LEvIN 1910; BRAUNSTEIN
1929, 1931; ScHrRUMPF-PIERRON 1932; FURTH 1937,
KoLLER 1937).

The exact purpose and function of the febrile
response which accompanies bacterial and viral
infections are unknown, but generally it represents
a “defense mechanism” of the body. It also
remains unclear whether febrile infections have a
direct cancer-preventive potential or whether the
fever (or heat) stimulates preventive immunolo-
gical reactions. According to ASHMAN (1979) the
febrile response may act as a body defense in the
following ways: (a) potentiation of interferons
and cytokines; (b) promotion of the cell-mediated
immune response; (c) potentiation of the cellular
immune response; and (d) enhancement of non-
specific defense mechanisms.

1.3.4.3 Febrile Infections
and Spontaneous Tumor Remission

In modern times, interest in systemic hyperthermia
for cancer therapy arose from several remarkable
case studies which reported spontaneous tumor
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remissions after exposure to febrile infections.
The first clinical observations were published by
two German physicians, BuscH (1866a,b) and
Bruns (1887): In 1866, Busch described a patient
with a recurrent and histologically confirmed
sarcoma of the face which had rapidly regressed
after exposure to a prolonged erysipelas infection.
Therefore Busch assumed that the long period of
high fever (“whole-body hyperthermia”) was
responsible for this completely unexpected tumor
regression. In 1887, Bruns observed complete
regression of a widespread superficial malignant
melanoma in a terminally ill patient who developed
a high fever beyond 40°C for several days due to
an erysipelas infection.

Subsequently many other investigators experi-
enced similar spontaneous remissions of primary
and metastatic cancers following a prolonged
febrile episode due to bacterial infections
(FEHLEISEN 1883; GERSTER and HARTLEY 1892;
CzEerny 1895, 1907; VipaL 1907 BoLoGNINO 1908;
ROHDENBURG 1918; WoOLFFHEIM 1921; DECOURCY
1933; EversoN and CoLE 1956; SELAwWRY 1957;
SELAWRY et al. 1958; ScHULZ 1969). Two opposing
opinions were expressed about the mode of the
anticancer action of febrile infections. While
Fehleisen (1883) was convinced that the strepto-
coccal bacteria themselves exerted an antagonistic
influence upon malignant tumors, VipDaL (1907)
believed that the elevated body temperature alone
was responsible for the induced tumor remission,
since in his patients the fever had developed only
as a result of a traumatic rather than an infectious
event. Interestingly, DEcourcy (1933), in a review
of the literature, found spontaneous tumor
regression after febrile attacks of malaria, tuber-
culosis, and typhoid infections, and he believed
that this was due to vasodilatation, hemorrhage,
necrosis, thrombosis, and lymphatic infiltration of
the tumor.

In a carefully documented review, ROHDENBURG
(1918) was able to locate a total of 302 case
reports where spontaneous regression of histolo-
gically proven malignancies had occurred. In the
search for common factors between these patients,
he was able to detect a close relationship between
tumor remission and the occurrence of fever due
to infections. Those infections most commonly
associated with high fever were smallpox, malaria,
pneumonia, tuberculosis, and, particularly, ery-
sipelas. These infections are typically characterized
by continuous elevations of mild temperatures
ranging from 39.4° to 40°C for several days.
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SELAWRY (1957) reviewed 450 spontaneous
tumor remissions in histologically proven cancers
of which about one-third were related to previous
febrile infections including erysipelas, malaria,
typhus, scarlet fever, pneumonia, and many other
diseases. Among these tumors, sarcomas were
more frequently represented than carcinomas. In
several other instances the spontaneous tumor
remissions ultimately led to the complete cure of
cancer (SELAWRY et al. 1958; BEEks 1966).
Another but rather exotic case report was provided
by ALLisoN (1880), who described a patient with
a lip carcinoma who experienced a complete
tumor remission after being struck by lightning.

In 1971, StepHENSON and co-workers carefully
analyzed several clinical reports in the literature
(2500 specific variables) on a total of 294 patients
who had experienced spontaneous tumor re-
gression. They noted that uncommon histological
subtypes of tumors accounted for more than half
of the cases, which included (a) hypernephroma,
(b) malignant melanoma, (c) neuroblastoma, and
(d) chorioncarcinoma. Unfortunately from a
modern oncological perspective, these tumor types
represent less than 4% of all cancers that develop
in humans. While the gender was not important,
younger age implied a more favorable prognosis.
It was also noted that only a few patients survived
beyond a period of 5 years after undergoing
spontaneous tumor regression, and that most
patients died of recurrent disease. The authors
concluded that the spontaneous regression of
cancer was most likely related to some alterations
in the immune system. This is supported by
evidence that lymphoid centers in humans are
involved in tumor surveillance. Moreover, the
higher incidence of neoplasms in patients with an
impaired autoimmune system also suggests a
direct relationship between spontaneous regres-
sion of tumors and the immune system.
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1.3.4.4 Artifical Induction of Fever

The early case reports on the spontaneous regres-
sion of malignant tumors came to the attention of
the New York surgeon William B. Coley, who
assumed that the febrile response to bacteria
causing erysipelas or other febrile infections would
also be effective against cancer. In 1891 he initi-
ated his own experimental studies after he had
experienced and followed up a patient with an
inoperable recurrent round-cell sarcoma for more
than 7 years, who was surprisingly cured after an
accidental erysipelas infection. In his clinical
experiments Coley devised a heat treatment by
deliberately producing fever through the admin-
istration of attenuated fluid cultures of Strepto-
coccus erysipelatis containing pyrogenic toxins
(CoLey 1893). With this approach Coley was able
to observe many tumor remissions and noted that
a better response was achieved with the “more
virulent bacterial strains” (Fig. 1.18). Most can-
cers regressed regardless of their histological sub-
type. Similar observations with viable and virulent
bacteria strains were made by Czerny (1895,
1907, 1911) and KocH and PETRUSCHKY (1896).
Coley was the chief of the Bone Tumor Service
at Sloan Kettering Memorial Hospital in New
York at that time and therefore was able to teach
and publish extensively on the usefulness of his
new cancer treatment, which he called “pyrogen
therapy” (CoLEY 1894, 1896, 1897). Certainly he
was wrong in his belief that microparasitic or-
ganisms themselves were responsible for the
development of cancer and that the streptococcal
bacteria produced toxins which were able to
destroy these cancer-causing organisms. However,
his idea of the induction of fever as a means of
whole-body hyperthermia and its obvious ther-
apeutic effect on various tumors subsequently
gave rise to comsiderable controversy about the

Fig. 1.18. Title page of one of the
initial articles of William B. Coley’s
on his “pyrogen therapy method”
in 1896, which was published in the
American Journal of the Medical
Sciences
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treatment of cancer which has prevailed until
now. Although Coley persisted in his experi-
mental and clinical research for several decades in
this century and finally had accumulated clinical
experience in almost 1200 patients (NAUTs et al.
1953, 1959), he was not able to achieve consistent
clinical results and to produce a reliable strain of
bacterial cultures as a standard pyrogen which he
called “mixed bacterial vaccine” (MBV). Since
few other investigators were able to duplicate his
results (DeCourcy 1933), his work with toxin
therapy rapidly fell into disrepute and was sub-
sequently regarded by the American Cancer
Society as an unproven and even “dubious’ cancer
treatment.

In 1918, KONTESCHWELLER reviewed most
available pyrogens of the time which were used to
induce fever, including typhoid vaccines, milk,
colloidal selenium, tuberculin, various bacterial
vaccines, antidiphtheria serum, peptones, pollens,
and gelatin. He observed no difference between
bacterial vaccines and colloidal preparations. The
pyrogens usually induced a marked leukopenia
which peaked at about 1h but was soon followed
by leukocytosis, which was maximal at about 6 h,
while the white blood count ultimately reverted to
pretreatment levels at 48h. This indicates that
fever and immune response both may be respon-
sible for the antineoplastic effects of heat; how-
ever, even today the underlying mechanisms have
not been fully uncovered and any clinical results
which have been achieved with these methods are
still speculative. In 1957, HurH reviewed the
clinical results achieved with the application
of Coley’s toxins, i.e., special preparations of
Streptococcus erysipelatis sera. Of the 484 tumor-
bearing patients a total of 49% achieved a 5-year
survival. The best results were achieved in oper-
able cases and in soft tissue sarcomas and lymphoid
sarcomas; unfortunately, however, an appropriate
control grup was not presented.

Some decades later, Coley’s daughter, Helen
Coley Nauts, carefully reviewed her father’s
clinical work on “pyrogen therapy” (Naurts 1975,
1976). She meticulously followed the individual
patients for up to 35 years and found a correlation
between the survival rate and the thermal level of
the induced fever therapy. The highest cure rate
was obtained in patients who were exposed to
fever therapy for as long as 4-6 months. She
concluded that the “stimulation of the host’s
immunity” is the major anticancerous component
of pyrogen therapy and especially linked it to the
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exposure to Corynebacterium parvum. She stated
literally: “Fever alone is not the most important
factor . . .and if it were, every (agent causing)
fever should be equally effective. This is not the
case.”

Nauts also supported the relationship between
hyperthermia and cancer prevention. She felt that
this theory was confirmed by the low incidence of
penile, skin, and breast cancer in the Japanese
population, which was frequently exposed to hot
baths (42°-48°C); as we know, such exposure can
lead to rectal temperatures of up to 39°C. Later
Naurs (1982) updated the review of HutH (1957)
and reported that complete regression and 5-year
survival occurred in 46% of the 523 inoperable
cases and 51% of the operable cases treated with
Coley’s MBV (Table 1.3).

MiLLER and NicHoLsoN (1971) reviewed the
records of 52 patients with bone sarcoma who
received Coley’s toxin either alone or in conjunc-
tion with surgery and/or radiotherapy. In all but
two patients, additional high doses of localized
radiotherapy were administered. An overall 5-
year survival rate of 64% was achieved. The
authors reported on several prognostic factors
influencing survival, including stage of disease,
timing and dosage of radiotherapy, tumor site,
and the dosage, frequency, and type of toxin
injection. They also found that the temperature
level (at least 38.3°-40°C) which was achieved
during the febrile period was another important
prognostic indicator. They concluded that Coley’s
toxins were effective in inducing fever and helped
to improve survival as compared to the rate
observed without the toxins. Among the many
tested strains Streptococcus pyogenes and Serratia
marcescens were the most effective.

1.3.4.5 Heating Cabinets
and Systemic Heating Devices

As a reaction to the relatively inconsistent induc-
tion of fever by bacterial pyrogens (Coley’s toxin),
pyrogen therapy was quite soon replaced by
externally applied systemic heating methods. For
this purpose so-called heating cabinets were
invented. They usually combined various radiant
heating devices (radiators or light bulbs) with
medical diathermy (NEYMANN and OSBORNE 1929).
CARPENTER and PAGE (1930) utilized a shortwave
transmitter in combination with a non-heat-
conducting box and produced systemic body
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Table 1.3. Review of clinical results with Coley’s toxins (‘“‘pyrogen therapy”) (results summarized by NAUTS 1982)

Type of tumor Number Inoperable cases Operable cases
No. S-year No. S-year
survival survival
Bone tumors (total) 417 151 42 (28%) 266 109 (41%)
Ewing’s sarcoma 114 52 11 (21%) 62 18 (29%)
Osteogenic sarcoma 162 23 3 (13%) 139 43 (31%)
Reticular cell sarcoma 72 49 9 (18%) 23 13 (57%)
Multiple myeloma 12 8 4 (50%) 4 2 (50%)
Giant cell tumor 57 19 15 (79%) 38 33 (87%)
Soft tissue sarcomas (total) 289 239 130 (54%) 50 36 (72%)
Lymphosarcoma 86 86 42 (49%) 0 -
Hodgkin’s lymphoma 15 15 10 (67%) 0 -
Other soft tissue sarcomas 188 138 78 (57%) 50 36 (72%)
Gynecologic tumors (total) 63 49 33 (67%) 14 14 (100%)
Breast cancer 33 20 13 (65%) 13 13 (100%)
Ovarian cancer 16 15 10 (67%) 1 1 (100%)
Cervical cancer 3 3 2 (67%) 0 -
Uterine sarcoma 11 11 8 (73%) 0 -
Other tumors (total) 128 84 33 (39%) 44 31 (70%)
Testicular cancer 64 43 14 (33%) 21 15 (711%)
Malignant melanoma 31 17 10 (59%) 14 10 (71%)
Colorectal cancer 13 11 5 (45%) 2 2 (100%)
Renal cancer (adults) 8 7 3 (43%) 1 1 (100%)
Renal cancer (children) 3 0 - 3 1(33%)
Neuroblastoma 9 6 1 (17%) 3 2 (67%)
Total experience 897 523 238 (46%) 374 190 (51%)

temperatures in the range of 40°-40.5°C in a
volunteer. This temperature level could be main-
tained for several hours without any severe side-
effects (Fig. 1.19a-d).

A combination of systemic artificial heating
and ionizing radiation was clinically studied and
reported by WARREN (1935). In 29 of 32 patients
with advanced malignant tumors an almost
immediate improvement in general condition was
noted which lasted as long as 6 months. Consider-
able shrinkage of the metastatic burden was
observed in many patients, together with an
improvement in general physical performance
parameters, i.e., body weight and overall physical
strength. A remarkable regression was observed
in a patient with metastatic hypernephroma who
was treated with five sessions of 41.5°C systemic
(i.e., rectal) heating. Tumor remissions reached 1
to 6 months, but eventually all patients experi-
enced tumor regrowth. Warren heated his patients
with a heat cabinet by utilizing five radiating 200-
W carbon filament light bulbs. The body tempera-
ture was elevated to 41.5°C for about 5h without
major toxicity. Warren concluded that ““in cases
previously treated by deep roentgen therapy, and

in untreated cases, fever therapy seems to have a
definite destructive effect upon the tumor cells.”

At the same time, Dous (1935) reported pallia-
tion in advanced malignancies, including osteo-
genic sarcoma. Systemic hyperthermia as high as
42° combined with modest doses of radiation
achieved good palliative effects, but no permanent
cures. Similar results were reported by SHOULDERS
and Turner (1942). By 1939 more than 500
scientific papers had been published on this type
of externally induced systemic hyperthermia,
which was then called “electropyrexia therapy”
(NEYMAN 1939). Artificial fever as treatment for
malignant tumors was just one of its many medical
applications being investigated at the time, one
further example being the inoculation of malaria
for the treatment of tertiary syphilis. Clinical
applications of systemic hyperthermia included
gonorrhea, Sydenhan’s chorea, rheumatic heart
disease, rheumatoid arthritis, multiple sclerosis,
and asthma. In this context, the various forms of
heat applications in physical therapy are not
addressed. They have been rapidly evolving since
the beginning of the century. Most of these tech-
niques have induced various types of currents or
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Fig. 1.19a-d. Systemic heating cabinets. a “Pyrotherm”
apparatus combined with special electrode table for
regional and whole-body heating around 1933: One large
electrode is integrated within the wooden plate of the
table, while three opposing concave-shaped electrodes are
positioned above the table. The power deposition (400 W)
is tuned manually with a turning knob. Amperemeter
and voltmeter are implemented for treatment control.
(Courtesy of Siemens Medical Archives, Erlangen).
b Systemic heating box (fever cabinet) around 1940. The
patient is positioned within the wooden box. The power is
generated by the “Ultratherm” (400W) apparatus

electrical fields within the human body and parts
of it and thereby caused warmth and reactive
hyperemia. Representative for these devices is a
hydro-electric whole body bath tub, illustrated in
Fig. 1.20.

These early efforts at artificial fever induction
triggered all the later improved implementations
of regional and systemic heating techniques. In
the late 1960s and the early 1970s the first clinical
efforts were made to implement hyperthermic
perfusion of the extremities in patients with
melanomas or soft tissue sarcomas (CAVALIERE et
al. 1967; CavaLIERE 1970; Moricca 1970; STEHLIN
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from Siemens Company. (Courtesy of Siemens Medical
Archives, Erlangen). ¢ Systemic heating device (fever
cabinet) which is attached to the power generator “Ultra-
therm” from Siemens Company around 1946. Note the
small ventilator attached on the top of the heating box for
cooling of the patient’s face during therapy. (Courtesy of
Siemens Medical Archives, Erlangen). d Systemic heating
device “Pyrostat 601” (fever cabinet) which is attached to
the power generator ‘“Ultratherm 525" (700 W power
supply) from Siemens Company around 1953/1954.
(Courtesy of Siemens Medical Archives, Erlangen)

1969, 1980). Also in the late 1960s modern tech-
niques were implemented to induce systemic
whole-body hyperthermia for advanced or
metastatic tumors. The technical designs included
hot blankets, hot wax baths, closed heating
cabinets and radiating sources in combination
with hot air exposure (Fig. 1.21).

Nowadays whole-body hyperthermia is usually
applied in an adjuvant combination with either
chemo- or radiotherapy for certain metastatic and
advanced malignancies (PETTIGREW et al. 1974;
BuLL et al. 1979; LarkIN 1979; Parks et al. 1979).
Several questions still remain with regard to the
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Fig. 1.21. Recent systemic heating device (fever cabinet)
with transparent housing around 1969. (Courtesy of
Siemens Medical Archives, Erlangen)

mechanisms involved in the potential antineo-
plastic activity of systemic heating, and these
questions have been addressed in recent laboratory
investigations.

M_.H. Seegenschmiedt and C.C. Vernon

Fig. 1.20. Hydroelectric whole-
body bath around 1900 with bat-
tery and induction coil for physi-
cal therapy. Catalogue page
from the electromedical com-
pany Reiniger, Gebbert, and
Schall, Erlangen (Germany).
(Courtesy of Siemens Medical
Archives, Erlangen)
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1.3.5 Laboratory Hyperthermia Research

1.3.5.1 Heat Alone in Normal Tissues

Laboratory research on the effects of heat was
initiated as long ago as the beginning of the twen-
tieth century. Early investigators evaluated the
tolerance of normal tissues to different degrees of
thermal exposure. CouNHEIM (1873) observed the
response of rabbit ears following transient vascular
ligation and immersion in hot water. While 45°C
for 30min produced no macroscopic effects,
higher temperatures of 49°-50°C caused heavy
inflammatory signs and severe tissue damage.
With further research in this century (BURGER and
FUHRMANN 1964) it became evident that there is
marked variation in the thermal response pattern
among different mammalian tissues within the
same species and also between the different
mammalian species themselves. Moritz and
HENRIQUES (1947), however, established that the
thermal tolerance of porcine and human skin is
very similar. In their clinical experiments the
lowest skin temperature responsible for inducing
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a cutaneous burn was 44°C for 360 min. They also
found that at between 44°-51°C the heating time
required to produce a thermal injury decreased
by about one-half for each degree rise in tempera-
ture. Nowadays these dose-response findings are
clearly reflected in the “thermal dose” equation
proposed by SapareTO and DEwWEY (1984).

Until now the effects of heat on the various
normal tissues in humans have not been syste-
matically assessed. Autopsy examinations have
been conducted with regard to fatal cases of arti-
fically induced systemic heating (Gore and
IsaacsoN 1949) and fatal heat stroke (MALAMUD
et al. 1946). These pathology studies suggested
that individual organ susceptibility exists to dif-
ferent thermal exposures: myocardial damage
(subendocardial hemorrhage and rupture of
muscle fibers), brain damage (edema, diffuse
petechial hemorrhage), renal, and liver damage
have been described and related to different thre-
shold temperatures. A review on the pathological
effects of hyperthermia on the different organs of
humans and animals was provided by Fasarpo
(1984), who observed a clear time- and tempera-
ture-dependent dose-response relationship in the
different organs.

1.3.5.2 Heat Alone in Tumors

In 1903, the thermal sensitivity of spontaneous or
experimental malignant tumors was studied in
vivo and in vitro by Loes (1903) and JENSEN
(1903). Loeb found that rat sarcoma cells were
inactivated by 45°C for 30 min. Other investigators
confirmed these observations in rodent tumors
with different heat treatments ranging from 44°C
for 30min to 47°C for Smin (HaaLaND 1907,
1908; EHrLicH 1907), but no comparison was
made between different tumor types or specific
tumors and the surrounding normal tissues in
these experiments.

HaALAND (1907, 1908) concluded from his
animal experiments that malignant tumor cells
have an individual susceptibility to heat. LAMBERT
(1912) was probably the first to compare the heat
sensitivity of different malignant and normal cells
by using the special technique of cell cultures in
hanging plasma drops. He applied heat treatments
between 42°-47°C for various time intervals and
showed that mouse sarcoma cells were able to
survive an exposure of 43°C for 3h, while the
normal counterpart cells, proliferating connective
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tissue cells derived from the aorta, survived for
twice as long. Thus, Lambert concluded from his
study, that ‘““the normal cells were more resistant
to heat than malignant cells.”

Several recent experimental in vitro studies
have confirmed the rather individual thermal sus-
ceptibility of different tumors (BENDER and
SCHRAMM 1966, 1968; Gerickg 1970, 1971). For
example, in a large study BENDER and SCHRAMM
(1966, 1968) tested 46 animal and human tumor
cell lines under identical heating conditions and
confirmed a specific thermal sensitivity for each
tumor cell line, but their findings also suggested
that tumors are not generally more sensitive to
heat than normal tissues. They stated: ‘A thermal
exposure which may induce complete tumor re-
gression in some tumors, may still lead to rapid
tumor growth stimulation in other tumors”.

In transplantable murine tumors, ROHDENBURG
and PrIME (1921) observed a rapid tumor regres-
sion after thermal exposures between 42° and
46°C. Careful histological studies 1-6 days after
the hyperthermia exposure revealed complete
tumor cell death, while no obvious side-effects
were observed in normal tissues. This finding was
another indication of the higher sensitivity of
tumor cells as compared to normal cells, although
the exact reasons were not known at that time.
Similar observations were made by STEVENSON
(1919) and LieBesNy (1921).

A well-conducted study by N. WESTERMARK
(1927) showed that rat Flexner-Jobling carcinoma
or Jensen sarcoma regressed completely after
radiofrequency heating. The temperature-time
profiles which were required to obtain a tumor
cure closely followed an Arrhenius relationship.
For example, total tumor regression occurred to
an equal extent after 180 min at 44°C and after
90min at 45°C, while normal tissues were not
damaged under similar temperature conditions.
Westermark introduced the concepts of dose-time
thermal effects and histopathological examination
and he concluded from his study that “these
tumors can be healed by heat treatment without
destruction being cause to surrounding tissues.”

Many other investigators confirmed the poten-
tial of heat to induce a tumor growth delay in vivo
independently of the heating technique, i.e., by
means of hot water bath heating (WESTERMARK
1927) or by implementation of electromagnetic
high-frequency techniques (Haas and Los 1934;
REITER 1933; BAUMEYER 1938; Kors 1939, 1943,
1948; OVERGAARD 1934, 1935, 1936]; OVERGAARD
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and OKkeLs 1940a, 1940b; CHrONOwA 1948;
ScHLIEPHAKE 1960). The Danish scientist K.
OVERGAARD (1934, 1935) described cures of the
Crooker sarcoma in mice by using diathermy
yielding intratumoral temperatures of 42°—46°C.
If lower temperatures were induced, a short-term
tumor growth delay and inhibition was observed,
but shortly thereafter regrowth occurred which
was mostly located at the edge of the treated
region.

Another study using high-frequency (8.3- to
135-MHz) currents in a transplanted mouse
sarcoma resulted in tumor growth delay or inhibi-
tion and complete disappearance of some tumors
(ScHERESCHEWSKY 1928a,b). The greatest effects
wereobserved atafrequency range of 66—68 MHz—
a frequency which is preferentially used in modern
annular phased array heating systems. While in
his original studies Scherescheswky felt that the
lethal action of the shortwave diathermy was due
to the specific wave frequency characteristics,
he reversed his statement in a later study
(ScHERESCHESWKY 1933), when he had additionally
examined the body and tumor temperature of the
heat-exposed mice. He stated in his conclusion
that the “curative effects” of high-frequency
fields were more related to the heating than to a
specific frequency effect.

1.3.5.3 Heat Combined with Radiation

Although heat was used in cancer therapy at the
beginning of the twentieth century, it was not
until 1921 that studies emerged in the scientific
journals concerning the effect of combined radia-
tion and heat on malignant tumors. Besides their
studies on the effects of heat alone, ROHDENBURG
and PrIME (1921) were the first to analyze the
combined effects of heat and radiation in the
Crooker mouse sarcoma 180 and some spontane-
ously developing breast tumors using temperatures
between 42° and 46°C. They revealed a definite
synergistic effect above 42°C for the combined
treatment. As was pointed out earlier, one of
their observations was the ‘‘thermal dose-response
relationship” between the heat-induced effects
and treatment time and level of heating: low
temperatures (41°C) were as effective as high
temperatures (46°C) when the low temperatures
were maintained for much longer treatment times.
This finding was exactly confirmed by more recent
thermobiology studies (DEWEY et al. 1982); it also
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forms the main rationale for the so-called “‘ther-
mal dose concept” proposed by SapPareTO and
DEwEy (1984).

ROHDENBURG and PrIME (1921) stated that ““the
combination of a given sublethal dose (of irradia-
tion and heat) produces the same effect as four
times the dose of heat alone, and as five times the
dose of irradiation alone.” The authors also noted
no impact of the treatment sequence on the lethal
effect of the combined therapy. In histological
examinations they observed an intense congestion
of small blood vessels between 24 and 72 h follow-
ing the heat exposure. They observed that during
this period the tumor cell contour became obscure
and rapid karyorrhexis occurred. Massive
coagulation necrosis and large areas of liquefaction
developed between 72 and 144h after the heat
exposure. After the 7th day the necrotic tumor
area was slowly replaced by fibrosis. This was the
first observation of the induced physiological
effects of heat which are thought to be responsible
for the selective effects on tumor versus normal
tissues.

Some years later, WESTERMARK (1927) inves-
tigated the localized effect of diathermy on two
malignant rat tumors (Flexner-Jobling carcinoma,
Jensen sarcoma). Tumor regression was observed
after heat exposures of 44°C for 180 min and 45°C
for 90min, respectively, while skin and normal
tissues were unaffected under thermal conditions
which were lethal to the malignant tumor tissue.
However, the author also pointed out that the
differential heat sensitivity between tumor and
normal cells diminished at a thermal level above
42°C, and he was concerned about the possible
inhomogeneous heat distribution achieved by
diathermy. This represents an instance of very
early attention to the quality assurance issues
which have recently been addressed in clinical
hyperthermia trials (DEWHIRST et al. 1990).

Using chicken heart fibroblasts, BUCCIANTE
(1928) was able to analyze differences in thermal
susceptibility between the dividing and the resting
cell populations — a phenomenon which is well
known today and which forms one of the ration-
ales for the combination of heat and radiotherapy.
In addition, several decades later, SELAWRY et al.
(1957) and Harris (1967) were able to clearly
demonstrate increasing heat resistance after
repeated thermal exposures. This phenomenon,
which has been termed “thermotolerance,” was
also extensively studied by CriLe (1961), who
stated: “Exposure of a tumor to heat for a
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period of time shorter than that required
to destroy it makes the tumor temporarily
resistant to subsequently applied heat.”

HiLL (1934) also observed rapid tumor regres-
sion of Jensen sarcomas transplanted to mice
when the tumors were subjected to sublethal doses
of radiation in combination with heat. The impact
of different sequences of heat and radiation were
studied in the murine Wood’s sarcoma by JARES
and WARREN (1937, 1939). When the heat was
applied prior to radiation therapy a much higher
response rate was observed than when the heat
followed radiation therapy. The authors also
observed that the synergistic effect of combined
radiation and heat was significantly reduced when
an interval of 12-24 h was interposed between the
two modalities. The impact of the timing and
sequencing of the two modalities on tumor re-
gression has subsequently, been studied by many
research groups.

Despite these encouraging experimental
studies, not all research groups agreed with the
premise that heat potentiates ionizing radiation.
In 1936, Taylor compared the effects of ultrashort
radiowaves followed by radium therapy with the
effects of radium alone in Jensen rat sarcoma and
Walker rat carcinoma. He stated that heat alone
did not alter the tumor growth rate unless tissue
necrosis was produced, and he observed no
synergistic effect of heat and radiation. Since no
thermometry was performed, and details of the
treatment schedule and the duration of heat
exposure were not provided, it appears rather
difficult to evaluate this study properly.

Modern hyperthermic research began with the
remarkable experimental studies of CriLE (1961,
1963), some of which still represent a real bench-
mark in experimental hyperthermia research. In
the early 1960s, Crile took up the work of other
researchers and performed a series of experiments
on transplanted mouse tumors. He observed
several fundamental biological reactions to heat
which were later quantitatively assessed. The
described biological phenomena included: (a) the
time- and temperature-dependent cytotoxicity of
heat; (b) the delayed in situ increased cytotoxicity
in, and increased sensitivity of, large as compared
with small transplanted tumors; (c) the thermoto-
lerance of both normal and tumor tissue; and (d)
the radiation sensitization by heat and its slow
decay during heating.
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1.3.4.4 Heat Combined with Chemotherapy

The combined use of heat and chemotherapeutic
agents has been investigated only in the modern
era of oncological research, ever since researchers
realized that heat may alter the tumor cell mem-
brane permeability and enhance uptake of cyto-
toxic agents (FIELD et al. 1964). First clinical
observations on the combined application of heat
and chemotherapy were reported by WOODHALL
et al. (1960) and SHINGLETON et al. (1962).
Woodhall et al. observed some remarkable tumor
responses in head and neck cancer patients. In
1970, Giovanella and co-workers found that L-
1210 leukemia cells remained unaffected by tem-
peratures in the range 37°—40°C; however, a lethal
effect was suddenly induced at slightly higher
temperatures in the range of 41°-42°C. A hund-
redfold enhancement of cell kill was induced
when a specific alcoholic agent (dihydroxybutyl
aldehyde) was added (GiovanELLA et al. 1970).
Brock and Zusrop (1973) also confirmed
adjuvant effects of heat in cancer chemotherapy.

Other drugs, like b,L-glyceroaldehyde,
melphalan, and oxamate, also proved to be more
cytotoxic in combination with heat than alone. In
vivo studies by HAHN and co-workers (HanN 1979,
1982; HaHN and STRANDE 1976) suggested a
possible benefit of using hyperthermia in com-
bination with Adriamycin, bleomycin, nitro-
soureas, cisplatin, and perhaps other drugs. Goss
and PARrsoNs (1976) tested different human fibro-
blast strains and melanoma cell lines in combina-
tion with various concentrations of melphalan
alone or in combination with heat (42°C, 4h) and
found that the combined modality acted synergisti-
cally and increased the differential between fibro-
blast and melanoma cell lines.

Some of the first clinical applications of com-
bined heat and chemotherapy were reported by
Stehlin and co-workers, who found a 35% -80%
increase in tumor response when heat of 40.5°-
41.5°C was given in conjunction with melphalan
chemotherapy perfusion for the treatment of
regionally metastatic melanoma (STEHLIN 1975).

1.4 Present and Future Role of Hyperthermia

When reviewing the early experimental and
clinical studies on the possible benefits of localized
or systemic heating, it becomes obvious that firm
evidence for beneficial clinical effects is still
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limited. In most clinical studies the applied heating
technique and the obtained clinical results were
poorly described. Most clinical trials also failed to
demonstrate a definite benefit of the additional
heat by not using an appropriate control group.
Even worse is the fact that no proof was provided
that tumors were actually being heated, as appro-
priate invasive thermometry was lacking. In
addition, histological evidence of tumor necrosis
was rarely obtained and often the possibility of
preexisting necrosis was simply neglected. More
importantly, the heatability of a tumor may not
only depend on the applied heating technique,
but may in itself constitute an intrinsically favor-
able biological marker which predicts the tumor
response.

Some historical circumstances have also re-
duced interest in hyperthermia research. The
rapid development of oncology within the twen-
tieth century, which is represented by the intro-
duction of chemotherapy in the 1940s and 1950s
and modern megavoltage radiotherapy equipment
in the 1950s and 1960s, diverted scientific interest
and enthusiasm away from further investigations
in hyperthermia, and this diversion has continued
until today, since new surgical techniques,
immunotherapy, and gene therapy have entered
the field. Nevertheless, in the 1960s new insights
into the biological effects of heat became available
and rekindled interest in the antineoplastic
efficacy of heat and its potential in combination
with radiotherapy and chemotherapy.

Nowadays, hyperthermia research is a rapidly
evolving field, as is evident from the increasing
development of various clinical HT applications
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as demonstrated by clinical studies presented at
previous international hyperthermia meetings:
Washington DC (USA) 1975, Essen (Germany)
1977, Fort Collins (USA) 1980, Aarhus
(Denmark) 1984, Kyoto (Japan), 1988, and
Tucson (USA) 1992 (Fig. 1.22). New clinical
approaches have become more complex, including
regional and interstitial heating. No area of the
human body has been excluded from efforts to
apply heat to localized tumors and organs (Fig.
1.23). Nevertheless, after the rather uncritical
embracement of hyperthermia in the early 80s,
there is now some frustration about its potential
role, accompanied by stagnation in clinical
research. However, it is too simple to categorize
possible problems through questions and answers
derived from a previous great debate on the
theme: ‘““The biology is with us, but the physics is
against us.” We need to solve interdisciplinary
questions:

1. How does heat actually act at the molecular or
cellular level and in certain tissue compositions?

2. How, when, and with what other therapies
should hyperthermia be used to achieve its
greatest potential?

3. Which methods will be the most efficacious for
a particular tumor situation, and what is the
optimal treatment regimen?

4. Will hyperthermia work consistently in all
tumors and in all patients, if it is applied in its
optimal way?

Answers to these questions will not be provided
by individual achievements, but only by the con-
certed efforts of all fields contributing to cancer
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Fig. 1.22. Development of clinical hyperthermia research.
Number of clinical studies presented at the International
Hyperthermia Conferences in Washington (1975), Essen
(1977), Fort Collins (1980); Aarhus (1984), Kyoto (1988),
and Tucson (1992). The studies are grouped into the

92 94

following categories: (1) superficial hyperthermia (HT),

(2) interstitial HT, (3) regional HT, (4) whole-body HT
and phase 3 HT studies in various body sites. (Modified
from Overgaard 1993)
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therapy, including biology, physics, engineering,
and clinical research. When we compare the
present situation of hyperthermia with other
oncological modalities from a scientific perspec-
tive, its situation is clearly no worse than that of
chemotherapy, immunotherapy, and gene
therapy: Despite immense experimental and
clinical research efforts and enormous costs in-
volved over several decades, cytotoxic agents
have conquered only a small spectrum of clinical
indications. Most trials using chemotherapy are
still conducted as phase I-11 trials, and phase III
trials are often lacking “true” control groups.
Immunotherapy and gene therapy, while being
extremely expensive, have so far only theoretical
promise, but have not achieved routine thera-
peutic efficacy. If only a small percentage of the
financial resources, research funding, and staff
devoted to chemotherapy were to be diverted
to hyperthermia, this field would achieve a
much broader spectrum of established clinical
indications.

Moreover, the oversimplified criticism of early
clinical hyperthermia studies should not result in
condemnation of or a moratorium on further
scientific investigations. Lack of success applies to
many other fields in oncology and medicine today
and is no argument against further funding of
hyperthermia research. However, we believe that

Lymphoma; Bone Marrow Transplantation

the development of hyperthermia as a useful tool
in the oncological armamentarium must still
depend on rigorously controlled scientific studies,
and that presently hyperthermic therapy for
human cancers must still be regarded as experi-
mental. Therefore hyperthermia should not be
used instead of established methods of cancer
therapy.

We are just starting to apply new combinations
of heat with cytotoxic agents or thermal sensitizers
or with different radiation and chemotherapy
schedules. We have obtained a better under-
standing of the complicated details of thermal
cytotoxicity and thermal sensitization and we are
rapidly developing more sophisticated technical
tools to administer heat in a more predictable and
controllable way. We are aware of the complex
quality assurance issues, including appropriate
selection of suitable patients, tumors, and heating
techniques, and we have realized the necessity of
appropriate treatment documentation and stati-
stical analysis (DEwHIRST et al. 1990). Further-
more, joint clinical efforts are being made in the
form of better designed controlled multicenter
studies (e.g., ESHO melanoma study, MRC
breast study, and ongoing RTOG studies).
Finally, we have a well-established scientific
organization which offers the required scientific
discussion and control.
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Table 1.4. Rationale and aims for controlled clinical trials
using thermoradiotherapy

1. Better biological knowledge with regard to:
Thermal radiosensitization (inhibition of SLD/PLD
repair)

Effects of thermal cytotoxicity in normal and tumor
tissue

Sequencing of modalities and impact of
thermotolerance

2. Better physics and engineering support with regard to:
Homogeneity of the power deposition (heating
distribution)

Improved SAR coverage of the whole tumor volume
Extensive invasive thermometry available

Improved on-line treatment control during
hyperthermia

Improved power steering and feedback control
Options for full treatment automatization

3. Better selection of tumor sites and volumes with regard
to:
Better diagnostic tumor extension assessment
Improved methods of treatment planning
Better ratio of power deposition to tumor volume
Standardized documentation and treatment set-up
Improved quality assurance conditions

4. Future options and work-in-progress with regard to:
On-line treatment planning and thermal modeling
Noninvasive thermometry control
Physiological and pharmaceutical modification of heat
effects

SLD, sublethal damage; PLD, potentially lethal damage

Thus, the rationale for the implementation of
controlled clinical trials using hyperthermia in
conjunction with radiotherapy has become even
stronger in recent years, as can be seen from
arguments listed in Table 1.4. If we continue our
scientific research in this careful manner, we can
conclude: “The past has not been with us, but the
future will be with us.” Despite previous short-
comings in research, pessimism about the poten-
tial role of hyperthermia in oncology is not
justified.
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2.1 Introduction

The success of tumor therapy is determined by
the efficiency with which the killing of tumor cells
is achieved under conditions of no or only slight
damage to the normal tissues. Cell killing in this
sense means that the clonogenicity of stem cells is
destroyed by agents such as ionizing radiation,
cytotoxic chemicals, or heat. Hyperthermia, the
heating of cells to 40°-45°C, can act as a cytotoxic
agent by itself or as a sensitizing agent in com-
bination with ionizing radiation or cytotoxic drugs
(STREFFER 1990). The characteristics and mech-
anisms of sensitization by heat will be described in
other chapters in the volume; therefore the focus
of this chapter will be on the action of heat alone.
During prolonged heating for several hours at
temperatures of about 42°C and below or after a
short heat shock, cells can become more ther-
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moresistant. These phenomena of thermoto-
lerance will also be described in a later chapter.
The application of hyperthermia has a long
history in tumor therapy. However, the molecular
and cellular mechanisms have been studied in
depth only recently. Heat kills cells in a stochastic
manner, as do other cell-killing agents. This
means that a certain probability exists that a given
cell will survive or die when a population of cells
is subjected to a heat treatment. However, one of
the outstanding features of heat treatment is that
cellular effects can be observed very quickly after
or even during treatment. Thus one can observe
that structures of multimolecular complexes, like
the cytoskeleton, are heavily damaged directly
after heat treatment in the temperature range of
42°-45°C (DerMIETZEL and STREFFER 1992). In
contrast to the rapid manifestation of these effects
in the microscopic appearance of the treated cells,
similar radiation-induced changes can be seen
only days after a treatment with doses in a com-
parable therapeutic range. Furthermore, meta-
bolicrates are increased during the heat treatment,
which induces metabolic disturbances. These
phenomena have mainly been studied with respect
to energy and glucose metabolism and the bio-
synthesis of macromolecules (STREFFER 1985).

2.2 Molecular Effects

As stated above, during a hyperthermic treatment
considerable molecular and metabolic changes
occur. While after exposure to ionizing radiation
DNA damage is the most important effect leading
to reproductive cell death (ALPER 1979), the
mechanism of cell killing by hyperthermia alone is
less clear. It appears evident that events in the
cytoplasm as distinct from the cell nucleus are
important (HAHN 1982; STREFFER 1982, 1985). At
the molecular and metabolic level heat pre-
dominantly induces two principal effects
(STREFFER 1985): (a) conformational changes and
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destabilization of macromolecules and multi-
molecular structures; (b) increased rates of
metabolic reactions during the heat treatment
followed by dysregulation of metabolism, mainly
after hyperthermia.

2.2.1 Conformational Changes
of Macromolecules

The conformation of biological macromolecules is
mainly stabilized by covalent bonds between
subunits of the macromolecules, by hydrogen
bridges, by interactions of ionic groups within the
macromolecules and with their environment, and
by hydrophilic/hydrophobic interactions of groups
within the macromolecules and their environment.
The last three classes of bonds and interactions
are comparatively weak; they can be altered
easily, for instance, by an increase in temperature.
For the biological activity of macromolecules
specific conformational structures are usually a
prerequisite. The conformation of DNA is
irreversibly changed only at temperatures which
lie far above the temperature range of cell killing
(Lepock 1991). However, especially in proteins
changes can be induced which lead to disturbances
of the native protein conformation at temperature
ranges which are near to or overlap with those
that lead to cell killing (PrivaLov 1979; LEPOCK
1982; Lepock et al. 1983; LEEPER 1985; STREFFER
1985). A detailed study of protein denaturation in
erythrocyte membranes by differential scanning
calorimetry has shown that such processes begin
in a temperature range of 40°-45°C (BRANDTS et
al. 1977; Lepock 1991).

The range of temperatures at which structural
transitions of proteins occur depends very much
on the specific protein under consideration and
differs over a wide range of proteins. For a number
of proteins such transitions have also been de-
monstrated in more complex cells than erythro-
cytes, e.g., fibroblasts and hepatocytes, in the
range 40°-45°C - a range at which killing of these
cells also takes place and which is used for hyper-
thermic treatment in tumor therapy (LEpock 1991).
The enthalpy calculated from Arrhenius plots for
cell killing is in the same range as for protein
denaturation (Lepock 1992; StTREFrer 1990).
These phenomena will be discussed later (see
p. 51). Furthermore, heat-induced structural
changes in proteins are extremely dependent on
the pH value (Privarow 1979). A similar pH

C. Streffer

dependence is found for the heat sensitivity of
cells. The pH value determines whether the
various ionic groups of amino acid residues exist
in the protonated or deprotonated form (STREFFER
1963). Quite a number of these groups, which
stabilize protein conformation by ionic inter-
actions, have pK values near the physiological
pH. These pK values are dependent on tempera-
ture; therefore a change in temperature will also
alter the protonation, and the ionic state of the
amino acid residues and their interaction is thereby
altered. Such alterations contribute to confor-
mational changes of proteins during hyperthermia
(STREFFER 1963; WALLENFELS and STREFFER 1964,
1966).

Lepock et al. (1983) have reported that the
fluorescence of proteins bound to membranes and
its quenching by paranaric acid is altered when
isolated cytoplasmic and mitochondrial mem-
branes are heated. Lepock (1991) reported on
Differential Scanning Calorimetry (DSC) scans of
Chinese hamster lung V79 cells. Significant
denaturation of proteins begins at 40°-41°C. In
further investigation this author studied isolated
cell nuclei, mitochondria, microsomes, and a
cytosolic fraction of soluble proteins. Each cellular
component contained proteins with an irreversible
denaturation starting at 40°-41°C. It is concluded
that these conformational changes of membrane
proteins are responsible for the observed effects
of heating on membranes. It has frequently been
suggested that membranes are the main cellular
targets for hyperthermia in bacteria as well as in
mammalian cells (WALLACH 1978; Haun 1982;
Konings 1987).

2.2.2 Membranes

The phospholipid bilayer is an essential part of
biological membranes. The hydrophobic, non-
polar hydrocarbon chains of the fatty acids face
each other in the middle of the membranes and
the polar heads of the phospholipids are oriented
to the aequous phase inside and outside the cells.
Proteins which can be integrated into both
phospholipid layers or only into one of the
phospholipid layers are floating in the lipid
bilayers. This represents a brief description of the
fluid mosaic model of membranes which was pro-
posed by SiNGer and Nicorson (1972) and is
generally accepted today. The “fluidity” of these
membranes greatly influences the function and
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stability of membranes. The lipid composition has
a very marked influence on the fluidity. Un-
saturated fatty acids increase fluidity, while cho-
lesterol decreases it. Raising the temperature also
increases the fluidity, and Yatvin (1977) proposed
that this effect correlated with cell killing.

Much attention has therefore been paid to the
lipids of membranes and their influence on
membrane fluidity in relation to cell killing by
heat (YATVIN et al. 1982). Such correlations have
been observed for bacterial systems. YATVIN
(1977) studied a mutant of Escherichia coli
K12 which required unsaturated fatty acids for
survival. With increasing incorporation of these
unsaturated fatty acids (18:1 or 18:3) into the
membrane, the fluidity of the membrane as well
as cell killing by heating was enhanced. The ther-
mosensitivity of the bacteria increased in propor-
tion with microviscosity when cells were grown in
unsaturated fatty acid at different temperatures
(Dennis and YatviN 1981). These observations
were confirmed to some extent with mammalian
cells. Murine leukemia cells (L.1210) were cultured
with oleic acid (18:1) or docosahexanoic acid
(22:6) and the heat sensitivity increased (GUFFyY
et al. 1982). KonNinGs and Rurrrok (1985) studied
heat-induced cell killing in mouse fibroblasts after
increasing the polyunsaturated fatty acids (PUFA)
in all cellular membranes. These cells showed a
higher fluidity of the membranes and increased
thermosensitivity. However, when thermo-
tolerance was induced the fluidity of the mem-
branes did not change. The authors conclude
from these data that, “the lipid composition of
cellular membranes is not the primary factor
which determines heat sensitivity of mammalian
cells.”

The incubation of V79 Chinese hamster cells
with cholesterol resulted in a higher microviscosity
of membranes but the thermosensitivity of the
cells was not changed (YATvIN et al. 1983). Similar
results were observed by KoNINGs and RUIFROK
(1985). On the other hand, Cress et al. (1982)
observed a positive correlation between the
cholesterol content of plasma membranes and cell
killing in several cell lines. L1 et al. (1980) found
remarkable similarities between the action of
hyperthermia and of ethanol on cell killing and
interpreted these findings as representing a
modification of membrane fluidity. However, in a
further study cell killing by hyperthermia and its
modification by ethanol apparently correlated
more closely with protein denaturation in mem-
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branes than with lipid fluidity (MASSICOTTE-
NoLaAN et al. 1981).

Studies with electron spin resonance have
demonstrated that lipid transitions occur in the
temperature ranges around 7°-8°C and 23°-26°C
in mitochondria as well as in whole cell homo-
genates, while conformational transitions in
proteins were observed between 40° and 47°C
(Lepock 1982; LEpPock et al. 1983). Several studies
on membrane-bound receptors have shown that
they are inactivated or lost from the membranes.
Epidermal growth factor (EGF) receptors of
fibroblasts showed a decreased affinity for EGF
after heating but the number of membrane-bound
receptors remained unchanged (MaGuN and
FenNIE 1981). Concanavalin A-induced capping
and cell survival responded in a similar manner
to hyperthermia (STEVENsON et al. 1981).
CaLperwooD and HauN (1983) observed a heat-
induced inhibition of insulin binding to the plasma
membrane of CHO cells, which was apparently
caused by a decrease in the number of available
insulin receptors, and this effect correlated well
with cell killing. Similar effects were found for the
binding of monoclonal antibodies to murine
lymphoma cells (MEHDI et al. 1984).

Studies with scanning electron microscopy
have shown that proteins which go through both
phospholipid layers of the membrane (intermem-
brane protein particles, IPPs) and which stabilize
the membrane are removed by hyperthermia
(Fig. 2.1) (STREFFER 1985). Such proteins have the
function not only of stabilizing the membranes
but also of performing enzymatic reactions. Such
an enzyme is certainly Na*/K*-ATPase, which is
involved in ion transport through membranes.
BowrLer et al. (1973) observed an increase in
membrane permeability and a loss of membrane-
bound ATPase after heat treatment of cells.
These effects correlated with the heat-induced
cell killing. In HeLa cells a dramatic loss of
Na*/K*-ATPase activity was observed after
heating the cells at 45°C for 10min. A partial
restoration of the enzyme activity took place
during subsequent incubation at 37°C. This
recovery was impaired by actinomycin D and
cycloheximide. Apparently RNA and protein
synthesis is needed for these processes (BURDON
and Cutmork 1982), which were observed at the
same time as maximal synthesis of heat shock
proteins. After continuous heating at 42°C, which
results in thermotolerant cells, the enzyme activity
increased in Hela cells. A further treatment at
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Fig. 2.1a-d. Electron micrograph of freeze-fractured
small intestine mouse microvilli (Mv). PF, inner mem-
brane; EF, external membrane. a Control, X77000; b
nonexteriorized intestine after heating at 41°C for 30 min,
X98000; ¢ exteriorized intestine immediately after heating
at 41°C for 30 min, X77000; d 3 h after heating at 41°C for
30min, X77000. Note the reduction of IMP particles
especially in d. (From Issa 1985)

45°C demonstrated that the thermosensitivity of
Na*/K*-ATPase is not changed under these con-
ditions; only the absolute levels are increased
(BURDON et al. 1984).

In another study, by contrast, no decrease in
Na*/K*-ATPase was observed after heating of
mouse lung fibroblasts and Hela cells (Ruirrok
et al. 1986) as observed by BUrRDON and CUTMORE
(1982). Thus very contradictory results have been
reported on this subject. In both cases (BurpoN
et al. 1984; RuIFROK et al. 1986) ouabain-sensitive
ATPase was measured. By ouabain inhibition the
Na*/K*-ATPase can be differentiated from other
ATPase activities. However, the conditions of the
assay differed. it certainly has to be elucidated
whether these differences were responsible for
the contradictory results. Ruirrok et al. (1986)
also measured the ouabain-sensitive K* influx
with 8Rb* as a tracer in mouse fibroblasts after
incubation of the cells at 44°C. No decrease in K*
influx was observed. This K* influx is driven by
Na*/K*-ATPase and with a decrease in enzyme
activity the K* influx should also decline. From
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these data it must be concluded that Na*/K*-
ATPase and K™ influx cannot be considered a
general cause of cell death after hyperthermic
treatments.

On the other hand the spontaneous loss of
intracellular K™ during and after severe hyper-
thermic treatments has frequently been related to
cell death (Y1 1983). RuiFrok et al. (1985a,b)
observed a dose-dependent decrease in K* in
mouse fibroblasts after hyperthermia. This effect
correlated well with cell killing. Other data which
did not show an increased efflux were observed
after nonlethal or less severe treatments
(BoonsTra et al. 1984). However, the K™ efflux
was modified by the addition of serum to the
culture medium, while the clonogenic activity was
not changed (RuiFrok et al. 1987). Furthermore,
in other experiments a correspondence between
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