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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. BRADY 

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. SEEGENSCHMIEDT, MD, Department of Radiation 
Oncology, University of Erlangen-Niirnberg, Univer
sitiitsstraBe 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 "Thermo radiotherapy 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 (LICHT 1965; DIETZEL 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-
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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 "KapKlvoc;" (karkinos) (Fig. 1.1). 

Fig. 1.1. "Le chancre." Copperplate engraving from the 
medical book (Euvres d'Ambroise Pare, 10th edition , Lyon 
164l. 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.c.-50 A.D.) 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, "aKlpp0C;" (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 "f,lew(Jw(Jl(;" (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.D.), 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 ofthe 
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 
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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.D.) differentiated nasal polyps and 
cancer, and Avenzoar (about 1150A.D.) 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 
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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 
Pare, 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 Rene 
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 
Fran'Sois 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, Rene Theophile 
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 Muller (1801-1858) and his 
remarkable book entitled" Uber den feineren Bau 
und die Formen der krankhaften GeschwiUste" 
(published in 1838) who finally paved the way for 
a revolutionary interpretation which still in
fluences our allopathic medical thinking and 
current oncological concepts. Muller'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 
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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 600-900 kcallh, which raises 
the core body temperature to as high as 40°C 
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(BARD 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°e, while tempera
tures above 43°e induce 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° -60oe or even 
1000e 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 
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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.D. (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 

Heating method Specific technique 

Microwave heating methods (50-2450 MHz) 
Single external devices Direct tissue contact at the body 

surface with use of bolus material 
Multiple external devices Direct tissue contact with applicators 

placed around the lesion 
Phased array devices Applicators surround the patient for 

regional deep heating 
Interstitial devices ("antennae") Single antenna or antenna array 

Intracavitary devices ("antennae") 

directly inserted into the timor 

Different antenna designs inserted 
into preformed body cavities 

Radiofrequency heating methods (0.5-27 MHz) 
Inductive external device Loops or coils positioned against the 

Capacitive external devices 

Inductive interstitial devices 

Capacitive or inductive interstitial 
and intracavitary devices 

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 (0.5-5.0MHz) 
Single external device Direct tissue contact at body surface 

with use of bolus material 
Multiple external devices Direct tissue contact with applicators 

placed around the lesion 
Focused array devices Applicators are focused into the 

depth of the patient's body for 
deep heating 

Interstitial devices ("antennae") Single- and multiple-element 
antennae or array inserted directly 
into the tumor 

Intracavitary devices ("antennae") Single- and multiple-element antenna 

Local and regional perfusion methods 
Intravascular blood perfusion 

External saline perfusion 

Interstitial hot water perfusion 

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

inserted into preformed cavity 

Warmed blood into catheterized 
vessel 

Warmed saline perfused across the 
mucosal surfaces 

Warmed water perfused with high 
pressure within implanted 
catheters 

Injection of pyrogenic material 
Extracorporeal blood heating 
Hot bath and blankets, heat boxes, 

space suites, radiative devices 

Clinical applications 

Small superficial tumors 

Extensive superficial tumors 

Deep-seated tumors of abdomen, 
pelvis, or extremities 
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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). 



a 

b 

12 

External cautery was also a very prominent 
treatment for many non oncological 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 
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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) 
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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, 
Bibliotheque de Faculte Medecine) 

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 
Recamier (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 treatrpent 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 
GOTTSCHALK (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°-41SC appears to be 
equally as effective as a short-term high-tempera
ture heat treatment (GARCIA 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 Faculte Medecine) 
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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). c 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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BALFOUR (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 
'.;sed 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 
(GOETZE 1928, 1930; GOETZE 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: HOFFMAN (1957), HEYN and KURZ (1967), 
LAMPERT (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'ARSONVAL 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 (0.5-3.0 MHz) was already used by 
1900, shortwave diathermy with frequencies of up 
to 100 MHz became the standard approach by 
1920, and with frequencies of 100-3000MHz by 
1930. These heating techniques and HF currents 
were also introduced into the surgical practice of 
the time (Fig. 1. lOa-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). 
c 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 left) 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) 
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the electromedical company Reiniger, Gebbert, and Schall, 
Erlangen (Germany). (Courtesy of Siemens Medical 
Archives, Erlangen). c 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 101Ocm/s). 

d 
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Table 1.2. Spectrum of electromagnetic waves and photon beams 

Properties of and use for thermo- or radiotherapy 

Radiowaves 
Ranging from longwaves, broadcast band, and shortwaves to 

ultrashortwaves; produced by electrical oscillations; pass 
through nonconducting materials 

Special hyperthermia implementations: 
Diathermy (30m-SOm waves), shortwave therapy 
(SOm-3m), microwaves (300cm-lOcm waves) 

Infrared radiation 

Frequency (Hz) Wavelength Photon energy 

1.105 3km 413peV 

3.1010 0.Q1 m 124meV 

Typical heat waves which are produced by the molecular vibration 
and excitation of outer electrons in atoms 

3.1012 100}lm 12.4meV 

Special hyperthermia implementations: 
Infrared lamps, radiators (0.3mm-1}lm waves) 

Visible light 
From red through yellow, green, and blue to violet light; 
produced by excitation of the outer electrons in atoms; 
generated by electrical discharge in lamps and gas tubes 
No special hyperthermia implementations 

Ultraviolet light 

3.1014 

4.3.1014 

7.5.1014 

l}lm 1.24eV 

700nm 1.77eV 

400nm 3.1eV 

Produced by excitation of the outer electrons in atoms; causes 
erythema of the skin and kills bacteria 

7.5.1014 

3.1016 

400nm 3.1eV 

No special implementations lOnm 124eV 

Soft x-rays 
Produced by excitation of the inner electrons in atoms; causes 
erythema of the skin and kills bacteria 

3.1016 lOnm 124eV 

Radiotherapy implementations: grenz rays 

Diagnostic x-rays 
Produced by excitation of the inner electrons in atoms 
Radiotherapy implementations: superficial therapy 

Deep therapy x-rays, linac x-rays 
Produced by excitation of the inner electrons of an atom 
Radiotherapy implementations: orthovoltllinac therapy 

Large linacslproton synchrotron x-rays 
Produced by excitation of the protons in atoms 
Radiotherapy implementations: proton therapy 

Thereby the energy of EM waves is directly pro
portional to the frequency v and the wavelength 
A, i.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 

3.1018 100 pm 12.4keV 

3.1018 100 pm 12.4keV 

3.1019 Wpm 124keV 

3.1019 Wpm 124keV 

3.1022 lOfm 124 MeV 

3.1022 lOfm 124 MeV 

3.1023 Hm 1.24GeV 

1908) (Fig. l.11a, b). At about the same time, 
KEATING-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. l.lla,b. Fulguration. a Catalogue 
offer from Reiniger, Gebbert , and Schall 
Company, Erlangen (Germany): "Eine 
neue elektro-chirurgische Methode! Ful
guration - Funkenbestrahlung bosartiger 
Geschwiilste mit Hochfrequenzstromen 
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 
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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 Muller 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 (15-20min 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 
(JOHNSON 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; SCOIT 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 40 min. 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 Thermoftux" 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. LISa-c). 

Shortly afterwards FucHs (1936) reported on 
the clinical experience at the Vienna City Hospital 
with a combination of 20-MHz shortwave therapy 
(15 m wavelength) and ionizing radiation . The 
shortwave treatment lasted 20 min 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 bet~een heat 
and radiation was also observed by KORB (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 
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cure, although they applied long-term fractionated 
heat treatments (13 sessions of 2-4 h 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 /cm2) , 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 
30 m 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). c 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 

c 
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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). 

I 
I , , , , 
: 

Fig. I.lSa-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 . c Abdominorectal diathermy 
(for prostate lesions) with the Corbus prostatic electrode 

a 

b 
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Fig. LISa-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 50 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 (40-60 Gy), 
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. DITTMAR (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 /cm2) and at short time 
intervals (1.3 s) 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 
(DMITRIEVA 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; SOUTHAM 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 (MARMOR 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 
(LEHMANN and KRUSEN 1955; SPRING 1969; 
WOEBER 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 

27 

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.D.) tried to pacify 
and please the public by building new large public 
baths. Interestingly, these Roman baths usually 
included a "Jrigidarium" (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 
(SUGAHARA 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. I.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 . c 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 

c 
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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°-40SC (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; SCHMIDT 1910; WOLFFHEIM 
1921; BRAUNSTEIN 1929; ENGEL 1934; SINEK 1936; 
SCHULZ 1969). It was also assumed that acute 
productive tuberculosis could inhibit tumor growth 
(FURTH 1937). Others pointed out that a lower 
incidence of cancer occurs in geographical areas 
with endemic malaria (LEVIN 1910; BRAUNSTEIN 
1929,1931; SCHRUMPF-PIERRON 1932; FORTH 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; 
CZERNY 1895, 1907; VIDAL 1907 BOLOGNINO 1908; 
ROHDENBURG 1918; WOLFFHEIM 1921; DECOURCY 
1933; EVERSON and COLE 1956; SELAWRY 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, VIDAL (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. 

M.H. Seegenschmiedt and C.c. Vernon 

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). 

Coiey 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 coosiderable controversy about the 
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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 1 h but was soon followed 
by leukocytosis, which was maximal at about 6 h, 
while the white blood count ultimately reverted to 
pretreatment levels at 48 h. 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, HUTH 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" (NAUTS 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 
NAUTS (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 offever 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-he at
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. 

Bone tumors (total) 417 151 
Ewing's sarcoma 114 52 
Osteogenic sarcoma 162 23 
Reticular cell sarcoma 72 49 
Multiple myeloma 12 8 
Giant cell tumor 57 19 

Soft tissue sarcomas (total) 289 239 
Lymphosarcoma 86 86 
Hodgkin's lymphoma 15 15 
Other soft tissue sarcomas 188 138 

Gynecologic tumors (total) 63 49 
Breast cancer 33 20 
Ovarian cancer 16 15 
Cervical cancer 3 3 
Uterine sarcoma 11 11 

Other tumors (total) 128 84 
Testicular cancer 64 43 
Malignant melanoma 31 17 
Colorectal cancer 13 11 
Renal cancer (adults) 8 7 
Renal cancer (children) 3 0 
Neuroblastoma 9 6 

Total experience 897 523 

temperatures in the range of 400-40.soC 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.soC 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.soC for about 5 h without 
major toxicity. Warren concluded that "in cases 
previously treated by deep roentgen therapy, and 

5-year No. 5-year 
survival survival 

42 (28%) 266 109 (41%) 
11 (21%) 62 18 (29%) 
3 (13%) 139 43 (31%) 
9 (18%) 23 13 (57%) 
4 (50%) 4 2 (50%) 

15 (79%) 38 33 (87%) 

130 (54%) 50 36 (72%) 
42 (49%) 0 
10 (67%) 0 
78 (57%) 50 36 (72%) 

33 (67%) 14 14 (100%) 
13 (65%) 13 13 (100%) 
10 (67%) 1 1 (100%) 
2 (67%) 0 
8 (73%) 0 

33 (39%) 44 31 (70%) 
14 (33%) 21 15 (71%) 
10 (59%) 14 10 (71%) 
5 (45%) 2 2 (100%) 
3 (43%) 1 1 (100%) 

3 1 (33%) 
1 (17%) 3 2 (67%) 

238 (46%) 374 190 (51%) 

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

At the same time, DOUB (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 inocula~ion 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 (400W) 
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" (400 W) 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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d 

from Siemens Company. (Courtesy of Siemens Medical 
Archives, Erlangen) . c 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 195311954. 
(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 

] . .l:hltlprJt·-~d.t.,r;L;. 

., B.uJ(·~d.~ank. 

3. 8adr·-lDclukti(ln~-

,pJlar.t. 

... &.dt--rm~chOlIt~r 

5. GaIHIJI(.mtte'1". 

6. RLeo~taf,. 

;. EiuS<'haltf'r fOr (l3I\'a-

a Eio~haltt"r filr lnduk

tionsal'parat. 

9. dt'Whttel"iII ... :-l'ir'i'r lim
acha1ter fUr G.h"abo
faradi,atioD. 

10. EI.kl,. Badonnn •. 

Il. Xacbn-£J.,ktrode. 

12. RGckt'D-Eltktrodt. 

13. R.rI,1< BUhen·EI.l-tr. 

If. Rechte Knif'-Elektr. 

15. M,.,·EI.ktrod •. 

16. MODf)polantaDge. 

17. Verbintluog lur Fw;s

EI.ktrod •. 

18. V (,rhiDdung rut linkel! 

Knit--[I .. ktrodr, 

U.. Yerbindung ZUI' linken 

HIlf1(,D·Elektnodf'. 

20. Kf'tt(, "om .\bla~~\"('ntil 

2). Elc>ktri:l(;be Doucl .. ·. 

22. VentiJ dt:'r &lId,~. 

23. HaLn fOr Wannwa .. ser· 

leituug. 

24. Hahn for Kah\\3Sser· 

Il'itUDp-. 

25. Haul,tliahn f. d. Wanne. 

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) 

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. COHNHEIM (1873) observed the 
response of rabbit ears following transient vascular 
ligation and immersion in hot water. While 45°C 
for 30 min 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 



A Historical Perspective on Hyperthennia in Oncology 

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 DEWEY (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 FAJARDO 
(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 LOEB (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 30 min to 47°C for 5 min (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 3 h, 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; GERICKE 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 180min at 44°C and after 
90 min at 45°C, while normal tissues were not 
damaged under similar temperature conditions. 
Westermark intropuced 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 LOB 1934; 
REITER 1933; BAUMEYER 1938; KORB 1939, 1943, 
1948; OVERGAARD 1934, 1935, 19361; OVERGAARD 



36 

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 
were observed at a frequency 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 
thermo biology studies (DEWEY et al. 1982); it also 

M.H. Seegenschmiedt and C.C. Vernon 

forms the main rationale for the so-called "ther
mal dose concept" proposed by SAPARETO 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 144 h 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 90 min, 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). 
BLOCK and ZUBROD (1973) also confirmed 
adjuvant effects of heat in cancer che{Ilotherapy. 

Other drugs, like D,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 (HAHN 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 PARSONS (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°-
41SC 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 

Type of Study 

A phase 3 trial 

different sites 

• whole body lIT 
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• lillersliliallIT 
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Fig. 1.22. Development of clinical hyperthermia research. following categories: (I) superficial hyperthermia (HT) , 
Number of clinical studies presented at the International (2) interstitial HT, (3) regional HT, (4) whole-body HT 
Hyperthermia Conferences in Washington (1975), Essen and phase 3 HT studies in various body sites. (Modified 
(1977), Fort Collins (1980); Aarhus (1984), Kyoto (1988), from Overgaard 1993) 
and Tucson (1992). The studies are grouped into the 
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Skin & Melanoma Fig. 1.23. Human body sites amenable to clini
cal hyperthermia research. Based on a survey 
on various human body sites approached with 
recent hyperthermia technology and clinical Brain -------- Eye 
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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-II 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 

Bladder 

Soft Tissues 

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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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 
69 42°-45°C (DERMIETZEL and STREFFER 1992). In 
69 contrast to the rapid manifestation of these effects 

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-

C. 'sTREFFER, PhD, MD h.c., Professor, Department of 
Medical Radiobiology, Universitatsklinikum Essen, D-
45122 Essen, FRG 

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
bolic rates 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 kiJling is in the same range as for protein 
denaturation (LEPOCK 1992; STREFFER 1990). 
These phenomena will be discussed later (see 
p. 51). Furthermore, heat-induced structural 
changes in proteins are extremely dependent on 
the pH value (PRIVALOW 1979). A similar pH 
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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, micro somes , 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; HAHN 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 NICOLSON (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 Y ATVIN (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 (L1210) were cultured 
with oleic acid (18: 1) or docosahexanoic acid 
(22: 6) and the heat sensitivity increased (GUFFY 
et al. 1982). KONINGS and RUIFROK (1985) studied 
heat-induced cell killing in mouse fibroblasts after 
increasing the polyunsaturated fatty acids (PUF A) 
iIi 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. LI 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 (MASSICOTIE
NOLAN 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; LEPOCK 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). 
CALDERWOOD and HAHN (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+IK+-ATPase, which is 
involved in ion transport through membranes. 
BOWLER 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 
N a + IK + -ATPase activity was observed after 
heating the cells at 45°C for 10 min. 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 CUTMORE 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.la-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; c exteriorized intestine immediately after heating 
at 41°C for 30 min, x 77 000; d 3 h after heating at 41°C for 
30 min , x77000. Note the reduction of IMP particles 
especially in d. (From Iss A 1985) 

45°C demonstrated that the thermo sensitivity 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+ IK+ -ATPase was observed after heating of 
mouse lung fibroblasts and HeLa cells (RUIFROK 
et al. 1986) as observed by BURDON and CUTMORE 
(1982). Thus very contradictory results have been 
reported on this subject. In both cases (BURDON 
et al. 1984; RUIFROK et al. 1986) ouabain-sensitive 
ATPase was measured. By ouabain inhibition the 
Na + IK+ -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. RUIFROK et al. (1986) 
also measured the ouabain-sensitive K+ influx 
with 86Rb + 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 + IK+
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 (YI 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 
cell killing and K+ efflux was not observed (VIDAIR 
and DEWEY 1986). Thus the loss of K+ seems to 
be a consequence of heat-induced membrane 
damage but not a cause of cell death. When 
neuroblastoma cells were heated for 30 min at 
45°C (survival 1 % ), the intracellular K +, N a + , 
and CI- concentrations were not changed directly 
after heating. However, 10-16 h after heating the 
ion gradients changed in some cells. At this time 
the cells underwent "metabolic" death (BORELLI 
et al. 1986). 

Hyperthermia may damage not only the cyto
plasmic membrane but also the intracellular 
membranes; for instance, in the small intestine 
the latter show dramatic disturbances after heating 
(BREIPOHL et al. 1983). The loss of the receptor 
activities which are presented by membrane pro
teins, and other membrane proteins might be 
caused by conformational changes of the cor
responding membrane proteins. However, a clear 
conclusion as to the role of lipids or proteins may 
be difficult. The cooperative state between the 
molecular species in membranes is dependent on 
both membrane fluidity and protein conformation 
(WALLACH 1978) . Studies with Raman spectro
scopy on erythrocyte membranes show that 
temperature-dependent transitions involve con
certed processes in which hydrophobic amino acid 
residues and lipids participate (VERMA and 
WALLACH 1976). Although the results obtained to 
date are not conclusive, many facts suggest that 
conformational changes of proteins and their 
cooperative effects with the lipid environment are 
very probably the main initiators of the observed 
effects on membranes. These membrane changes 
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24 

Fig. 2.2. a Nuclear size variation of MeWo cells (control 
sample, 37°C). Contours are expressed three-dimension
ally. The abscissa indicates the entire period of cell cultiva
tion, while the ordinate shows the mean of the absolute 
number of cells, and the z-axis ten classes of areas given in 
p.m2 • For each nucleus or nuclear fragment the DAPI
stained areas were morphometrically measured and class 

also induce alterations of the ion permeabilities. 
As well as the above-described efflux of K+, an 
increased influx of Ca2+ has frequently been 
reported (LEEPER 1985; VIDAIR and DEWEY 1986). 
A heat dose-response was observed for the intra
cellular increase in Ca2+. Intracellular Ca2+ is 
bound to various cellular structures, e.g., smooth 
endoplasmic reticulum. After a heat treatment 
this Ca2+ is released and the concentration of free 
Ca2+ increases (DEWEY 1989). These effects will 
be discussed further in connection with the mech
anisms of cell killing. 
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differentiation computed. In the control samples the nuclei 
show a fairly well normal distribution of nuclear size over 
the entire period of cultivation. b Nuclear size distribution 
of MeMo cells (44°C, 1 h). The tendency in the disturbance 
of nuclear division is very pronounced. This is most 
apparent after 48 h of cultivation 

2.2.3 Mitotic Spindles and Cytoskeleton 

Mitotic cells have been found to be very heat 
sensitive. Hyperthermic treatment apparently 
prevents the aggregation of the globular proteins 
to the spindle apparatus or causes the disag
gregation of spindles. As a consequence mitotic 
cells are unable to complete the mitotic division 
and cells with a tetraploid genome enter the G1 

phase (Coss et al. 1982). This observation is in 
agreement with the high thermosensitivity of 
mitotic cells. In fast-proliferating cell systems 

a 

b 
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many tetraploid cells are seen (VAN BEUNINGEN 
et al. 1978). The size of cell nuclei increases 
tremendously after heating of melanoma cells at 
42° or 44°C in vitro. While the size of nuclei is 
quite uniform in untreated cells, the range be
comes wider after heat treatment and this effect 
increases with increasing heat damage (Fig. 2.3) 
(DERMIETZEL and STREFFER 1992). 

In a similar way microtubules of the cyto
skeleton disaggregate during hyperthermic treat
ment and reaggregate during subsequent 
incubation at 37°C (LIN et al. 1982). A correlation 
between cell killing and irreversible disturbances 
of the cytoskeleton has been observed in heated 
cells; no reassembly of the cytoskeleton occurs 
under these conditions (CRESS et al. 1982). In 
heavily heat-damaged cells these structures have 
been completely lost. After heating at 42°C, and 
even more so at 44°C, the spindle-like melanoma 

Fig. 2.3. Double labelling of MeWo cells with DAPI (a) 
and immunostaining with a monoclonal anti-BrdU anti
body (b). This form of double staining served for quanti
fication ofMeWo cell survival and detection of proliferation 
kinetics. c Example of spindle-like cells (SPL cells) under 
control conditions, 48h after plating. d Polymorph cell 
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cells rounded up, the tubulin structures became 
polymorph and concentrated in the perinuclear 
zone, and giant cells appeared with extreme pleo
morphisms. Thus the structure of cytoskeletal 
organization was completely destroyed (Fig. 2.3) 
(DERMIETZEL and STREFFER 1992). Again, it 
appears reasonable to assume that conformational 
changes of the proteins take place which lead to a 
disaggregation of the cytoskeletal structure. 
Under the same conditions DNA synthesis and 
the cytoskeleton were studied in melanoma cells 
after a hyperthermic treatment. It appeared that 
the damage to the cytoskeleton was more relevant 
for the heat-induced cell killing than the in
hibition of DNA synthesis. The intermediate 
filaments which connect the microtubules to 
membranes seemed to be damaged more severely 
than the micro tubules themselves (DERMIETZEL 
and STREFFER 1992). 

with intact microtubules (PM- cells). e Round cells (RS 
cells) after heat treatment (1 h, 44°C), and prolonged 
cultivation (48 h). fPleomorphiccell (PM- cells) exhibiting 
rearrangement of microtubules. g Giant cell (G cell): a 
special class of cell which occurred after heat treatment 
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creased and gluconeogenesis is reduced in com
parison to normal liver tissue (WEBER 1983). 

Glycolysis influences the intracellular milieu, 
and the rate of glycolysis is dependent on various 
factors, such as pH and oxygen tension. Glucose 
loading of rats decreases the pH in normal tissues 
and in tumors. This effect has been measured in 
the extracellular space (VON ARDENNE 1982; 
JAHDE and RAJEWSKY 1982; YOLK et al. 1993). It is 
generally assumed that these processes lead to an 
accumulation of lactic acid in the heated tissues. 
In this connection it is of considerable importance 
that cell killing by hyperthermia is enhanced if 
cells are heated at low pH (GERWECK 1982). 

A very remarkable increase in lactate levels 
10-5 ~--.-----r---r----'-------' was found by LEE et al. (1986) in the SCK tumor 

o 100 ZOO 300 400 500 in mice. The authors also measured the lactate 
Incubation time I min) level under the same conditions in muscle. The 

Fig. 2.4. Survival curves of asynchronous CH 0 cells heated 
at different temperatures for varying periods. (Redrawn 
from DEWEY et al. 1977) 

2.2.4 Glucose and Energy Metabolism 

Glucose metabolism is closely linked to the meta
bolism of lipids and a number of amino acids as 
well as to energy metabolism in general. These 
pathways are very dependent on the extra- and 
intracellular milieu. A number of differences exists 
between tumors and normal tissues with respect 
to glycolysis (WARBURG et al. 1926), pH (GERWECK 
1982), and nutrients (HAHN 1982), which may be 
very important for hyperthermic treatment and 
cell killing by heat. However, it must be stressed 
that the variability of glucose metabolism between 
individual tumors even of the same entity 
and localization is extremely high (Table 2.1) 
(STREFFER et al. 1988). Nevertheless, some meta
bolic patterns may be characteristic in tumors. 
Thus in hepatomas the glycolytic pathway is in-

heat-induced increase was much smaller in this 
normal tissue and the effect lasted only very 
briefly, whereas the lactate level in the SCK 
tumor was more than doubled after heating for 
30min at 43.soC and the increase lasted longer 
than 24 h. The authors also observed an increase 
in p-hydroxybutyrate. However, as the level 
of lactate was much higher than that of P
hydroxybutyrate, the authors concluded that the 
lactate was responsible for a possible acidification 
of the tumor. Further studies demonstrated that 
the possible increase in lactate was very dependent 
on the characteristics of the tumour and differed 
in individual tumors under the same conditions 
(STREFFER 1987,1988,1990) (Table 2.1). However, 
in all tumors an increase in the lactate - pyruvate 
ratio was seen. These data demonstrate that 
glycolysis is apparently not inhibited during 
hyperthermic treatment as long as glucose is 
sufficiently available. 

Burdon et al. (1984) have observed an increase 
(by 1%-40%) in lactate formation in HeLa cells, 
glioma cells, and some other cells directly after 
heating for 2-4 h at 42°C. The effect varied greatly 

Table 2.1. Metabolites (umollg tissue) in three xenografts of melanoma after hyperthermia 
(Ht) at 43°C for 1 h (MIRTSCH and STREFFER, unpublished data) 

80 Mewo Wi 

Control Ht Control Ht Control Ht 

Glucose 1.8 1.1 1.9 1.9 1.6 
Lactate 5.8 12.1 6.6 7.8 5.9 6.4 
Pyruvate 0.19 0.17 0.25 0.20 0.15 0.14 
Lactate/pyruvate 30.5 71.2 26.4 39.0 39.3 45.7 
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from cell line to cell line, however. No change 
was seen in normal human glial cells. During 
these studies BURDON et al. (1984) measured the 
lactate production from glucose and its release 
into the medium during the incubation of the cells 
in vitro. Such an effect was also obtained with 
melanoma cells (ISBRUCH 1986). However, when 
lactate levels were measured with very sensitive 
methods (bioluminescence) in melanoma cells 
directly, different results were obtained, the level 
being decreased by more than 30% after a severe 
heat treatment at 44°C for 1 h. Under the same 
conditions the pyruvate level was slightly in
creased. This led to a strong reduction in the 
lactate - pyruvate ratio (STREFFER 1988). It is 
interesting that this ratio increased after heating 
in tumors from the same melanoma cells which 
were grown on nude mice (Table 2.2). 

Hyperthermic treatment speeds up metabolic 
reaction rates, including glycolysis (SCHUBERT et 
al. 1982; STREFFER 1982, 1985). More energy is 
needed by the heated cells in order to maintain 
ion gradients through membranes as well as the 
structural characteristics in the various cell com
partments etc. Thus, investigations with 14C_ 
glucose (uniformly labelled) have demonstrated 
an enhanced turnover of glucose, as measured by 
expired labelled CO2, during whole-body hyper
thermia of mice at 40° and 41°C (STREFFER 1982; 
SCHUBERT et al. 1982). In addition, increased 
glucose degradation through the pentose phos
phate pathway was observed during the first 55 h 
after heating cells in vitro (KONINGS and PENNINGA 
1985). Under the same conditions of whole-body 
hyperthermia a strong decrease in liver glycogen 
has been observed in mice. The hepatic glycogen 
value remains low during the following 24 hand 
only a slow rise is induced by a glucose load after 
the hyperthermic treatment (SCHUBERT et al. 
1982; STREFFER 1985). This latter result supports 
the finding of SKIBBA and COLLINS (1978) that 

Table 2.2. Lactate and pyruvate levels in human melanoma 
cells (MeWo) and their xenografts on nude mice after 
hyperthermia (MIRTSCH and STREFFER, unpublished data) 

MeWo cells in vitro MeWo tumor 
(jtmo1l109 cells) (jtmoll g tissue) 

Control 1 h after Control 2h after 
44°C 43°C for 
for 1h 30 min 

Lactate 19.5 12.5 6.6 7.8 
Pyruvate 1.6 1.8 0.25 0.20 
Lactate/pyruvate 12.1 6.9 26.4 39.0 
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gluconeogenesis is reduced in perfused rat liver if 
the temperature is raised to 42°C. Under normal 
conditions the lactate, which flows from peripheral 
tissues to the liver, can be used for glucose for
mation. This pathway of gluconeogenesis is 
apparently impaired by hyperthermia. From the 
consideration of lactate generation it can be con
cluded that the glycolytic rate is usually not 
impaired in tumors and in the liver of mammals 
during a hyperthermic treatment; it may even be 
increased. 

If a tumor cell obtains its energy supply pre
dominantly from glycolysis, inhibition of this 
pathway may considerably enhance the effect of 
hyperthermic cell killing. This has been demon
strated by SONG et al. (1977) and KIM et al. (1978) 
with 5-thio-D-glucose and with some other sub
stances (KIM et al. 1984). On this basis it is 
understandable that the sensitizing effects on cell 
killing are especially expressed under hypoxic 
conditions, which induce an extreme increase in 
the lactate levels. KIM et al. (1984) have observed 
that the flavone derivative quercetin increases the 
thermo sensitivity of HeLa cells. This drug inhibits 
the lactate transport across the cytoplasm mem
brane, produces intracellular acidification, and 
inhibits glycolysis (BELT et al. 1979). The de
creased pH (GERWECK 1982) and the inhibition 
of glycolysis apparently enhance the thermo
sensitivity of the cells. 

The pH is strongly coupled to the 
lactate-pyruvate ratio in cells and vice versa 
(STREFFER 1985). This redox ratio is also a good 
indicator of the status of intracellular oxygenation. 
As stated above, the increased rate of glycolysis 
with cells in vitro proves a decrease in lactate 
during the heat treatment and therefore also a 
decrease in the lactate - pyruvate ratio. However, 
in tumors an increase in this redox ratio is always 
observed after a heat treatment. This is obviously 
a consequence of the reduced blood supply to 
tumors (STREFFER 1990; VAUPEL 1990). A further 
consequence of these metabolic changes is the 
breakdown of the energy metabolism, which is 
mirrored by the ATP levels (STREFFER 1991). 
These heat effects are described further in Chap. 
8. 

2.2.5 Inhibition of DNA, RNA, 
and Protein Synthesis 

It is generally assumed that radiation damage to 
DNA is decisive for cell killing. It is therefore of 
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great interest whether hyperthermic treatment of 
cells and tissues can induce DNA damage in these 
cells. After heating of Ehrlich ascites tumor cells 
or HeLa cells at 43°C or higher temperatures in 
vitro, alkali-labile DNA lesions were observed 
(JORRITSMA and KONINGS 1984). These DNA strand 
breaks became apparent when the cells were 
incubated in an alkaline medium at 20°C for 30 min 
and the strand breaks were determined with the 
sensitive method of AHNSTROM and EDVARDSSON 
(1974). The rate of strand break production was 
about 1.7 times higher in Ehrlich ascites cells than 
in HeLa cells at an incubation temperature of 
45°C. The Ehrlich ascites cells were also more 
thermosensitive than the HeLa cells with respect 
to cell killing. However, the DNA strand breaks 
only become measurable at a severe level of cell 
killing, with less than 1% cell survival (JORRITSMA 
and KONINGS 1984). 

The authors demonstrated that the induction 
of strand breaks is caused by hyperthermia itself 
and not by other agents under these conditions. 
They discuss two possible mechanisms: 

1. The temperature of 45°C is high enough to 
deposit sufficient localized energy into the 
DNA molecule for a direct induction of DNA 
strand breaks. 

2. The heating may induce apurinic sites which 
yield strand breaks during the incubation in an 
alkaline medium. 

However, the second possibility can probably be 
excluded as the number of apurinic sites formed is 
apparently smaller than the number of strand 
breaks included. 

The cells used for these experiments were fast 
proliferating. Therefore it is also necessary to 
discuss the possibility that strand breaks are 
induced during DNA synthesis by heat-induced 
dissociation of nascent DNA pieces as the syn
thesizing complex is disintegrated or proteins of 
the DNA synthesizing complex (e.g., ligase) are 
inactivated during the heating. This proposal is 
supported by the finding that the activation energy 
for heat-induced strand breaks is 152 kcal per 
mole, which is typical for structural changes of 
proteins. In this connection it is also interesting 
that Ehrlich ascites cells had a shorter doubling 
time than He La cells (JORRITSMA and KONINGS 
1984) and thus a higher proportion of cells were in 
S phase during heat treatment. 

Heating of cells to 42°-45°C leads to a very 
sudden inhibition of DNA, RNA, and protein 
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synthesis as measured by the incorporation of 
labelled precursors into these macromolecules 
(HAHN 1982; STREFFER 1982, 1985). In some cel
lular systems the synthesis of all three molecular 
species has been measured (MONDOVI et al. 1969; 
HENLE and LEEPER 1979; REEVES 1982). Generally 
it.has been observed that the degree of inhibition 
correlates with the temperature at which the cells 
are heated. The duration of heating influences the 
period during which the macromolecular syn
thesis is affected (STREFFER 1982). Protein and 
RNA synthesis recover comparatively rapidly 
while DNA synthesis is reduced for a longer time 
after an identical heat treatment. 

Not only the initiation of DNA synthesis in 
new replicons but also the elongation of the 
nascent DNA in these replicons is inhibited during 
and after a hyperthermic treatment (GERNER et 
al. 1979; HENLE and LEEPER 1979; WONG and 
DEWEY 1982). Heat gives rise to an increased 
amount of single-stranded DNA. DNA elongation 
recovers faster than replicon initiation after a heat 
treatment (WARTERS and STONE 1983). Therefore 
the prolonged depression of heat-induced DNA 
synthesis is apparently connected with the in
hibition of the initiation processes. When cells are 
heated in S phase an increase in nonhistone pro
teins is observed in the cell nucleus, and there is 
an association of these proteins with the chromatin 
(MACKEY and ROTI ROTI 1992). Such proteins, 
which may interfere with the DNA polymerases, 
may be responsible for the effects on DNA syn
thesis as well as the changes in fork displacement 
(WONG et al. 1989). WARTERS and STONE (1983) 
also reported that heat treatment caused a long
term inhibition of ligation of replicative DNA 
fragments into chromosome-sized DNA. Nascent 
DNA was observed in replicated fragments 
with a size as small as the length of a replicon of 
hyperthermia. 

In agreement with these data is the finding 
that the activity of the poly (ADP-ribose)
synthetase decreases in human melanoma cells 
after heating to 42° and 44°C (STREFFER et al. 
1983a; TAMULEVICIUS et al. 1984). This enzyme is 
firmly bound to the chromatin and is involved in 
ligation of DNA fragments as well as in DNA 
repair processes (SHALL 1984). In this connection 
it is interesting that a correlation has been 
observed between inhibitors of poly (ADP
ribose )-synthetase and cell killing by heat in 
Chinese hamster cells (NAGLE and Moss 1983). 
The observation that elevated temperatures cause 
chromosome aberrations in S-phase cells but not 
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in Grphase cells (DEWEY et al. 1980) may be due 
to the inhibition of DNA ligation. 

Enzymatic studies have shown that the DNA 
polymerase p, which is involved in unscheduled 
DNA synthesis for DNA repair, is more thermo
sensitive than the DNA polymerase a (DUBE 
et al. 1977). A positive correlation was observed 
between the hyperthermic cell killing, as well as 
the heat -sensitizing effect on cell killing by ionizing 
radiation, and the inhibition of DNA polymerase 
p; the correlation between cell killing and de
pression of DNA polymerase a was much poorer 
(SPIRO et al. 1982). 

MIVECHI and DEWEY (1984) also studied the 
dependence ofthese processes on the pH. Chinese 
hamster ovary cells (CHO cells) were more ther
mosensitive at pH 6.65 than at pH 7.4 with 
respect to cell killing as well as to the loss of 
enzymatic activities of DNA polymerase a and p. 
For this pH effect a good correlation existed 
between cell killing and loss of DNA polymerase 
p but the correlation was less for DNA polymerase 
a. 

A positive correlation of cell killing with DNA 
polymerase p has also been reported for ther
motolerant CHO cells (DEWEY and ESCH 1982) 
but not for thermotolerant HeLa cells (JORRITSMA 
et al. 1984, 1986). Also the correlation between 
DNA polymerase p and cell killing does not agree 
with the finding that the enzyme activity is in
hibited to the same degree in G1 and S phase 
(SPIRO et al. 1982). The suggestion that the in
activation of DNA polymerase p is an important 
part of the mechanism by which heat-induced cell 
killing occurs is of great interest. However, the 
aforementioned inconsistencies should not be 
overlooked. 

From electron microscopic observations 
SIMARD and BERNHARD (1967) have reported that 
heat treatment at 42°C destroys the structure 
of nucleoli, which are the sites for the synthesis of 
rRNA in the cell nucleus. Also the processing of 
the 45S RNA, a precursor of rRNA, to the func
tional18S rRNA is apparently blocked by heating 
(WAROCQUIER and SCHERRER 1969; ASHBURNER 
and BONNER 1979). After recovery from a heat 
shock synthesis of rRNA becomes quite heat 
resistant (BURDON 1985). The RNA synthesis for 
certain proteins (heat shock proteins?) is even 
enhanced. 

For the translational processes of protein syn
thesis a complex has to be formed between 
mRNA and ribosomes in order to build up poly-
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somes. In mammalian cells elevated temperatures 
lead to a breakdown of the active polypeptide
synthesizing polysomes. MCCORMICK and PENMAN 
(1969) reported a rapid disaggregation of poly
somes when He La cells were heated to 42°C. 
PANNIERS and HENSHAW (1984) found markedly 
decreased levels of the initiation complex for 
polypeptide synthesis which is formed between 
the 40S ribosome subunit and methionine-tRNA 
in Ehrlich cells after heating at 43° for 20 min. 
After a short hyperthermic treatment apparently 
all components of the synthesizing machinery are 
still present, so that a reaggregation can occur and 
protein synthesis recovers. Phosphorylation and 
dephosphorylation of the initiation factor eIF-2 
may playa role in this connection (BURDON 1985). 
BURDON (1988) observed a correlation between 
heat-induced depression of protein synthesis 
and lipid peroxidation, which might occur in 
membranes. 

2.3 Mammalian Cell Killing by Hyperthermia 

2.3.1 General Phenomena 
and "Dose"-Effect Curves 

It is the current understanding that cancer ther
apy is achieved by removal or killing of neoplastic 
cells. This means that the reproductive ability of 
these cells has to be inhibited. In achieving this 
goal the irreversible damage in the normal tissues 
must be kept to a minimum so that the reduction 
of functional integrity is tolerable. For many 
normal tissues functional integrity is dependent 
on the number of stem cells which have survived 
the treatment. In tissues with low cell proliferation 
rates it is important that parenchymal cells survive 
and retain their functional capabilities, and that 
the tissue architecture remains undamaged. 

A very important question has been asked and 
studied in this connection: Are malignant cells in 
a tumor more thermosensitive than the sur
rounding normal cells from which the malignant 
cells have probably developed? There are two 
phenomena which might support the assumption 
that malignant cells and tumors are more thermo
sensitive than their normal counterparts: First, it 
is possible that the process of malignant trans
formation involves a step which induces a higher 
thermosensitivity by itself; malignant cells are 
usually mutants of normal cells, and quite a 
number of thermo sensitive mutants have been 
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isolated. Second, the physiological conditions and 
the microenvironment may be altered in tumors 
in such a way that the thermosensitivity of the 
cells is enhanced (HAHN 1982); this requires 
further study. 

Several tests have been used for the deter
mination of cellular thermosensitivity. The pro
liferation of cells, the increase in cell number, 
and other parameters have been studied. How
ever, the most powerful criterion is certai~ly the 
clonogenicity of stem cells. If this test IS used 
and the survival of heated cells is plotted on a 
logarithmic scale against the incubation at a 
constant temperature, different types of dose
effect curves are observed. 

The first type, which appears comparatively 
simple was found after heating He La cells for 
period~ up to 5 h at temperatures between 41° and 
45°C (GERNER et al. 1975). The dose-effe~t curv~s 
are linear in a semilogarithmic plot. In thIS case It 
follows that the survival is exponential. A one
step (one-hit) reaction apparently occurs for :ell 
killing. The curves can be described by an equatIOn 
of the following type (LANDRY and MARCEAU 
1978): 
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Fig. 2.5. Arrhenius plots for heat inactivation of various 
cell lines. On the ordinate the reciprocal of the Do value 
(inactivation rates) is plotted versus the reciprocal of the 
absolute temperature. (Redrawn from LEITH et al. 1977) 
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S = Soe-kt , 

where S is the survival of clonogenic cells at any 
time t; So is the number of clonogenic cells at the 
start of the experiment (t = 0), k is a constant 
representing the inactivatio~ rate. at a ~iven 
temperature, and t is the duratIOn of mcubatlon at 
a given temperature. As with dose-effe~t curves 
which have been obtained for the survIval after 
exposure to ionizing radiation, a value for the D37 

or Do can be calculated from the steepness of.the 
dose-effect curve. This value represents the tIme 
of incubation at a given temperature which results 
in the reduction of the cell survival to lie of the 
initial cell number (equal to the survival of 37% 
of So). Such exponential survival curves do not 
represent the regular situation, however. 

Usually a different, more complex type of 
survival curve is observed, as was obtained for 
CRO cells by WESTRA and DEWEY (1971). For 
these experiments the cells were incubated 
with elevated temperatures in the range of 43S-
46.5°C. The survival curves for the treatment at a 
constant treatment bend in the range of short 
incubation periods and apparently reach a linear 
shape at later incubation time~ if, agai~, t~e 
survival of the cells is plotted m a 10ganthmIc 
scale against the incubation time at a constant 
temperature (Fig. 2.4). As in radiobiology, ~t is 
said that these dose-effect curves are charactenzed 
by a shoulder. For the exponential part of the 
dose-effect curve at a very low survival rate an 
analogous Do (time at the heating temperature in 
question which reduces the surviving cell fraction 
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Fig. 2.6. Survival of five HRas transfected (ClRA~ 1-3, 
NR 3, 4) and the normal (N) cell lines after heatmg at 
45°C, (Redrawn from RAAPHORST et al. 1987) 
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by lie) can be calculated. It is interesting that the 
constant of the inactivation rate which determines 
the steepness of the exponential part of the dose
effect curve reaches about double values when 
the temperature is increased by 1°C. This means 
by definition that the Do (heating time, see above) 
decreases to about half of the value under these 
conditions. The period required to reduce the cell 
survival to lie (37% in this range of the curve 
becomes shorter by a factor of 2. This correlation 
is observed although the constants for the in
activation rates vary over a wide range from cell 
line to cell line. 

Again, as in radiobiology these dose-effect 
curves for heat-induced cell killing can be de
scribed by the multitarget, single-hit equation 
(DERTINGER and JUNG 1970) or by the linear
quadratic model which was proposed by KELLERER 
and ROSSI (1971): 

S = 1 - (1 - exp(DlDo)t 

or 

S = exp( -aD - PD2). 

These concepts have been used in order to fit 
heat-induced cell killing data (RoTI ROTI and 
HENLE 1979). Despite these possibilities for 
describing dose-effect curves for cell killing by 
heat in formalistic ways analogous to dose-effect 
curves for ionizing radiation, it must be realized 
that the mechanisms and targets of cell killing are 
completely different. Another model for the 
description of heat-induced cell killing has been 
developed by JUNG (1986). It postulates a two
step process. In the first step nonlethal lesions 
are produced by heat; in the second step these 
nonlethal lesions are converted into lethal lesions. 
This concept applies to heat-induced cell killing 
not only after single heating but also after more 
complex heating procedures (step-up heating, 
etc.). 

For further analysis of the temperature de
pendence of cell killing the Arrhenius equation 
has been applied. The Arrhenius equation 
describes in its general form an empirical re
lationship between the rate of chemical reactions 
and the absolute temperature. Arrhenius proposed 
that reacting molecules must be activated to reach 
a transition state which is a necessary condition 
for the performance of the reaction. This as
sumption has been developed further on a ther
modynamic basis for its application to enzymatic 
reactions (rate theory) and to the irreversible 
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denaturation of enzyme proteins (JOHNSON et al. 
1954). Using the rate theory, the activation 
energy and activation entropy can be calculated 
by plotting the logarithm of the reaction rate 
against the reciprocal value of the absolute 
temperature. PINCUS and FISHER postulated as 
long ago as 1931 that the heat-induced inactivation 
of chick embryo fibroblasts could be described 
by one rate-limiting step similar to a chemical 
reaction. Assuming a thermodynamic equilibrium 
the heat inactivation can be described by the 
following formula: 

-H 
k = A x exp RT' 

where k is the (in)activation rate which is de
scribed by the slope of the exponential part of the 
cell survival curve (liDo); A is a constant; H 
is the (in)activation enthalpy or (in)activation_ 
energy; R is the gas constant, and T is the ab
solute temperature. 

In the same way as described above, the 
logarithm of liDo can be plotted against the 
reciprocal value of the absolute temperature. 
Under these conditions linear Arrhenius plots are 
obtained with an inflection point between 42° and 
43°C (Fig. 2.5). From the steepness ofthese curves 
the activation energy (H) for cell killing can be 
calculated. Usually activation energies of about 
140 kcallmole are obtained in the temperature 
range 43°-47°C (HENLE 1983). For temperatures 
below the inflection point the activation energy is 
considerably higher. Such analyses have been 
performed for numerous normal and malignant 
cell lines. Although the thermosensitivity of these 
cell lines differed greatly, in principle the same 
results were obtained from the Arrhenius plots. 

Heat effects in vivo can generally be analyzed 
in the same way (HENLE 1983). The measurement 
of heat effects is fixed on a certain endpoint under 
these conditions rather than on survival curves. 
Quite interesting data have been obtained by 
comparing the heat effects on the same cells in 
vitro and in vivo. In the latter case ROFsTAD and 
BRUSTAD (1986) grew cells as a tumor on mice. In 
this way the Arrhenius plots were studied for cell 
killing of several human melanoma cell lines. 
Above the inflection point (41S-42SC) the 
activation energies were very similar (about 
700kJ/mol) for all five melanoma cell lines. 
However, below the inflection point a wide 
range of activation energies was observed 
(1118-2190kJ/mol). The same melanoma cell 
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Fig. 2.7. Survival of synchronous CHO cells heated or 
irradiated during various phases of the cell cycle. (Redrawn 
from WESTRA and DEWEY 1971) 

lines were also grown as tumors on nude mice and 
the thermosensitivity was studied in vivo in the 
temperature range 40S-44.0°C. The growth 
delay of the tumors was measured after heat 
treatment. The activation energies differed 

59 

especially in the lower temperature range from 
those which were obtained after heating of the 
cells in vitro (ROFSTAD and BRUSTAD 1986). The 
exponential slope constant of -0.693 verifies the 
above-mentioned rule that after an increase in 
the heating temperature by 1°C the heating time 
must be reduced by a factor of 2 in order to ac
hieve about the same cell-killing effect (e- O.693 = 
0.5). The implications of such an analysis for the 
mechanism of heat-induced cell killing and tumor 
growth delay will be discussed later. 

A third type of dose-effect curve is seen when 
cells are incubated at elevated temperatures 
which are comparatively low (usually below 
43°C). The cell survival decreases after short 
incubation times and in their first part the dose
effect curves look very similar to those described 
above. However, after a longer duration of in
cubation the survival decreases less than expected. 
Therefore the survival curves bend and obtain a 
much shallower slope. The cell inactivation 
becomes smaller for a certain incubation time 
than is the case during the initial part of the 
experiment (DEWEY et al. 1977; SAPARETO et al. 
1978) (Fig. 2.6). Survival curves with such a shape 
have been found for many cell lines after heating 
with mild hyperthermia. 

Similar dose-effect curves have been observed 
in some experiments in radiobiology. In these 
latter cases it has been demonstrated that the 
shape of such survival curves after irradiation is 
due to mixed cell populations with cells of differ
ing radiosensitivity (ALPER 1979; HALL 1978). 
After small radiation doses the dose-effect curve 
is determined by the more radiosensitive cells 
and the dose-effect curve is steep. After higher 
radiation doses the dose-effect curve is deter-
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Fig. 2.S. Correlation between colony 
forming ability and the percentage of 
unlabelled S-phase cells (BrdU) after 
x-rays, hyperthermia, and combined 
treatment. Human melanoma cells 
(MeWo) were treated and cultured in 
vitro. (From ZOLZER et al. 1993b) 
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mined by the less radiosensitive cell population, 
and the survival curve becomes shallower. 

Several experiments have been undertaken 
with the aim of demonstrating that analogous 
findings can be obtained for cell survival of heter
ogeneous cell populations after treatment with 
mild hyperthermia. The results of such studies 
have been negative in almost all cases. From 
these experiments it can be concluded that 
protection of cell subpopulations by external 
environmental conditions, either physical or 
chemical, is very unlikely (HAHN 1982). Further, 
it has been discussed whether the development 
of such thermoresistance is of a genetic nature, 
being induced by mutation processes. Several 
authors have reported that heat-resistant cells 
develop after multiple and prolonged hyper
thermic treatments. Under these conditions 
heating is usually performed over several cell 
generations before thermo resistant cell lines 
can be isolated. Thermoresistance is then passed 
on to subsequent cell generations (HARRIS 
1967, 1969; GERNER 1983). In contrast to these 
phenomena the thermoresistance which has been 
described here and which is demonstrated by 
the shape of the survival curves in Fig. 2.8 is 
not genetically inherited; rather it is transient. 
Moreover, differing thermosensitivity of cells in 
the various phases of the cell generation cycle can 
be excluded, as similar dose-effect curves have 
been found with synchronous cells in the G1 phase 
(SAPARETO et al. 1978). It has been observed that 
plateau phase cells also show this type of survival 
curve (LI and HAHN 1980). Plateau phase cells 
have stopped or decreased cell proliferation. 
Thus, most cells are found in the Go phase. It is 
generally agreed today that the cells become 
more thermoresistant ("thermotolerant") during 
such a treatment. 

2.3.2 Thermosensitivity of Normal 
and Malignant Cells 

Several authors have reported that malignant 
cells are more thermosensitive than the normal 
cells from which they have developed by trans
formation. Such observations have underlined the 
potential of hyperthermia as a treatment modality 
in tumor therapy. This subject has frequently 
been reviewed (CAVALIERE et al. 1967; SUIT and 
SHWAYDER 1974; STROM et al. 1977; HAHN 1982; 
GIOVANELLA 1983; STREFFER 1990). If one looks 
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through the literature carefully and in more detail, 
one finds that the reported data are far from 
uniform. Quite often studies have tested the 
thermosensitivity by determining the cell number 
as a measure of cell survival (GIOVANELLA et al. 
1973,1976). Such data can be misleading if colony
forming ability is not investigated. GIOVANELLA et 
al. in fact found all malignant cells to be more 
thermoresistant than the normal cells. 

A very early report on this problem was 
published by LAMBERT (1912). The author observed 
that mouse and rat sarcoma cells were more 
thermosensitive than the normal mesenchymal 
cells in the temperature range 42°-47°C. In 
these studies functional characteristics were 
investigated. AUERSPERG (1966) measured the 
uptake of vital stains and the protein content of 
cells, and observed that neoplastic epithelial cells 
were less damaged than normal fibroblasts after 
comparable treatments. OSSOVSKI and SACHS 
(1967) observed that hamster cells showed the 
same thermosensitivity before and after trans
formation by polycyclic hydrocarbons. When the 
hamster cells were transformed by the virus SV 40 
they became less thermosensitive. KACHANI and 
SABIN (1969) found no difference between normal 
hamster cells and cells after viral transformation. 

CHEN and HEIDELBERGER (1969) found that 
transformed mouse prostate cells were more 
thermosensitive than the original normal cells. 
The transformation was performed in virto 
by carcinogenic hydrocarbons. In another 
study the thermosensitivity of Swiss mouse 
3T3 cells was investigated and compared with the 
thermosensitivity of the transformed derivatives, 
3T6 cells. The heat exposure was performed 
with cells in logarithmic growth; however, the 
proliferation kinetics were not determined. The 
colony-forming ability, the exclusion of the vital 
stain trypan blue, and the permeability of the cell 
membrane (efflux of phosphate) were measured. 
The authors observed a higher thermosensitivity 
of the transformed cells than of the original 3T3 
cells (HAYAT and FRIEDBERG 1986). 

KASE and HAHN (1975) studied the thermo
sensitivity of a human fibroblast cell line and 
compared it with the thermosensitivity of a cell 
line which was obtained from the fibroblasts by 
transformation with the virus SV40. During 
exponential growth the malignant cells were 
somewhat less thermoresistant than the normal 
cells. However, the difference between the two 
cell lines disappeared when the heating was 
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performed at high cell densities. HAHN (1980) Several authors have studied the cell survival 
further studied several transformed cell lines of cell lines from human tumors where the 
which were all obtained by transformation from 
C3H lOT1I2 cells (mouse embryo fibroblasts) and 
compared the cell survival after heat treatment. 
During the exponential growth phase the original 
"normal" lOT1I2 cells were very slightly more 
resistant than the malignant cells. (The degree of 
malignancy was tested by the formation of tumors 
after injection of cells into syngeneic hosts.) 
However, in no case was a significantly higher 
thermosensitivity found with the transformed 
cells than with the parental cells when the cells 
were heated during the plateau phase. 

RAAPHORST et al. (1987) also studied the 
thermosensitivity of C3H lOT1I2 mouse embryo 
cells and of transformed cells which were obtained 
after transfection with a plasmid containing the 
H-ras oncogene and neomycin resistance gene. 
The malignancy of the transformed cells was 
tested by injecting these cells into nude mice and 
by observation of tumors thereafter. The culture 
conditions were carefully controlled with respect 
to pH, oxygenation, nutrients, and cell cycle dis
tribution. No differences were seen between the 
original and the transfected cells (Fig. 2.6). These 
very careful investigations showed no differences 
in thermosensitivity between the normal cells and 
several transformed cell lines after heating at 
42°C or 45°C. No correlation existed between 
the malignant potential and thermosensivity. 
HARISIADIS et al. (1975) even found that the cell 
survival of hepatoma cells was higher than the 
survival of normal liver cells after the same heat 
treatment. 

cells came from different individual tumors 
of the same tumor type. In extensive studies the 
thermosensitivity of 11 human melanoma cell 
lines was determined. The observed dose-effect 
curves varied tremendously. The thermosensivity 
of normal cells was found to be in the same range 
as the data from these melanoma cell lines. 
Exponential survival curves and survival curves 
with broad shoulders were found for human 
melanoma cells (ROFSTAD et al. 1985). 

It can be concluded from these data that in 
some cases the transformation of cells may lead to 
a higher thermo sensitivity but in other cases just 
the opposite occurs, so that the thermoresistance 
of the malignant cells may be higher than that of 
the normal cells. Especially during the plateau 
phase transformed cells and the parental normal 
cells apparently do not show differences in 
thermosensivitity. Also tumor cells which differ 
in thermosensitivity during exponential growth 
lose this difference in the plateau phase (VAN 
BEUNINGEN and STREFFER 1988). 

The statement that a "selective heat sensitivity 
of cancer cells" exists is very optimistic and 
cannot be proven if the cell survival is tested after 
heat treatment under identical conditions in 
vitro. Cells which are grown and heated in vitro 
apparently show no characteristic difference in 
survival which is dependent on the malignant 
potential of the cells. The heterogeneity of the 
intrinsic thermosensitivity of individual tumor cell 
lines even of the same tumor entity is extremely 
high, so that the cell killing by heat shows a clear 
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overlap between normal cells and malignant cells. 
No distinction between these two groups can be 
made with respect to heat sensitivity, and no 
general therapeutic gain can be expected for 
tumor therapy from intrinsic thermosensitivity. 
However, for the heat treatment of tumors in situ 
the microenvironment of the tumor tissue is 
very important, as differences in micromilieu 
between normal tissues and tumors might in
crease the sensitivity of tumors versus normal 
tissues. Although these parameters will not yield 
a selectively higher thermo sensitivity of tumors 
than of normal tissues, their manipulation might 
yield a therapeutic gain. 

2.3.3 Dependence of Cell Survival 
on the Cell Cycle 

Radiobiological studies of cellular radiosensitivity 
during the different phases of the cell cycle have 
attracted great interest as radiosensitivity changes 
with cell age and this might be important for the 
mechanisms of cell killing (ALPER 1979; HALL 
1978; STREFFER and VAN BEUNINGEN 1985). 
Thermosensitivity of cells also changes during the 
cell cycle, but the highest sensitivity is usually 
observed during cell cycle phases other than those 
which have been found to be most sensitive 
after exposure to ionizing radiation. The general 
behavior with respect to heat sensitivity was 
first described by WESTRA and DEWEY (1971). 
Synchronized CHO cells were used for these 
experiments; the cells were synchronized by 
physical treatment (shaking), which allows the 
selective isolation of mitotic cells (TERASIMA 
and TOLMACH 1963a,b). The harvested cells are 
collected at 4°C; this treatment arrests the mitotic 
cells in the cell cycle. Cells from several harvests 
can be pooled and after raising the temperature to 
37°C the cells progress through the cell cycle in an 
almost synchronous way. 

The synchronous cell population then can be 
treated either with heat or with ionizing radiation 
during the different phases of the cell cycle. After 
exposure to 6.0 Gy x-rays, the lowest survival of 
the CHO cells was observed during mitosis. 
It increased during the progression of the cells 
through the cycle, and reached its highest value 
after exposures during the late S phase (WESTRA 
and DEWEY 1971) (Fig. 2.7). A different picture 
was observed for the thermosensitivity of the 
same synchronous CHO cells. The cells were 
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heated at 45°C for 6, 10, or 15 min. The lowest 
cell survival again occurred after heating of 
mitotic cells. With the progression through the 
cell cycle the thermoresistance of the CHO cells 
increased and reached a maximum during the late 
G1 phase. However, during the S phase the 
thermosensitivity increased, peaking during the 
second half on the S phase. Similar data have 
been obtained by other authors. Especially the 
high thermosensitivity of the S phase has been 
observed by quite a number of authors (SCHLAG 
and LOCKE-HuHLE 1976; KIM et al. 1976; LOCKE
HUHLE and DERTINGER 1977; BHUYAN et al. 
1977). KIM et al. (1976) also found an increased 
thermosensitivity of cells in the Gz phase. 

After the hyperthermic treatment a division 
delay occurs, as has frequently been described 
after radiation exposure (Gz block). This division 
delay is generally more pronounced after heat 
treatment than after irradiation when similar 
cell-killing effects are compared. Studies of the 
proliferation kinetics by cytoftuorometric DNA 
determination and by time-lapse photography 
have demonstrated that the cell cycle subjected 
to the heat treatment is prolonged while the 
subsequent cell cycles of those cells which have 
divided once after the heat treatment have an 
almost normal duration (VAN BEUNINGEN et al. 
1978; KURA and ANToKu 1985). The prolongation 
of the first cell cycle increased in HeLa cells 
with heating at 44°C. A constant heat treatment 
induced different prolongation periods when the 
heating took place at different phases of the cell 
cycle. The longest division delay was induced by 
heating at the late G1 and early S phase. These 
studies also showed that with increasing heating 
temperatures the number of cells which will 
never divide increases tremendously (KURA and 
ANTOKU 1985; DERMIETZEL and STREFFER 1992). 

This behavior is quite different from the effects 
after radiation exposure, where most of the cells 
will divide after the mitotic delay and cell death 
usually occurs during the following cell cycles 
(reproductive cell death) (ALPER 1979; STREFFER 
and VAN BEUNINGEN 1985). Heated cells ap
parently die mainly during the cell cycle of 
treatment (interphase death). The reason for this 
effect is apparently inhibition of cell migration 
through the S phase and further arrest of cells 
in Gz phase (KAL and HAHN 1976; SCHLAG and 
LOCKE-HuHLE 1976; ZOLZER et al. 1993a,b). 
STREFFER et al. (1983b) demonstrated that after 
a hyperthermic treatment a number of cells ap-
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peared which contained a DNA content equivalent 
to S phase but which did not incorporate 3H_ 
thymidine; these cells were defined as So cells. In 
further experiments the proportion of So cells 
was measured by flow cytometry after labeling 
melanoma cells with 5' -bromodeoxyuridine 
(BrdU). These studies showed that So cells were 
produced with a much higher number after heat 
treatment than after X-irradiation when the 
number of the So cells were correlated with cell 
survival (Fig. 2.8) (ZOLZER et al. 1993a,b). The 
arrested S-phase cells die immediately after the 
heat treatment (LOCKE-HuHLE and DERTINGER 
1977; STREFFER et al. 1983b). It has been sug
gested that the newly synthesized DNA pieces 
and the DNA synthesizing complex disaggregate 
and this effect leads to cell death (STREFFER 1985). 
In agreement with this proposal are the findings 
of DEWEY et al. (1971) that chromosome aberra
tions are induced by heat in S-phase cells, while 
chromosome aberrations are not observed after 
heating of cells in G1 phase. The chromosomal 
aberrations are mainly aberrations of the 
chromatid type (DEWEY and LI 1988). Cells 
heated in G1 phase die without entering cell 
division or in association with abnormal divisions. 
This is in agreement with the finding that the 
number of So cells is much higher after heat 
treatment than after X-ray exposure when the 
same levels of cell killing are compared (ZOLZER 
et al. 1993). The enormous thermosensitivity of 
mitotic cells apparently can be explained by a 
disaggregation of the microtubules which form 
the spindle apparatus. As a consequence the 
heated mitotic cells cannot complete mitosis and 
many tetraploid cells and giant cells appear 
(Coss et al. 1982; VAN BEUNINGEN et al. 1978; 
DERMIETZEL and STREFFER 1992). 

It is quite interesting that these tetraploid cells 
can apparently progress through a further cell 
cycle without mitosis. Thus quite a number of 
cells with a DNA content higher than tetraploid 
appear (VAN BEUNINGEN et al. 1978). After 
heating a mouse mammary adenocarcinoma for 
30 min at 43°C a division delay occurred for 
several hours; a remarkable increase of cells in G2 

phase was observed. These cells in G2 phase 
apparently started to synthesize DNA without 
going through mitosis and later cells appeared 
with a DNA content which was equivalent to that 
of octaploid cells (G2 phase of tetraploid cells) 
(GEORGE et al. 1989). Several days after the treat
ment the DNA histogram which mirrors the 
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proliferation kinetics was normal again. In this 
connection it is interesting that no difference in 
thermosensitivity was found when diploid and 
tetraploid RIF-1 cells separated by centrifugal 
elutriation were compared (ROWLEY et al. 1987). 
In contrast to the above-mentioned studies of 
changing thermo sensitivity during the cell cycle, 
in other studies little or no difference in thermo
sensitivity was found with respect to cell killing 
for the various cell cycle phases in HeLa cells 
(PALZER and HEIDELBERGER 1973) or in kidney 
cells (REEVES 1972). 

In general it appears that cells in late S phase 
and in mitosis have a high thermosensitivity. This 
finding is of special interest, as cells in late S 
phase are usually radioresistant. Thus, ionizing 
radiation and hyperthermia act in a comple
mentary way in that thermosensitive cells are 
radioresistant and vice versa. These observations 
support the suggestion that the combination of 
ionizing radiation with hyperthermia is a very 
promising modality in tumor therapy. 

2.3.4 Modification of Cell Survival 
by the Microenvironment 

The micromilieu surrounding the cells is very 
important for their thermosensitivity (VAUPEL and 
KALLINOWSKI 1987; GERWECK 1985; REINHOLD et 
al. 1985). This micro milieu is to a large extent 
determined by two important types of factor: 

1. Physiological factors: in the case of hyper
thermic treatment the blood flow plays a very 
important role. 

2. Metabolic factors: in the case of hyperthermia 
energy metabolism in general plays a very 
important role. 

It has been well established that the absence 
of oxygen or low oxygen pressure increases the 
radioresistance of cells (ALPER 1979). It has 
also been shown frequently that, due to a lower 
density of blood vessels in tumors than in normal 
tissues, the oxygen pressure is frequently lower in 
tumors than in normal tissues (VAUPEL et al. 
1987). Therefore it has often been suggested 
that hypoxic cells in tumors increase the radiore
sistance of these tumors and that the occurrence 
of such cells is one important reason for the 
failure of radiotherapy in many cases (HALL 1978; 
STREFFER and VAN BEUNINGEN 1985). In a number 
of studies greater heat-induced cell killing was 
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observed in hypoxic cells than in euoxic cells 
(HAHN 1974; HARISIADIS et al. 1975; KIM et al. 
1975; GERWECK 1977; POWER and HARRIS 1977; 
SCHULMAN and HALL 1974; GERWECK et al. 1979). 

HAHN (1974) studied the cell survival of 
Chinese hamster cells after incubation at 43°C in 
the presence or absence of oxygen during heating 
and found that the cell killing was independent of 
these conditions. BASS et al. (1978) observed 
a slightly higher survival rate of HeLa cells 
when the cells were heated at 43°C under 
hypoxic conditions than under euoxic conditions. 
In these studies acute hypoxia was induced in the 
cells and medium by flushing the culture flasks 
with nitrogen instead of air. DURAND (1978) 
investigated the survival of V79 cells grown as 
spheroids under hypoxic and euoxic conditions. 
Large spheroids in which the proliferating cells 
decreased became more and more thermore
sistant under euoxic conditions. If hypoxia 
was induced, the thermosensitivity increased, 
however. The thermosensitivity of small spheroids 
was not modified by hypoxia. DURAND (1978) 
suggests that it is not hypoxia per se that is 
responsible for the modified thermosensitivity but 
rather accompanying metabolic changes. 

An interesting study was performed by TAKEDA 
et al. (1987). The authors compared the cell
killing effects of treatment with x-rays or hyper
thermia at 44°C on human melanoma cells which 
were grown in monolayers or in spheroids of 
different sizes (diameter 2S0, 400, and SOO,llm). 
Cell survival curves were obtained. After x
irradiation the cells in mono layers were most 
sensitive and radiosensitivity decreased with 
increasing diameter of the spheroids. After 
heating the lowest sensitivity was seen with 
monolayer cells and thermosensitivity increased 
with increasing diameter of the spheroids although 
the differences were less than after x-irradiation. 
These data demonstrate the low sensitivity of 
hypoxic cells to x-rays and just the opposite to 
heat. This finding favors tumor therapy by hyper
thermia. The data agree with those of DURAND 
(1978), discussed above, as the spheroids of 
TAKEDA et al. (1987) correspond to the smaller 
spheroids of Durand. The higher thermosensi
tivity of spheroids may be due not only to hypoxia 
but also to low pH and nutrient dificiency. 

In other investigations cell respiration was used 
in order to reduce the oxygen in the culture 
medium. This was achieved by using high cell 
densities (HAHN 1974) or large numbers of feeder 
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cells which were irradiated with high radiation 
doses (KIM et al. 1975). Under these conditions it 
was found that the hypoxic cells were more 
thermosensitive than euoxic cells. However, the 
experimental conditions were such that not only 
the oxygen but also other nutrients would have 
been heavily consumed. Also the pH may have 
changed, so interference of these parameters with 
hypoxia cannot be excluded. In a very careful 
investigation GERWECK et al. (1979) compared the 
modifying action of acute and chronic hypoxia on 
the thermosensitivity of Chinese hamster cells. It 
was observed that acute hypoxia did not change 
the cell killing which was caused by 3 h of heating 
at 42°C. However, increased cell killing took 
place when the cells were kept under chronic 
hypoxic conditions for 18h and longer. Under 
these conditions the hypoxic cells still had a 
higher survival than euoxic cells after irradiation 
with 7.S Gy. 

As hypoxic cells in a tumor in situ will pro
bably live longer under hypoxic conditions, the 
investigations of GERWECK et al. (1979) certainly 
represent a realistic situation for tumor therapy. 
In general it appears that hypoxic cells are not 
more resistant to hyperthermia than euoxic cells, 
in contrast to the situation with respect to ionizing 
radiation. In fact hypoxic cells in tumors may 
even show a higher thermosensitivity. 

A broad discussion has taken place on whether 
the pH of the microenvironment influences 
cellular thermosensitivity. VON ARDENNE et al. 
(1969, 1976) have shown that glucose infusions 
lead to a decrease in pH in tumors and this may 
be responsible for increased cell killing by hyper
thermia. Several studies with cell cultures have 
demonstrated that reduction of medium pH to 
approximately 7.0 and below induces increased 
cell death after heating of cells in vitro to 42° -4SoC 
(OVERGAARD 1976; GERWECK 1977; FREEMAN et al. 
1977; MEYER et al. 1979; GERWECK and RICHARDS 
1981). 

On the other hand, NIELSEN (1984) did not 
observe thermosensitization at 42°C with the 
malignant cell line LlA2 when the cells were 
incubated in a medium with a reduced pH of 6.S. 
This effect was explained by the finding that the 
thermosensitivity of these cells was already com
paratively low at a normal pH of 7.2. With 
melanoma cells, too, no thermosensitization was 
observed at a reduced pH; however, the cells were 
incubated in an optimal medium (unpublished 
results). 
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Very interesting data were reported by HAHN 
and SHIV (1986). The authors found an increased 
thermosensitivity of Chinese hamster cells (HA
l) in vitro when the pH was lowered to 6.8 or 6.5, 
while this effect was much smaller with malignant 
RIF or EMT-6 cells. However, the pH effect was 
also much less marked with HA-1 cells when the 
cells were adapted to a reduced pH for several 
days: after adaptation of the cells to pH 6.5 for 
3-4 days the thermosensitivity at pH 6.5 was 
about the same as that of the nonadapted cells 
at pH 7.2. The authors conclude, "the results 
strongly imply that the extracellular pH is of little 
importance in determining the heat response of 
the majority of tumor cells." The adaptation to a 
lowered pH was observed with exponentially 
growing cells as well as with plateau phase cells. 

These data have to be considered in the further 
discussion of these problems in tumors in situ, 
although the situation is certainly much more 
complex under these conditions. In tumors 
hypoxia, depletion of nutrients, a possibly reduced 
pH, and other parameters of the microenviron
ment are effectively interrelated. 

VEXLER and LITINSKAYA (1986) measured the 
intracellular pH in Chinese hamster fibroblasts 
and pig embryo kidney cells in vitro by a micro
fluorimetric technique using fluorescein diacetate. 
The intracellular pH (pHj) decreased from 7.0 
to 6.6 when the incubation temperature was 
decreased from 37°C to 22°C; however, after 
about 40 min at 22°C the pHj returned to the 
normal value. Under hyperthermic conditions at 
41°C the pHj decreased irreversibly to the same 
degree. This effect was enhanced (decrease to pHj 
6.2) when the pH of the medium was reduced to 
6.55. Interestingly the pHi also decreased under 
hypoxic conditions and this effect was even more 
pronounced at 41°C. These observations under
line the complex interrelation between different 
environmental factors. Under these conditions 
metabolic processes are apparently decisive for 
the observed alterations of pHj which may modify 
the cellular thermosensitivity. 

2.4 Mechanisms of Cell Killing by Heat 

It has been shown and extensively discussed that 
hyperthermia can kill cells in the temperature 
range of ca. 42°-47°C. But cell killing will be 
remarkably enhanced if the heat exposure is 
combined with low LET radiation with no or only 
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a short interval between the two modalities. 
Under these conditions even lower temperatures 
will have a strong enhancing effect on radiation
induced cell killing. These and other data suggest 
that the cytotoxic effect of heat alone on the one 
hand and the interaction of heat with ionizing 
radiation, the radiosensitizing effect, on the other 
hand are based on different mechanisms. In this 
chapter only the mechanisms of cell killing by 
heat alone will be discussed. 

Several investigators have determined activa
tion energies for cell-killing processes by means of 
Arrhenius plots (Fig. 2.5) (HENLE 1983). Values 
in the range of 140 kcallmole were obtained for 
the inactivation of CHO cells in the temperature 
range 43° -47°C. Below 43°C a change in the slope 
("break", "inflection point") of the Arrhenius 
plot occurred. Such Arrhenius analyses are 
normally used in order to determine the activation 
energy of a chemical reaction. Activation energies 
of the observed values are in the same range as 
those which have been found for the denaturation 
of proteins (PRIVALOV 1979). Therefore it has 
frequently been assumed that proteins ate the 
molecules at risk for cell inactivation by heat and 
it can be assumed that the heat-sensitive target 
should be found among the cellular proteins. 
When the temperature is raised above 47°C the 
activation energy for the reaction which leads to 
cell inactivation changes again and is found in the 
range of 20-30 kcallmole. Below and above the 
temperature range of 42,SO -47°C the cell-killing 
mechanisms of heat might be completely different 
from the mechanism which is active in this range. 

Activation energies from such Arrhenius plots 
have been determined not only for cell killing 
in vitro but also for the heat response of trans
plantable tumors (OVERGAARD and SUIT 1979; 
NIELSEN and OVERGAARD 1982; ROFSTAD and 
BRUSTAD 1986). Similar results were obtained in 
vitro and in vivo. A very interesting study was 
performed by ROFSTAD and BRUSTAD (1986), who 
determined the activation energies for cell killing 
in vitro and for tumor growth delay of five human 
melanoma cell lines which were studied in vitro 
and in vivo (xenografts on nude mice). For the 
Arrhenius plots of both the growth delay and cell 
killing in the five melanomas, inflection points 
were observed between 42° and 43°C. The activa
tion energies below the inflection point were 
generally smaller for the growth delay of the 
tumors than for cell killing in vitro. Above the 
inflection point of Arrhenius plots the activation 
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energies were not significantly different in vivo 
and in vitro. Studies with cells in vitro have 
shown that the activation energy below the inflec
tion point is reduced when the pH is lowered 
(GERWECK 1977; HENLE and DETHLEFSEN 1980). 
These results suggest that a reduced pH in tumors 
may be responsible for the smaller activation 
energy in tumors than in cells in vitro. In this 
connection it is of interest that interruption of 
blood flow by clamping resulted in a reduction of 
the activation energy for heat damage in the rat 
tail (MoRRIS and FIELD 1985). 

From these data it may be suggested that in 
cells at a reduced pH as well as apparently in 
experimental tumors the important factors for cell 
killing are conformational changes of proteins in 
the temperature range below 42° -43°C. It cannot 
yet be decided which proteins are decisive; they 
may be localized in the cytoplasmic membrane, 
in the cell nucleus, or in the cytoplasm, and 
especially in the last-mentioned case may be 
connected to the cytoskeleton. A transition of 
proteins from the native to the denatured state 
means a change in protein conformation (LEPOCK 
and KRUUV 1992). As has just been pointed out, it 
is not possible to name a specific individual 
protein which is the one whose denaturation or 
conformational transition is responsible for cell 
inactivation. Perhaps, in fact, it is not sufficient 
that one single protein is altered; rather it may be 
necessary for a group of different proteins to 
undergo such structural changes during heat 
exposure, so that various cellular processes do not 
function properly. Such changes could induce 
damage of cellular membranes with damage to 
compartmentation of ion gradients as well as 
other cellular constituents. This could lead to 
a collapse to the cytoskeleton or other cellular 
structures. 

It has been demonstrated that in response 
to hyperthermia membranes apparently lose 
some of their proteins which are needed for 
stabilization (STREFFER 1985a,b), for transport 
functions (BURDON et al. 1984), or as receptors 
(CALDERWOOD and HAHN 1983; CALDERWOOD et 
al. 1985; STEVENSON et al. 1981). BORELLI et al. 
(1986) reported that blebing of the cytoplasmic 
membrane was connected with cell killing. Freeze 
fracture studies through electron microscopy 
showed that the membranes had lost their 
intermembrane particles, as demonstrated 
previously by ISSA (1985). Therefore the plasma 
membrane has been suggested as the critical 
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target (HAHN 1982). Such effects would explain 
an increased efflux of K+ (YI 1983; RUIFROK et al. 
1984, 1985). A good correlation exists between 
this effect and cell killing in some investigations. 
Interestingly, such a correlation has not been 
found for the combination of x-rays and heat 
(RUIFROK et al. 1984; 1985; KONINGS 1987). 
Furthermore, membrane changes lead to an 
increased Ca2+ influx into heated cells (ANGHILARI 
et al. 1984; STEVENSON et al. 1981; WIEGANT et al. 
1984). In this respect it is also interesting that 
membrane-active phenothiazine drugs can 
enhance heat-induced cell killing (GEORGE and 
SINGH 1982, 1985; SHENOY and SINGH 1985). 

Other authors, however, have not found a 
correlation between K+ efflux and cell killing 
(BOONSTRA et al. 1984; VIDAIR and DEWEY 1986). 
A careful study was performed by VIDAIR and 
DEWEY 1986). CHO cells were heated at 45°C for 
30 min. This treatment caused 98% cell killing. 
However, the intracellular K+ concentrations did 
not change within the first few hours after heating: 
only an intracellular Na+ increase was observed 
directly after the heat treatment, which was 
normalized within 3 h. Up to 28 h following 
heating no irreversible damage occurred with 
respect to these ion concentrations. Similar 
observations were made with rat neuroblastoma 
cells in which the intracellular ion concentrations, 
including Mg2+ concentrations, were measured 
with microelectrodes (BORELLI et al. 1986; VIDAIR 
and DEWEY 1986). Immediately after heating the 
intracellular Ca2+ content was not significantly 
changed, but within the following hours an 
increase in Ca2+ occurred. This effect increased 
with heating dose. However, the extra- and intra
cellular Ca2+ content did not correlate with heat
induced cell killing. Therefore the authors 
(VIDAIR and DEWEY 1986) concluded: "These 
data show that an increased cellular Ca2+ content 
does not potentiate killing by heat, nor is it 
required for heat to cause the reproductive 
death." From the aforementioned data the 
authors also come to the same conclusion for the 
other ions. However, changes between free and 
bound Ca2+ within the cells may be important, 
and data on this topic are lacking up to now. 

Although it is very tempting to conclude that 
the cytoplasmic membranes with their proteins 
are the targets for heat-induced cell killing, this is 
certainly not the general mechanism, as VIDAIR 
and DEWEY (1986) have shown. Nevertheless, a 
role of membranes cannot be completely ruled 
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out. It has already been pointed out that the 
fluidity of membranes can modify the thermo
sensitivity of cells. This apparently involves a 
cooperative action between lipids and proteins. 
Besides alterations of the cytoplasmic membrane, 
changes of intracellular membranes occur, as has 
been demonstrated by electron microscopic 
studies (BREIPOHL et al. 1983; BORELLI et al. 
1986). Especially the intracellular membranes of 
the endoplasmic reticulum are thermosensitive 
(WALLACH 1977; BREIPOHL et al. 1983). The 
instability of lysosomal membranes and an 
increase in lysosome numbers have been sug
gested as important phenomena in heat-induced 
cell killing (VON ARDENNE et al. 1969; OVERGAARD 
1976). HUME et al. (1978) found an increase in 
lysosomal enzyme activities using histochemical 
methods after heating. On the other hand the 
lysosomal degradation of epidermal growth factor 
is inhibited after heating of rat embryo fibroblasts 
(MAGUN and FENNIE 1981). Furthermore, the 
biochemical determination of lysosomal enzyme 
activities did not reveal any heat-induced 
changes (TAMULEVICIUS and STREFFER 1983). Thus 
lysosomes seem not to be the primary target for 
heat-induced cell killing (HAHN 1982). 

HAHN (1982) has discussed the role of ATP 
production through oxidative phosphorylation 
and mitochondrial membranes in cell killing 
by heat. A decrease in ATP levels has been 
observed in heated cells (FRANCESCONI and 
MAYER 1979; OHYAMA and YAMADA 1980; LUNEC 
and CRESSWELL 1983; MIRTSCH et al. 1984). 
However, at the same time the A TP turnover, 
and hence also the ATP synthesis, is enhanced 
(OHYAMA and YAMADA 1980; STREFFER 1985a,b). 
After severe heat damage even an increased ATP 
content can be observed in cells. This effect might 
be caused by a decrease in Na+/K+-ATPase 
(BURDON et al. 1984; MIRTSCH et aI., unpublished 
data). Such alterations apparently differ from cell 
line to cell line and cannot be regarded as a 
general phenomenon. Damage of A TP synthesis 
does not seem to be a primary event in heat
induced cell killing. However, nutrient deficiency 
and other microenvironmental factors may 
potentiate heat-induced cell killing through 
damage to the energy metabolism. 

Changes in intermediary metabolism, e.g., 
glycolysis, fatty acid metabolism, and the citrate 
cycle, can be remarkable during and after a 
hyperthermic treatment (STREFFER 1985b). The 
metabolic rates are increased during hyperthermia 
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so that energy reservoirs are utilized and depleted. 
The data do not demonstrate that these altera
tions represent the primary events in heat
induced cell killing, but such processes can modify 
the microenvironment of cells, such as the pH and 
the amount of nutrients, in such a way that 
thermosensitivity increases remarkably (STREFFER 
1985b). A reduction of nutrients (HAHN 1982) 
and inhibition of glycolysis (KIM et al. 1978, 1980, 
1984; SONG et al. 1977) can sensitize the cells 
remarkably against heat; the latter is especially 
significant when glycolysis is the main pathway for 
energy metabolism (Fig. 2.9). 

Conformational changes of proteins which 
form the structure of the cytoskeleton are pro
bably responsible for the observed disturbances 
of the cytoskeleton, which have been described 
earlier. In this respect it is interesting that some of 
the heat shock proteins (HSPs) are apparently 
associated with the cytoskeleton (BURDON 1985), 
which might stabilize these structures. These 
phenomena certainly need to be substantiated by 
more experimental evidence. Further studies 
have revealed that the general organization of the 
tubiline cytoskeleton is not disrupted directly 
after hyperthermia when a comparatively mild 
treatment (42°C for 1 h) is used, but that the 
structures connecting the cytoskeleton to the 
nuclear envelope and other membranes may be 
important for the organization of the cytoskele
ton. The shape of the cell changes more rapidly, 
the cells becoming rounded. In contrast to the 
mild hyperthermia (42°C) severe hyperthermic 
treatment (44°C for 1h) results in complete 
disruption of the cytoskeleton in more than 80% 
of cells. Electron microscopy following immuno
gold labelling of the tubulin in human melanoma 
cells showed that the normal regular tubulin fibers 
were disrupted due to disaggregation of the 
tubulin proteins (DERMIETZEL and STREFFER 1992). 

In the case of mitotic cells good evidence exists 
that a disaggregation of the globular proteins 
of the spindle apparatus occurs which inhibits 
regular mitosis and induces cell death (Coss et al. 
1982). The mechanism is probably analogous to 
that discussed for the cytoskeleton above. 

Changes in RNA and DNA as well as the heat
induced inhibition of their biosynthesis have also 
been discussed in connection with cell death 
(HAHN 1982; STREFFER 1982). Heat-induced 
changes in the conformation of DNA and RNA 
or other damage to these molecules generally 
seem to occur only at higher temperatures than 
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those which have been considered here. RNA 
synthesis, like general protein synthesis, recovers 
relatively rapidly. It is not known whether 
the synthesis of certain specific proteins or RNA 
species, for instance mRNA, is inhibited longer 
than has been observed in general. The same 
situation is more or less found for DNA synthesis. 
However, the recovery of this process is much 
slower and apparently ligation of newly syn
thesized DNA pieces is delayed (W ARTERS and 
STONE 1983). In this respect it is of interest that 
poly (ADP-ribose) synthetase is inhibited after 
heating cells in vitro (STREFFER et al. 1983a; 
TAMULEVICIUS et al. 1984) and inhibitors of this 
enzyme enhance heat-induced cell killing (NAGLE 
and Moss 1983). This long delay and the con
formational changes of the DNA synthesizing 
complex as well as of the DNA structure in these 
newly synthesized regions may induce disaggrega
tion of the DNA structure and chromosomal 
aberrations, which have been observed after 
heating cells in S phase but not G1 phase (DEWEY 
et al. 1971; DEWEY 1988). These conditions leat to 
the induction of So cells (ZOLZER et al. 1993a,b). 
Thus, cell death of S-phase cells is probably 
caused through these mechanisms. However, S
phase cells are a special case and even in a tumor 
most cells are generally not found in S phase. In 
this regard it is interesting that alkali-labile DNA 
lesions were induced by heat with an activation 
energy of 152 kcallmol (JORRITSMA and KONINGS 
1984). 

With respect to the cell nucleus it is interesting 
that an increase in nuclear protein content occurs 
after hyperthermic treatment of cells due to 
migration of proteins from the cytoplasm (RoTI 
ROTI 1982; WARTERS et al. 1986). This increase 
correlates with cell killing. The new proteins from 
a complex with the chromatin and may interfere 
with the formation of the DNA replication 
complex (WARTERS and ROTI ROTI 1982). It was 
further demonstrated that the increased binding 
of nuclear nonhistone protein correlated with cell 
killing but also that the release of the bound 
protein during the post-heat period may be 
important (KAMPINGA et al. 1987). Thus the 
release of protein bound to the cell nucleus after 
heating was faster in thermotolerant cells and was 
retarded when cells were sensitized by procaine. 
The mechanism of these processes was further 
studied with subnuclear units on the DNA 
superstructure known as nucleoids, which possess 
tertiary (superhelical coiling) and quaternary 
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(superhelical domains) levels of DNA organiza
tion. It is asssumed that nucleoids consist of 
supercoiled DNA loops which are free of pro
tein and which are attached to a protein back
bone for stabilization of the superhelical struc
ture of DNA. Isolation of such nucleoids from 
heat-treated cells demonstrated that the pro
tein to DNA ratio is increased in comparison 
to nucleoids from untreated cells (RoTI ROTI 
and PAINTER 1982; SIMPSON et al. 1987). The 
increased nuclear protein after heat treatment is 
apparently covalently bound to the nucleoids. 
However, it is not clear whether this binding is 
due to a protein-protein or a protein-DNA 
interaction (SIMPSON et al. 1987). Hyperthermia 
inhibited the recovery from this damage and it is 
suggested that a proteolytic enzyme is inhibited 
which is involved in maintaining a normal protein 
to DNA ratio in these nucleoids (SIMPSON et al. 
1987). The nature of these proteins as well as the 
mechanism by which these processes induce cell 
killing remain unclear at present. Recently is has 
been shown these proteins are mainly associated 
with the nuclear matrix (RoTI ROTI et al. 1993); 
this finding may shed more light on the mechanism 
involved. 

In conclusion, it remains a very intriguing 
possibility that the proposed conformational 
changes of proteins in the various cellular struc
tures constitute a more general mechanism of 
heat-induced cell killing. This would also explain 
the most important modifications of cellular 
thermosensitivity. The micromilieu with its pH 
and ion concentration is very important for pro
tein conformation, as has been described above. 
In order to maintain the micromilieu and with it 
the conformation of proteins as well as the cellular 
structures in general, energy is steadily needed; 
this fact would explain the modifications of 
cellular sensitivity by metabolism. Also the 
development of thermotolerance with the syn
thesis of HSPs is in agreement with this proposal. 
Furthermore, the trigger mechanism of thermo
tolerance shows an activation energy of about 
120 kcallmole (LI et al. 1982) which would be in 
line with the suggestion regarding heat-induced 
protein denaturation. Such a mechanism would 
furthermore explain why heat effects, including 
cell death, develop rapidly (for instance in 
comparison to the effects of ionizing radiation), 
as the conformational changes will occur during 
heating and can lead to irreversible loss of these 
structure. Regeneration, if it is possible at all, 
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needs time. As a consequence changes in mem
brane function and the cytoskeleton, possible 
nuclear damage, and other effects will occur 
which lead to disturbances of vital cellular func
tions. If these alterations are severe and continue 
for a longer period, they become irreversible and 
cells die. Besides these effects the rate of a 
number of metabolic reactions increases during 
heating. The heat-induced depletion of energy 
reservoirs or disturbances of energy metabolism 
will modify and strongly enhance the thermo
sensitivity of cells (Fig. 2.9). 

2.5 Summary 

• Heating of cells in the temperature range of 42 
to 45°C induces conformational changes of 
certain proteins and not of nucleic acids. These 
changes are dependent on the pH values. 

• These conformational changes lead to altera
tions of multimolecular structures like cyto
skeleton, membranes and also of structures in 
the cell nucleus. 

• In the temperature range of 40 to 45°C a 
hyperthermic treatment increases metabolic 
rates. This has been clearly shown for the 
glycolytic pathway. 

• Under hypoxic conditions the stimulation of 
glycolysis increases the lactate levels in the 
tissues especially in tumors. The increase of the 
lactate levels decreases pH and has an impact 
on blood flow. 

• Under conditions of sufficient oxygen supply 
the lactate can be metabolised via pyruvate and 
acetyl CoA in the citrate cycle. However heat 
induced changes of the multimolecular struc
tures make the citrate cycle and especially 
oxidative phosphorylation very vulnerable to a 
hyperthermia treatment. Therefore energy 
metabolism and ATP supply is reduced. 

• There exist apparently no differences between 
normal and malignant cells with respect to 
intrinsic heat sensitivity. 

• These metabolic changes lead to alterations of 
the microenvironment in tumors and has an 
impact on heat induced cell death. These 
changes contribute to a sensitization against 
heat. 

• Conformational changes of the enzyme com
plexes for DNA synthesis as well as for 
DNA repair are also very important in this 
connection. 
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• Cell killing by heat is apparently induced and 
modified by these molecular changes. 
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3.1 Introduction 

One of the most interesting aspects of thermal 
biology in the mammalian system is the response 
of heated cells to subsequent heat challenges. 
Mammalian cells, when exposed to a nonlethal 
heat shock, have the ability to acquire a transient 
resistance to one or more subsequent exposures 
at elevated temperatures. This phenomenon has 
been termed thermotolerance (GERNER and 
SCHNEIDER 1975; HENLE and LEEPER 1976). It has 
been studied most extensively in mammalian 
cells, largely because of the interest in the use of 
heat as an adjuvant technique for the treatment of 
some human cancers (HAHN 1982). The clinical 
application of hyperthermia, in general, involves 
multiple exposures of tumors to elevated tem
peratures. Clearly, it is important to know 
whether a past treatment affects the response of 
cells to a subsequent heat exposure. Therefore, 
the kinetics of induction and decay of thermo-
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tolerance are of great interest. Furthermore, it 
is equally important to determine whether the 
radiation (or drug) sensitivity of cells surviving 
hyperthermic exposures has been modified. Many 
studies have examined the response of thermo
tolerant cells to drugs or x-irradiation (see Chaps. 
4 and 5 in this volume). 

The mechanism(s) for the development of 
thermotolerance is not well understood, but 
earlier experimental evidence suggests that pro
tein synthesis may playa role in its manifestation. 
On the molecular level, heat shock activates a 
specific set of genes, so-called heat shock genes, 
and results in the preferential synthesis of heat 
shock proteins (hsps). Heat shock response, 
specifically the regulation, expression, and func
tions of hsps, has been extensively studied in the 
past decades, and has attracted the attention of a 
wide spectrum of investigators ranging from 
molecular and cell biologists to radiation and 
hyperthermia oncologists. There is a large body 
of data supporting the hypothesis that hsps play 
important roles in modulating cellular response to 
heat shock or other environmental stress, and are 
involved in the development of thermotolerance. 

This review summarizes our current knowledge 
on the induction of thermo tolerance by heat 
shock and other environmental stresses, the 
biochemical and molecular mechanisms for the 
induction of thermotolerance, the role of hsps in 
the development of thermotolerance, and the 
characterization of transiently thermotolerant 
cells. 

3.2 Induction of Thermotolerance 

Exposure of mammalian cells to temperatures 
above 40°C leads to a gradual loss of the cells' 
reproductive capacity (reproductive cell death). 
The amount of cell killing is dependent on the 
temperature and the duration of the exposure 
(Fig. 3.1). However, it has been shown that 
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Fig. 3.1. Survival curves for human 293 cells heated at 
different temperatures for varying periods: ., 41°C; 0, 
43°C; 0, 44°C; 6., 45°C; V, 46°C; 0, 47°C. The surviving 
fraction was determined by the colony formation assay (Li, 
unpublished) 

cells exposed to a nonlethal heat treatment can 
develop a transient resistance against a subse
quent heat challenge, a phenomenon termed 
thermotolerance (GERNER and SCHNEIDER 1975; 
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HENLE and LEEPER 1976). In vitro, thermo
tolerance can be induced by either a long (1-20 h) 
exposure to a low hyperthermic temperature 
«43°C), or a short «1 h) exposure to a higher 
hyperthermic temperature followed by incubation 
at 37°C. The amount of thermotolerance ex
pressed depends on the temperature and duration 
of the first heat treatment, as well as on the length 
of the interval between the two heat treatments 
(LI et al. 1982a; LI and HAHN 1980). An example 
is shown in Fig. 3.2. These data indicate that 
at temperatures of 43°C and higher, thermo
tolerance does not develop during the first heat 
exposure. A subsequent incubation at 37°C is 
required for its expression. On the other hand, if 
the initial treatment is at 41°C, thermotolerance is 
almost completely developed at the end of the 
first heat treatment. 

Based on these data an operational model 
for the development of thermo tolerance was 
formulated (Fig. 3.3) (LI and HAHN 1980). In this 
model, thermotolerance is divided into three 
complementary processes: an initial event 
("trigger"), the expression of resistance ("deve
lopment"), and the gradual disappearance of 
resistance ("decay"). Each of these components 
may have its own temperature dependence as well 
as dependence on other factors such as pH and 
nutrients. Conceptually, the three components 
of thermo tolerance may be considered to be 
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Fig. 3.2. Kinetics of induction of thermotolerance in 
plateau·phase HA·l cells. Cells were initially exposed to 
the designated temperature for the duration noted. In each 
case the second heat treatment was 45°C for 45 min. The 
surviving fractions are plotted as a function of the duration 
of the 37°C incubations between the first and second 

heat treatments. Note that survival at Dh is at (or near) 
maximum if the initial treatment was 41°C. This is in 
contrast to the survival kinetics following the initial treat· 
ments at higher temperatures, where survival at D time is 
minimal; an incubation interval at 37°C is required before 
thermotolerance manifests itself (LI et al. 1982a) 
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Fig. 3.3. Phenomenological model of thermotolerance 
development and decay. Thermotolerance develops in two 
steps: First, a triggering event (e.g., heat shock) converts 
nontolerant cells to the triggered state. Thermotolerance 

independent processes. However, independent 
measurements of each component are not always 
possible. 

Thermotolerance develops in at least two 
steps. First, the triggering event converts normal 
cells to the triggered state with a rate constant k1• 

This process very likely involves the activation of 
the heat shock transcription factor, HSF1 (LIS 
and Wu 1993; MORIMOTO 1993). Second, these 
triggered cells are converted to thermotolerant 
cells with a rate constant k2. Above 43°C, k2 = 0; 
the triggered cells remain sensitive, and only after 
being transferred to 37°C do they convert to 
thermotolerant cells. This thermotolerant state, 
in general, is associated with the elevated expres
sion of hsps and enhanced protection against and 
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then develops at a rate determined by the highly tempera
ture sensitive constant, kz. Finally, thermotolerant cells 
reconvert to their sensitive state at a slow rate governed by 
k3 

faster recovery from thermal damage. Finally, 
thermotolerant cells all reconvert to their sensitive 
state at a slower rate governed by rate constant 
k3 • 

Thermotolerance can also be induced by treat
ment of cells with a variety of chemicals fol-

'lowed by a drug-free period before the heat 
challenge. A list showing some examples of the 
thermotolerance-inducing chemicals is given in 
Table 3.1. 

As shown in Fig. 3.4, pretreatment with heat 
or chemicals induces not only thermotolerance 
but also resistance against the toxic action of 
the tested chemicals. This development of cross
resistance suggests similarities in the mechanism 
of induction of tolerance by heat and chemicals, 

Table 3.1. Relation between induction of thermotolerance and induction of hsp synthesis 

Thermotolerance inducing treatment 

Heat 
Heavy metals 
Ethanol 

Sodium/arsenite 

Procaine, lidocaine 
Aliphatic alcohols (Cs-Cs) 
Dinitrophenola 

ccpa 
Puromycinb 
Prostaglandin A 

+, increased; 0, unaffected 

Hsp synthesis 

+ 
+ 
+ 

+ 

+ 
+ 
o 
+c 
+ 
+ 
+ 

Reference 

LASZLO (1988b), LI (1983) 
LI and MIVECHI (1986) 
BOON-NIERMEIJER et al. (1988), BURGMAN et al. (1993), 

HENLE et al. (1986), LI (1983), LI and HAHN (1978) 
CRETE and LANDRY (1990), KAMPINGA et al. (1992), 

LI (1983) 
HAHN et al. (1985) 
HAHN et al. (1985) 
BOON-NIERMEUER et al. (1986), HAVEMAN et al. (1986) 
RITOSSA (1962, 1963) 
HAVEMAN et al. (1986) 
LEE and DEWEY (1987) 
AMICI et al. (1993) 

aNo induction of thermotolerance or hsp synthesis was observed by RASTOGI et al. (1988); this might, however, have 
been due to the long interval between DNP or CCP treatment and test heating, and the low concentrations of CCP and 
DNP used. 
bOnly at intermediate concentrations of puromycin (3-30Jlg/ml) that inhibit protein synthesis by 15%-80%; not at 
higher concentrations. 
C Induction of new puffs in Drosophila salivary gland giant chromosomes was observed, a phenomenon shown to be 
involved in the induction of synthesis of new proteins (TISSIERES et al. 1974). 
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Fig. 3.4. Stress-induced resistance against the cytotoxicity 
of heat, sodium arsenite, diamide, and ethanol. HeLa S3 
cells were pretreated with heat (15 min 44°C + 5 h 37°C: 
HTT), sodium arsenite (lh 100tLM + 5h 37°C: ATT), 
diamide (1 h 500 pM + 5 h 37°C; DTT), or ethanol (1 h 6% 
+ 4h 37°C: ETT), or left untreated (Control) before 

and is indicative of the existence of one mechanism 
capable of protecting the cells against a wide 
variety of stresses. 

3.3 Role of Heat Shock Proteins 
in the Development of Thermotolerance 

When cells are exposed to a heat shock a specific 
set of proteins, hsps, is preferentially synthesized. 
Since this set of proteins can be induced after 
exposure of cells to a variety of other stresses, 
these proteins are also referred to as stress 
proteins (sps). These (h)sps are usually identified 
by their molecular mass, e.g., (h)sp27 is a heat 
shock protein with a molecular mass of 27000 
daltons. 

0.0 0.5 1.0 1.5 2.0 2.5 

Cone. Arsenite (mM) 

exposure to heat (45°C) or 1-h incubations at 37°C with 
different concentrations of sodium arsenite, diamide, or 
ethanol. Survival data are corrected for the toxicity of the 
tolerance-inducing treatments. (KAMPINGA, et aI., 1995-
personal communication) 

In mammals, hsps with molecular masses of 27 
(28), 40, 47, 56, 60 (58), 70, 90, and 1l0kD 
are synthesized. A list of these hsps, with their 
cellular localization before and after heat shock, 
and (if known) their function, is shown in Table 
3.2. The most extensively studied hsps with 
respect to their role in thermotolerance and 
cullular heat senstivity are hsp27 (CRETE and 
LANDRY 1990; LANDRY et aL 1989), hsp70 
(ANGELIDIS et aL 1991; LI 1985; LI et aL 1991), 
and hsp90 (BANSAL et aL 1991; Y AHARA et aL 
1986). The role of the other hsps in thermo
tolerance and cellular heat resistance is unclear as 
yet. It has, however, been reported that in yeast 
hsp104 (the yeast homologue of hspllO) is 
required for the development of thermotolerance 
(SANCHEZ and LINDQUIST 1990). 



Thermotolerance 79 

Table 3.2. Intracellular localization of the main mammalian hsps under physiological conditions and after heat stress 

hsp Localization Remarks References 

Normal After HT 

28 Cytoplasm near Cytoplasm Increased CRETE and LANDRY (1990), 
Golgi apparatus Nucleus phosphorylation after WELCH (1990), Arrigo 

stress, forms aggregates et al. (1988) 

40 Cytoplasm Cytoplasm Co-localizes with hsp70, OHTSUKA et al. (1990), 
Nucleus homology with E. coli HATTORI et al. (1992) 

DnaJ 

47 Endoplasmic Endoplasmic Basic pI, binds collagen NAGATA et al. (1986), 
reticulum reticulum NAGATA and YAMADA (1986) 

56 Cytoplasm Cytoplasm Found in complexes with SANCHEZ(1990),SANCHEZ 
hsp70/hsc70, hsp90, and et al. (1990) 
steroid receptors 

60 Mitochondria Mitochondria Catalyzes protein assembly, FRYDMAN and HARTL (1994), 
homology with GroEL MIZZEN et al. (1989), 

OSTERMANN et al. (1989) 

72 Cytoplasm Cytoplasm In primates constitutively LINDQUIST and CRAIG (1988), 
(hsp70) Nucleus expressed, in other MORIMOTO et al. (1990), 

Nucleoli mammals only after stress; WELCH (1990) 
dissociates some protein 
aggregates 

73 Cytoplasm Cytoplasm Related to hsp72; LINDQUIST and CRAIG (1988), 
(hsc70) Nucleus associated with steroid MORIMOTO et al. (1990), 

Nucleoli receptors; involved in WELCH (1990) 
translocation of proteins 
across cellular membranes 

90 Cytoplasm Cytoplasm Associated with several PRATT (1990), COLLIER and 
Nucleus receptors and protein Schlesinger (1986), BOHEN 

kinases, dissociates from and YAMAMOTO (1994) 
complex after heat shock 

110 Nucleus Nucleus May protect ribosome KOCHEVAR et al. (1991), 
Nucleoli Nucleoli production during LINDQUIST and CRAIG (1988) 

prolonged heating 

Stress-induced activation of genes coding for 
hsps has been shown for almost all cells and 
organisms studied so far. Only undifferentiated 
cells such as mammalian embryos before the 16-
to 32-cell stage (BANERJI et al. 1984, 1987; DURA 
1981; MULLER et al. 1985; WITIIG et al. 1983) 
show no heat shock response. Comparison of heat 
shock genes and proteins from different species 
has shown that hsps are among the most highly 
conserved proteins in nature (BARDWELL and 
CRAIG 1984, 1987; HUNT and MORIMOTO 1985; 
MORIMOTO and MILARSKI 1990; MORIMOTO et al. 
1990; WELCH 1990). For example, the human 
hsp70 and its E. coli homologue DnaK are 
approximately 50% identical at the amino acid 
level (BARDWELL and CRAIG 1984; LINDQUIST and 
CRAIG 1988). 

most heat shock proteins are abundantly ex
pressed under physiological conditions, and many 
are essential for cell viability (GEORGOPOULOS et 
al. 1990; LINDQUIST and CRAIG 1988). It has been 
shown that hsps are involved in processes like 
protein folding, assembly of proteins into oligo
meric structures, and translocation of proteins 
across cellular membranes (see, e.g., CRAIG 1990; 
HENDRICK and HARTL 1993; MORIMOTO and 
MILARSKI 1990; PELHAM 1990; WELCH 1990; and 
Table 3.2). Hsps bind noncovalently and rever
sibly to a wide variety of hydrophobic protein 
surfaces that are transiently exposed during these 
processes, and this interaction shields the partially 
unfolded and denatured polypeptides from their 
tendency to form aggregates. 

Heat shock proteins are also thought to be 
involved in the development of thermotolerance 
(LANDRY et al. 1989; LASZLO 1988a,b; LI and MAK 

Although hsps were first noticed because of 
their increased synthesis upon heat treatment, 
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1985, 1989). In mammalian cells good corre
lations were reported for thermotolerance 
development and (a) hsp70 synthesis (HATAYAMA 
et aI. 1991; LASZLO 1988b; LI 1985), (b) hsp27 
synthesis (LEE et aI. 1991), and (c) hsp27 phos
phorylation (CRETE and LANDRY 1990; LANDRY et 
aI. 1991). Conversely, reduction of the level of 
hsp70, either by competitive inhibition of hsp70 
gene expression (JOHNSTON and KACEY 1988) or 
by microinjection of cells with antibodies against 
hsp70 (KHAN and SOTELO 1989; RIABOWOL et aI. 
1988), resulted in an enhanced thermosensitivity. 
Reduction of the cellular hsp90 levels have also 
been shown to increase thermosensitivity in mouse 
L cells (BANSAL et aI. 1991), while an increased 
hsp90 expression resulted in stable heat resistance 
in CHO cells (YAHARA et aI. 1986). 

Recently, it has been reported that transfection 
of cells with genes coding for hsp27 (LANDRY et aI. 
1989) or hsp70 (ANGELIDIS et aI. 1991; LI et aI. 
1991), which results in constitutive expression of 
the genes, confers heat resistance. Preliminary 
data in our laboratory show that transfection of 
rat cells with a gene coding for mycobacterial 
hsp65 (a homologue of the mammalian hsp60) 
also confers heat resistance to the transfected 
cells (BURGMAN et aI., unpublished results). 
These data provide direct evidence for a causal 
relation between the expression of hsps and an 
increased heat resistance. 

The mechanism by which hsps confer heat 
resistance is not clear. It is likely, however, that 
hsps perform similar functions during stress con
ditions as during physiological conditions, such as 
to bind to the improperly folded proteins and 
to prevent their aggregation. This protective 
mechanism has been shown for hsp27 (JAKOB et 
aI. 1993), hsp90 (WIECH et aI. 1992), and DnaK, 
the E. coli homologue of the mammalian hsp70 
(LIBEREK et aI. 1991). Thus the presence of extra 
hsps during heat shock probably reduces the 
amount of damage that is induced in thermo
tolerant cells. 

A second possibility is that hsps are involved in 
the repair of heat-denatured proteins. It has been 
shown in vitro that DnaK can reactivate heat
inactivated RNA polymerase (SKOWYRA et aI. 
1990), and in collaboration with the E. coli hsps 
DnaJ and GrpE can renature heat-denatured 
lambda repressor (GAITANARIS et aI. 1990). Thus 
the presence of extra hsps might accelerate the 
repair of heat-induced damage in thermotolerant 
cells. 
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Fig. 3.5. Possible role(s) of hsps in the protection against 
and restoration from heat-induced protein denaturation 
and aggregation (- indicates retardation; + indicates 
enhancement). (Adapted from KAMPINGA 1993) 

To summarize, it has been shown in vitro that 
hsps are capable of preventing aggregation of 
heat-denatured proteins and are capable of 
"repair" of heat-denatured proteins. Assuming 
that hsps perform the same functions in vivo, this 
would (at least partially) explain the increased 
heat resistance in cells with an increased amount 
of hsps. A schematic diagram showing these 
possible roles of hsps is shown in Fig. 3.5. 

Additionally, hsps (especially the hsp70 family) 
may facilitate the degradation of denatured pro
teins, and in this way assist in the removal of the 
heat-induced damage. For a recent review on the 
involvement of hsps in lysosomal degradation of 
proteins, see DICE et aI. (1994). 

3.4 Biochemical and Molecular Mechanisms 
for Induction of Thermotolerance 

Heat and most of the chemical inducers of 
thermotolerance have been shown to cause pro
tein damage (HIGHTOWER 1980; VOELLMY 1985). 
Furthermore, the thermodynamics of the induc
tion of the heat shock response have been shown 
to be consistent with protein denaturation (LI et 
aI. 1982a). It has been suggested that intracellular 
accumulation of abnormal proteins acts as the 
trigger for the induction of thermotolerance 
(HIGHTOWER 1980; MUNRO and PELHAM 1985). 
Over the years this hypothesis has been supported 
by experimental data such as: 
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1. The synthesis of large amounts of abnormal 
proteins induced a heat shock response in E. 
coli (GOFF and GOLDBERG 1985). 

2. Drosophila cells that produce truncated, non
functional actin molecules constitutively 
synthesize hsps (OKAMOTO et al. 1986). 

3. Incubation of mammalian cells with amino acid 
analogs, which causes synthesis of abnormal 
proteins, induces a heat shock response 
(LASZLO and LI 1993; LI and LASZLO 1985). 

4. Incubation of cells with puromycin in concen
trations that inhibit protein synthesis by 15%-
80% and cause the accumulation of truncated 
proteins, induces a heat shock response (LEE 
and DEWEY 1987). 

5. Microinjection of denatured proteins into frog 
oocytes results in the activation of heat shock 
genes, whereas the injection of the same 
proteins in their native form does not activate 
these genes (ANANTHAN et al. 1986). 

6. In situ cross-linking of intracellular proteins 
with alkylating agents or sulfhydryl com
pounds induces a heat shock response and the 
development of thermotolerance in CHO cells 
(LEE and HAHN 1988). 

These results reinforce the hypothesis that the 
presence of abnormal proteins in the cell acts as a 
signal that triggers the heat shock response. 

The first step in the heat shock response is the 
activation of heat shock genes. In eukaryotic 
cells, this activation process is mediated by a 
transcription factor known as heat shock factor 
(HSF) (MORIMOTO 1993; MORIMOTO et al. 1992). 
In unstressed cells, HSF is present in both the 
cytoplasm and the nucleus in a monomeric form 
that has no DNA binding activity. Upon heat 

Fig. 3.6. Hypothetical autoregulatory loop for the 
expression of heat shock genes. In the unstressed 
cell, HSFI is maintained in the monomeric, non
DNA-binding form through interactions with 
hsp70. Upon heat shock, hsp70 is sequestered 
by denatured protein, and HSFI assembles into 
trimers which bind to heat shock elements and 
become phosphorylated. Transcriptional activa
tion of the heat shock genes leads to increased 
levels of hsp70 and the formation of an HSF1-
hsp70 complex. Finally, HSF1 dissociates from the 
HSE and is converted into its monomeric non
DNA binding form. (Redrawn from MORIMOTO 
1993) 
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shock, HSF assembles into a trimer and binds to 
the heat shock element (HSE), a specific DNA 
recognition sequence located in the 5' -flanking 
sequences of heat shock genes. In addition to 
trimerization and acquisition of DNA-binding 
competence, HSF exhibits, a stress-dependent 
phosphorylation that is thought to regulate its 
transcriptional activity (LARSON et al. 1988; SARGE 
et al. 1993). The heat-induced transcriptional 
response attenuates upon return to 37°C; this 
attenuation is accompanied by conversion of the 
active trimeric form of HSF to the non-DNA 
binding monomer and by a return to the normal 
subcellular distribution. In eukaryotic cells, the 
conversion of HSF from its monomeric inactive 
form to the trimeric active form is though to be 
controlled by a regulatory protein. It has been 
hypothesized that hsps themselves may negatively 
regulate the expression of heat shock genes via an 
autoregulatory loop (MORIMOTO 1993; MORIMOTO 
et al. 1992; SORGER 1991). A model of this autore
gulatory loop is shown in Fig. 3.6. According to 
this hypothesis, the increased number of mis
folded proteins induced by heat shock sequesters 
hsp70/hsc70, resulting in the activation of HSF 
(MORIMOTO 1993; MORIMOTO et al. 1992). In this 
model the transcriptional activity of heat respon
sive genes is entirely regulated by HSF. However, 
recent results from our group indicate a role for a 
second, negative regulator of heat shock gene 
expression (LIU et al. 1993). 

3.5 Characterization of Thermotolerant Cells 

So far, thermotolerance has only been discussed 
in terms of an increased survival after a heat 
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treatment. However, cell killing is the conse
quence of heat-induced damage to structures/ 
functions within cells and the cell's capacity to 
repair this damage. When cells are heated, the 
absorption of energy is evenly distributed over 
the cell, resulting in damage to virtually all 
cellular structures/functions [see, e.g., LASZLO 
(1992) and Chap. 2 in this volume]. In thermo
tolerant cells, however, many of these 
structures/functions show an increased resistance 
against heat-induced alterations (Table 3.3). 

when thermotolerance is induced by a sodium 
arsenite, diamide, or ethanol treatment, it has 
been shown that thermotolerance only develops 
in cellular fractions that are damaged during 
the thermotolerance-inducing treatment (Table 
3.4). Thus the subcellular localization of the 
induced resistance appears to correspond with the 
localization of the damage induced during the 
tolerance-inducing treatment. 

The data listed in Table 3.3 show that thermo
tolerance develops for nuclear, cytoplasmic, and 
membrane properties. Thus within the cell there 
seems to be no spatial preference for the expres
sion of tolerance. This led some authors to the 
conclusion that thermotolerance might represent 
a nonspecific protection of all parts of the cell 
(MINTON et al. 1982). There is, however, an 
increasing amount of data to suggest that the 
development of thermo tolerance is much more 
specific than previously assumed. For example, 

Several other reports in the literature also 
support the idea of a (spatial) correlation between 
damage and the expression of tolerance: 

1. LUNEC and CRESSWELL (1983) observed an 
enhanced resistance of the A TP synthesis in 
thermotolerant cells, but only in a cell line 
(LS178Y-S) in which the ATP synthesis was 
affected by the tolerance-inducing heat treatment. 
In another cell line (Ehrlich ascites) this treat
ment had no effect on the ATP synthesis, and in 
the thermotolerant cells no enhanced resistance 
of this proces was observed. 

Table 3.3. Characterization of the thermotolerant mammalian cell: molecules, cellular struc
tures, or functions that are protected after a mild heat shock 

Macromolecules, cellular 
structure and function 

DNA 
Polymerase activity" 
Synthesis 

RNA 
rRNA synthesis 
Splicing 

Protein 
Synthesis 

Denaturation 

Removal of aggregates 

Membrane 
Con A capping 
Na+/K+-ATPaseb 

Permeability 
Insulin receptors 

Cytoplasm 
Cytoskeletal reorganization 
cAMP levels 
ATPlevelsc 

Cell cycle progression 

References 

CHU and DEWEY (1987), DIKOMEY et al. (1987) 
VAN DONGEN et al. (1984) 

BURDON (1986), NOVER et al. (1986) 
YOST and LINDQUIST (1986) 

HAHN and SHIV (1985), MIZZEN and WELCH (1988), 
SCIANDRA and SUBJECK (1984) 

LEPOCK et al. (1990), NGUYEN et al. (1989), PINTO et al. 
(1991) 

KAMPINGA et al. (1989), WALLEN and LANDIS (1990) 

STEVENSON et al. (1981) 
ANDERSON and HAHN (1985), BURDON and CUTMORE (1982) 
MAYTIN et al. (1990) 
CALDERWOOD and HAHN (1983) 

WIEGANT et al. (1987) 
CALDERWOOD et al. (1985) 
LUNEC and CRESSWELL (1983) 

VAN DONGEN et al. (1984) 

a Not observed by KAMPINGA et al. (1985) or JORRITSMA et al. (1986) 
b ANDERSON and HAHN observed thermotolerance development for the ouabain binding 
capacity only; the heat sensitivity of the A TP hydrolyzing activity was unchanged in 
thermotolerant cells 
C Only in L5178Y-S cells; no resistance was observed in Ehrlich ascites cells 
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Table 3.4. Comparison of the damage and resistance induced in the membrane fraction (PF) and the nuclear fraction 
of HeLa S3 cells by different resistance-inducing agents 

TTRIO Damage to membranes Enhanced resistance Damage to nuclei Enhanced resistance 
(by agent) of membranes (by agent) of nuclei 

C (l.0) 
HTT 2.3 Yes Yes Yes Yes 
ATT l.8 Yes' Yes No No 
DTT 2.5 ND No Yes Yes 
ETT 2.3 No No Yes Yes 

As a measure for the induced thermotolerance, the thermotolerance ratio is given (TTRlO: ratio of heating times 
required to reduce survival to 10%). Thermotolerance is induced as described in the legend to Fig. 3.4. Data from 
BURGMAN et al. (1993) and KAMPINGA et al. (1995, personal communication) 

ND, not determined 
"Taken from YIH et al. (1991) 

2. NGUYEN et al. (1989), using firefly luciferase
transfected cells, found that heat treatments that 
decreased the luciferase activity but not protein 
synthesis in these cells, induced an increased heat 
resistance of the luciferase activity but not of the 
protein synthesis. After a priming treatment at 
a higher temperature (45°C instead of 42°C), 
both activities were impaired and in the thermo
tolerant cells resistance against a subsequent heat 
treatment was observed for both the luciferase 
activity and the protein synthesis. 

3. Data reported by ANDERSON and HAHN 
(1985) indicate that the correlation between 
damage and induced resistance might even hold 
true for multi domain proteins in which the 
domains differ in heat sensitivity. These authors, 
working on N a + /K + -ATPase, reported that 
thermotolerance could be induced in a heat
sensitive domain of the protein (the ouabain
binding domain) without changing the heat 
sensitivity of a more heat-resistant domain (the 
ATP-hydrolyzing domain). 

For all cellular proteins/structures/functions 
that have been studied it has been shown that 
thermo tolerance can be induced. However, there 
are indications that thermotolerance is not a 
nonspecific protection of the entire cell, but is 
restricted to those targets in the cell that have 
been damaged during the thermotolerance
inducing treatment. 

This direct correlation between damage and 
tolerance may open the possibility to study 
more directly the role of inactivation of different 
proteins/structures in hyperthermic cell killing. 

The role of hsps in this protective mechanism is 
unclear. KAMPINGA et al. (1995-personal com
munication), using HeLa S3 cells, report a cor-

relation between an enhanced resistance against 
heat-induced protein denaturation and an 
enhanced level of hsp70 in a crude membrane 
fraction. However, no correlation between heat 
resistance and the (enhanced) presence of hsps 
was found for the nuclear fraction isolated from 
the same cells. 

3.6 Conclusion 

Cells exposed to a nonlethal heat treatment, 
develop a transient increased resistance against a 
subsequent treatment. The correlation between 
the accumulation of hsps and the induction of 
thermo tolerance suggests a vital role for hsps 
in thermotolerance. The fact that cells become 
permanently heat resistant when transfected with 
hsp70, and conversely, that cells become thermal 
sensitive when the levels of hsp70 are reduced, 
directly demonstrates the importance of hsp70 for 
the cellular heat sensitivity. Similarly, it has been 
shown that hsp27 and hsp90 have thermal protec
tive functions. Heat shock has been shown to 
induce an increase in the number of denatured 
proteins which (according to Morimoto's hypo
thesis), through the depletion ofthe cellular hsp70 
pool, might trigger the activation of HSF, which 
could result in the transcriptional activation of 
heat shock genes and the synthesis of additional 
hsps. This enhanced level of hsps facilitates 
the repair and the removal of the heat induced 
damage and can protect the cell against a sub
sequent heat treatment. Furthermore, thermo
tolerance can be detected on all levels in the cell 
(enzyme activity to cell survival) and a (spatial) 
relation might exist between the induction of 
damage and the expression of thermotolerance. 
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3.7 Summary 

• Cells exposed to a nonlethal heat treatment 
develop a transient resistance against a sub
sequent heat treatment (thermotolerance) 

• In thermotolerant cells, an enhanced thermal 
resistance can be observed for various cellular 
structures and functions, assuming that the 
particular structures/functions are damaged by 
the thermotolerance inducing treatment. 

• Heat shock proteins (either constitutively 
present or newly synthesized) playa vital role 
in the development of thermotolerance 

• Heat shock proteins can protect against protein 
denaturation, facilitate the recovery of heat
induced damage, and assist in the removal of 
denatured proteins. 

• Thermal protective roles have been shown for 
hsp27 , hsp70, and hsp90. 

• The development of thermotolerance is trig
gered by heat induced protein denaturation. 
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4.1 Introduction 

From in vitro as well as from animal studies there 
is convincing evidence that the tumor response to 
ionizing radiation is improved by temporary 
exposure to hyperthermic temperatures. In this 
review no attempt will be made to give a historical 
overview of hyperthermic radiosensitization; 
excellent texts on this topic already exist. Rather, 
the sections on in vitro radiosensitization will 
fo~~s on recent ideas concerning the concept of 
cnhcal targets, the identity of targets, and possible 
mechanisms of action. The part of the text devoted 
to the in vivo situation has been kept short. For 
more extensive reading, other reviews, e.g., the 
article by HORSMAN and OVERGAARD (1989), are 
available. Some remarks are included on recent 
developments using interstitial techniques and 
on the use of positron emission tomography 
in tumor-bearing animals to monitor results of 
therapy. 

A.~.T .. KONINGS, PhD, Department of Radiobiology, 
Umv~rslty of Groningen, Bloemsingel 1, NL-9713 BZ 
Gromngen, The Netherlands 

4.2 Molecular and Cellular Mechanisms of the 
Interaction of Heat and Radiation In Vitro 

4.2.1 Cell Damage by Radiation Alone Versus 
Damage by Heat Alone 

4.2.1.1 Energy Deposition 

The direct damage to cellular molecules or to 
structural entities in the cell that is caused by 
ionizing radiation is different from that produced 
by hyperthermia. This is due to the fact that the 
nature of energy deposition during these treat
ments is fundamentally different. In the case of 
ionizing radiation a number of localized high
energy depositions occur, while with hyperthermia 
all molecules in the cell absorb the applied energy 
more or less evenly. In order to kill a cell 103- to 
lO5-fold m~re energy has to be expended by 
hyperthermIa than by ionizing radiation (HAHN 
1982; ROT! ROT! and LASZLO 1988). A target 
theory has been developed for radiation damage 
to cells as a tool for calculating and quantifying 
radiosensitivity (HUTCHINSON and POLLARD 1961). 
Becau~e cellular and subcellular studies on hyper
thermIC damage are often performed at radiobio
logical laboratories, the idea that heat inactivates 
specific targets, which subsequently leads to cell 
killing, has entered into the literature without 
critical evaluation. However, the target concept as 
developed for damage by ionizing radiation cannot 
simply be applied to damage by hyperthermia. 

In the case of ionizing radiation, the micro
localization of the energy absorption in the cell 
has led to the notion of a "target volume," which 
often corresponds to the true volume of a molecule. 
Due to the ionizing nature of the radiation, the 
target molecule undergoes a chemical reaction. 
The molecule may lose an electron or a hydrogen 
atom, and reactive radical intermediates (single 
electron compounds) are formed. In the case of 
hyperthermia no localized high-energy depositions 
occur in the cell and no ionizing events take place 
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in the molecules. As regards cellular damage 
during hyperthermia, it is probably more realistic 
to consider heat damage to groups of molecules 
that undergo structural changes. Some authors 
use the terms "lesion" and "target" as a more 
abstract concept. lUNG (1986, 1991) assumes that 
heat initiates nonlethal lesions that can be con
verted into lethal lesions. LEPOCK et al. (1988, 
1990) introduced the term "hypothetical critical 
target" for hyperthermic cell killing. In this model 
they assume that the rate of hyperthermic cell 
killing corresponds to the rate of hyperthermic 
inactivation of this target. In both models it is 
necessary not only to consider the lesion or target 
as a single molecule, but also as structural entities 
in the cell. 

4.2.1.2 Critical Damage to Molecules 
and Structural Entities in the Cell 

4.2.1.2.1 Ionizing Radiation. Given at clinically 
relevant doses, ionizing radiation will damage 
many molecules in the cell (Table 4.1), including 
proteins, saccharides, lipids, and DNA. In recent 
years most attention has been focused on DNA 
and lipids. DNA has attracted such interest 
because the integrity of this molecule is essential 
for the successful functioning of the cell in terms 
of transmitting genetic information and because 
alterations in this molecule may interfere with 
replication. The latter is of special importance 
for proliferating cells. The bilayer of lipids in 
the cellular membranes is the most important 
structural entity separating compartments in the 
cell and constituting the boundary between the 
cellular contents and the environment. 

Table 4.1. Molecular targets for cell killing after radiation, 
hyperthermia or the combined treatment 

Molecules Treatments 

Radiation Hyperthermia Combination 

DNA yes l n02 yes 
Proteins no yes3 yes4 

Lipids no/yes(?)5 n06 no 

1 Reproductive death; 2 Only at high doses (~43°C); 3 Set 
of critical proteins, accumulated damage above a certain 
threshold; 4 Protein aggregates on the nuclear matrix 
prevent DNA repair; 5 Not in reproductive death; possibly 
in interphase death; 6Not as a primary target; lipids may 
modify the heat sensitivity of proteins 

A.W.T. Konings 

Although membranes may be critical sub
cellular targets under certain conditions, a number 
of independent experiments have pointed to 
DNA as the main target for radiation-induced cell 
death. With a micro dosimetry approach, using 
ionizing radiation of different penetration depths, 
it can be shown that little lethal damage occurs 
when the energy is only absorbed by the outer 
cellular membrane and by the cytoplasm (see 
COLE et al. 1980). WARTERS and HOFER (1977) 
reported experiments in which cellular DNA was 
labelled with 3H-thymidine or 125I-iododeoxyuri
dine, and in other cells the outer membrane was 
labelled with 1251 -labelled concanavalin A. It 
could be demonstrated that when the radiation 
source was on the membrane, there was very little 
radiation damage to the cell in terms of LD5o. 
Incorporation of bromodeoxyuridine into DNA 
of living cells increases radiosensitivity. Under 
many circumstances cell killing by ionizing radia
tion appears to correlate with induction of chro
mosomal aberrations (DEWEY and SAPARETO 1978). 
It is not yet known what types of damage to 
the DNA molecule have to be considered the 
critical lesions, although irreparable double-strand 
breaks have to be one of the most important (see 
FRANKENBERG-SCHWAGER 1989). 

With regard to membrane lipids it can be stated 
that polyunsaturated fatty acids are the most 
radiosensitive ones and that a-tocopherol can 
efficiently protect these membrane lipids against 
radiation damage (KONINGS et al. 1979). When 
cellular membranes are enriched by these radio
sensitive lipids there is, however, no further 
decrease in reproductive capacity after radiation, 
even when these cells are depleted of a-tocopherol 
(WOLTERS and KONINGS 1982, 1984, 1985; GEORGE 
et al. 1983). When doses above 20 Sv are delivered 
to proliferating cells, interphase death may become 
an important mode of cell death. If loss of in
tracellular potassium and uptake of trypan blue 
are accepted as evidence for interphase death 
at high doses, it can be shown (WOLTERS and 
KONINGS 1985) that the lipids of membranes are a 
determining factor in this process (for review see 
also KONINGS 1987a). This is illustrated in Fig. 
4.1. One has to conclude that membrane lipids 
are not the critical entities in cells leading to 
radiation-induced reproductive death; however, 
these components might play an important role in 
interphase death at high doses. 

The ultimate radiosensitivity of a cell is de
pendent on the extent of repair of radiation 
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Fig. 4.1. Effect of membrane modification on radiation
induced reproductive death and radiation-induced inter
phase death of proliferating mouse fibroblast LM cells. 
Clonogenic ability and loss of intracellular potassium were 
determined as endpoints. Extensive loss of clonogenic 
ability (reproductive death) was seen at relatively low x
ray doses «15 Gy), while loss of potassium (>50%) 
was observed at higher (>200 Gy) doses. The cellular 
membranes of the fibroblasts were modified by substitution 
of polyunsaturated fatty acyl (PUFA) chains. The antioxi-

damage. Both the DNA and the lipids of the cell 
can be repaired after radiation treatment. While 
there is an abundant supply of data on repair of 
DNA damage (see, e.g., PEAK et al. 1988), data 
on repair of membrane lipids are very scarce. 
FONCK et al. (1982a,b) could show in lympho
sarcoma cells in vitro and in vivo that, after a dose 
of 5 Gy of x-rays, an immediate increase in lipid 
turnover took place that lasted about 50 min. 

4.2.1.2.2 Hyperthermia. When cells are heated 
all macromolecules may be affected. Even at 
modest hyperthermic doses (43°C for less than 
30 min) lipids may be fluidized and proteins may 
be denatured. However, in most cases direct 
DNA breaks cannot be detected at such dose 
levels (DIKOMEY 1982; JORRITSMA and KONINGS 
1984; WARTERS and BRIZGYS 1987). Because the 
structure of the lipid bilayer and that of proteins 
are easily altered by hyperthermia, membranes 
have been, and still are, of interest as critical 
structures in cellular heat damage. It is possible to 
enhance the hyperthermic sensitivity of cells by 
introducing more of the fluidizing polyunsaturated 
fatty acids into the membrane phospholipids. 
Especially for bacteria this approach has led to 
spectacular results (YATVIN 1977). In the case of 
eukaryotic cells, the effects of lipid substitutions 
are less dramatic. The fluidity of phospholipids in 
membranes can also be modified by cholesterol. 
There are indications in the literature that cho-
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dant status of the cells was changed via depletion of GSH. 
The broken lines indicate x-irradiation under anoxic con
ditions. The solid lines indicate oxic conditions. The 
clonogenic ability of the cells did not change as a result of 
the modifications. PUF A substitution and GSH depletion 
in PUF A cells markedly increased the radiosensitivity in 
terms of potassium loss. D, normal cells, GSH depleted or 
not; 0, PUFA cells not GSH depleted; ., GSH-depleted 
PUFA cells 

lesterol content in membranes might influence the 
cellular heat sensitivity. This is, however, not 
always found. 

One has to realize that lipids and proteins in 
membranes are in dynamic equilibrium with each 
other. The physical state of the lipid component 
of the membrane may have significant effects 
on the properties of the proteins and as such 
modulate their conformation and activity. It 
is expected that the heat dose necessary for 
denaturation of membrane proteins is dependent 
on the nature of the surrounding lipids (for further 
discussion see KONINGS 1988). So, specific lipids 
present in domains around heat-sensitive proteins 
may be of importance for cellular heat sensitivity, 
when the function of these proteins is critical for 
cell survival. Modification of the heat sensitivity 
of a membrane Ca-ATPase by replacement of 
lipids could be shown by CHENG et al. (1987). 
Sometimes very extensive lipid substitutions are 
necessary to influence the heat sensitivity of 
critical proteins (KONINGS 1988). This seems to be 
the case for the mouse fibroblasts illustrated in 
Fig. 4.2. The polyunsaturated fatty acyl (PUFA) 
chains of the phospholipids of these cells changed 
from 8% in normal cells to about 40% in the 
modified cells. This membrane modification 
was accompanied by a clear change in fluidity 
in all membrane fractions. The difference in 
heat sensitivity was, however, very small. When 
the normal fibroblasts were given a mild heat 
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Fig. 4.2. Effect of membrane modification on cellular heat 
sensitivity. The clonogenic ability of normal (N) and 
PUFA-substituted mouse fibroblast LM cells was deter
mined after exposure to 44°C. Left panel: extensive en
richment of PUFA (from 8% in N cells to 40% in PUFA 
cells) in the cellular membranes leads to a modest increase 

treatment to induce thermotolerance, the overall 
lipid composition in all membranes of the ther
motolerant cells was not changed. If gross lipid 
modification was the primary endogenous mech
anism for the cells to regulate their cellular heat 
sensitivity, one might expect the overall lipid 
composition in thermotolerant cells to be different 
from that in control cells. There is, of course, 
always a minor possibility that during the deve
lopment of thermotolerance, lipid changes (rigi
difying) around specific proteins take place which 
are not noticed during the determination of the 
overall lipid composition (KONINGS and RUIFROK 
1985). 

From the existing literature the most reasonable 
conclusion at present seems to be that proteins 
are the critical macromolecules for cell killing 
by heat. In those cases where membranes are 
suspected to be the heat-critical cellular structures, 
it is concluded that membrane proteins and not 
membrane lipids are the primary critical mo
lecules leading to cell death. The lipids must be 
considered as modifiers of protein heat sensitivity. 
This notion is consistent with the finding (e.g., 
DEWEY et al. 1971) that the rates of inactivation 
(cell killing) for heat treatments at different 
temperatures, calculated from the slope of the 
exponential part of survival curves and used 
to construct Arrhenius plots, yield activation 
energies around 140kcal/mole, a value observed 
(JOHNSON et al. 1954) for protein denaturation. 
The activation energy for membrane lipids is 
much lower (MASSICOTIE-NoLAN et al. 1981). 

A.W.T. Konings 
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in heat sensitivity. Right panel: normal fibroblasts (N) 
were made thermotolerant (TT), which resulted in a clear 
difference in heat sensitivity; no change in overall lipid 
composition could be found. (Redrawn from KONINGS and 
RUIFRoK 1985) 

4.2.1.3 Heat-Induced Protein Denaturation 

As discussed above, DNA double-strand breaks 
are among the most important critical radiation 
lesions in the cell. Proteins in membranes and 
in other cellular compartments are the critical 
molecules for heat damage. 

The search for the identity of these cellular 
proteins determining hyperthermic cell killing 
has only started recently. During hyperthermia 
many proteins will be denatured in all cellular 
compartments. Only a part of them will be critical 
in the process of heat induced cell killing. When 
a set of critical proteins is damaged such, that 
a certain threshold is exceeded the cell will be 
killed. The degree of cell killing depends on the 
extent of protein damage beyond the threshold. 
In thermotolerant cells the heat sensitive proteins 
have become (partly) resistant. The accumulated 
damage is less then and more cells will survive. 
Spectroscopic studies using fluorescent and spin 
labels demonstrate that protein conformational 
changes occur in Chinese hamster lung V79 cells 
in the plasma and mitochondrial membrane 
proteins at temperatures above 40°C (LEPOCK et 
al. 1983). Transitions observed (LEPOCK et al. 
1988) with differential scanning calorimetry 
(DSC) starting at 40°-45°C resemble those of 
proteins. With electron spin resonance (ESR) 
techniques it could be shown (BURGMAN and 
KONINGS 1992) that a number of membrane 
proteins had acquired heat resistance during the 
development of thermotolerance. With thermal 
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gel analysis three of these proteins could be 
identified. Their apparent molecular masses were 
55, 70, and 94 kDa. Strong evidence is available 
(KONINGS 1993) that heat shock proteins (HSPs), 
especially HSP72 , play a role in induced heat 
resistance of membrane proteins. When heat
induced denaturation of proteins takes place in 
the different cellular compartments, the denatured 
proteins tend to aggregate. As long ago as 1978 
reports were published (ROIl ROIl and WINWARD 
1978; TOMASOVIC et al. 1978) indicating an increase 
in protein in nuclear structures isolated from 
heated cells. We now know that soluble nuclear 
proteins that are lost during standard procedures 
for the isolation of nuclei or nuclear structures, 
are co-isolated as protein aggregates in the isolates 
of heated cells. Depending on the initial heat 
dose, partial or total disaggregation of the pro
teins may take place after the heating, a process 
that has been shown (KAMPINGA et al. 1987) to be 
faster in thermo tolerant cells. There is strong 
evidence that HSPs participate in the recovery of 
this protein damage, as well as in the prevention 
of protein aggregation (for a recent review see 
KAMPINGA 1993). 

4.2.2 Cell Damage by the Combined Treatment 

4.2.2.1 Hyperthermic Radiosensitization 

When heat and radiation treatments are performed 
simultaneously, more than additive effects on cell 
killing are observed. The cells are killed by heat 
alone and by enhanced radiation damage. The 
synergistic component of the latter effect can be 
quantified by the thermal enhancement ratio 
(TER). This ratio may be expressed on the basis 

Fig. 4.3. Effect of separation of hyperthermia and 
radiation on cell survival. Asynchronous cells re
ceived radiation before, during, or after hyperther-
mia. The curve is drawn from data obtained from 
a number of different publications (see KONINGS 
1987b) 
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of isodose or isoeffect. To understand the radi
obiological effects of heat radiosensitization, the 
isoeffect concept is more appropriate, the TER 
being defined as the ratio of the radiation dose 
required to produce a certain biological effect 
(e.g., 90% cell killing) and the radiation dose 
which in combination with hyperthermia leads to 
the same effect. The TER increases with heat 
dose, but may become saturated. When cell 
cycle dependency is determined, sensitization 
essentially follows the heat sensitivity of the cells 
and not the radiosensitivity. 

Separation of the modalities in time leads to a 
decrease in the TER. In most cases recovery to 
normal cell radiosensitivity occurs more rapidly 
when radiation is followed by heat than vice 
versa. This is illustrated in Fig. 4.3. Apparently 
the critical lesions induced by radiation show 
more rapid repair than those induced by heat. 

4.2.2.2 Effect of Thermotolerance 
and Step-Down Heating on the TER 

When a combined treatment is preceded by a 
hyperthermic dose the extent of heat radiosen
sitization is often influenced. This is the case 
when the heat sensitivity of the cells is modified 
by the prior heat treatment. When the cells are 
pretreated with a heat dose at a temperature 
lower than or identical to the second dose, a 
temporary state of thermotolerance (TT) may 
develop. A short exposure to a high temperature 
may, however, increase the effect of a subsequent 
heating at a lower temperature, thus resulting in a 
temporary state of increased thermo sensitivity . 
The latter approach is referred to as step-down 
heating (SDH). 

6 

additive effect 
------------------------~-~----

4200246 
RT+ HT- -HT+ RT 

8 10 
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A review of the literature (KONINGS 1987b) on 
the effect of IT on TER has revealed that about 
half of the published papers report a reduction of 
TER, while the other half do not show such an 
effect. At least three possibilities can be put 
forward to explain this non-uniformity. Firstly, 
there are indications that the phenomenon is cell 
line dependent and related to the presence and 
induction of certain HSPs (see Sect. 4.2.2.4). 
Secondly, in a number of cases the treatment may 
not have been truly simultaneous. The decline in 
TER after the heat treatment in thermotolerant 
cells is often faster than in non-thermotolerant 
cells. Thirdly, in some cases the initial heat treat
ment may have selectively killed S-phase cells, 
leaving a clonogenic population of cells that are 
more radiosensitive. 

Only limited data are available on the effect of 
SDH on TER. Most publications (see LINDEGAARD 
1992) have shown a higher TER when SDH 
preceded the combined treatment. 

4.2.2.3 Low-Dose-Rate Irradiation 
at Mild Hyperthermic Temperatures 

Although only a few publications are available 
concerning dose rate effects on the TER, most 
studies (BEN HUR et al. 1974; HARISIADIS et al. 
1978; GERNER et al. 1983; LING and ROBINSON 
1989) show a higher TER at low dose rates (LDR). 
It seems that appropriate heat treatments can 
totally eliminate the sparing effect of LDR in 
the range of 0.08-130 Gy/h. Because it is not 
always possible during clinical practice to achieve 
sufficiently high temperatures, it is important to 
know whether mild hyperthermia can still reduce 
the LDR sparing effect. The in vitro data obtained 
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4.2.2.4 Mechanisms of Action 

As mentioned above, hyperthermia not only 
reduces survival directly (heat cytotoxicity), but 
also enhances radiosensitivity by increasing the 
slope and decreasing the shoulder of the radiation 
survival curve (DEWEY et al. 1977). From an 
analysis using the linear quadratic model, DIKOMEY 
and lUNG (1991) concluded (for CHO cells) that 
thermo sensitization is predominantly due to an 
enhancement of cell killing of the a-term type at 
the lower temperature range «43°C), while at 
higher temperatures both (a and P) modes of cell 
killing are altered by heat to a similar extent. 

The number of radiation-induced DNA lesions 
is not enhanced by hyperthermia, provided that 
the heat-induced lesions (only at ;:::43°C, see 
lORRITSMA and KONINGS 1984) are subtracted. 
Hyperthermic radio sensitization is generally 
considered to result from thermal effects on the 
repair of radiation-induced damage. Exposure to 
hyperthermic temperatures can influence both the 
initial rate and the extent of DNA strand break 
rejoining. 

As can be seen in Fig. 4.4, exposure to a 
temperature of 42°C or higher progressively 
diminishes the rate of repair (JORRITSMA and 
KONINGS 1983). From the slopes in this figure an 
activation energy of about 140 kcallmole can be 
calculated, which approximates the activation 
energy for hyperthermic cell killing. So it seems 
that protein denaturation is a critical process 
in heat killing and in heat radiosensitization. 

42't 

until now (ARMOUR et al. 1991; CORRY et al. 1993) ";" c 

are promising, TERs for temperatures as low as I 
41°C are between 1.5 and 2.5, depending on 
heat/radiation exposure. Optimal TERs are 
obtained when hyperthermia is present at all 
times during irradiation. The situation with human 
tissue may be advantageous as compared with the 
situation in rodents, because human cells seem to 

Q) 

1; 
a: 

be different in terms of the development of IT in 
the temperature range 40°-42°C. As a conse
quence, they are more heat responsive at 41°C 
than the rodent cells. The human cells are, how
ever, considered to be intrinsically more heat 
stable than the rodent cells. 

10. 31 
0~3*b~ro~~~!-I~W~~~=!~~2~40--

Heat treatment (min) 

Fig. 4.4. Effect of hyperthermia on the kinetics of the 
repair of DNA strand breaks (t112)-1. (From JORRITSMA 
and KONINGS 1983) 
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DIKOMEY and FRANzKE (1992) have studied DNA 
repair kinetics of CHO cells in considerable detail. 
This is illustrated in Fig. 4.5. Irradiation with 9 Gy 
of x-rays produced about 3000 strand breaks per 
cell. After radiation, three-phase repair kinetics 
have been proposed by these authors, with a fast, 
an intermediate, and a slow component. The slow 
component, which is exponential for t ;:::: 120 min, 
with a repair half-time of about 170 min, is con
sidered to concern repair of double strand breaks 
- about 6% of all strand breaks induced (extra
polation of the final slope in Fig. 4.5). For the 
heated cells the half-time of repair of double 
strand breaks is doubled, yielding now about 
20% double strand breaks (extrapolation). The 
additional double strand breaks are assumed to 
be formed during repair incubation at 37°C arising 
from lesions which disappear at 37°C with a half
time of about 17 min. It is suggested (JUNG and 
DIKOMEY 1993) that cell killing is related to the 
formation of these additional double strand 
breaks. Hyperthermia may decrease the extent of 

Fig. 4.5. Effect of hyperthermia on repair of DNA 
strand breaks. CHO cells were heated prior to or 
immediately after irradiation. The number of DNA 
strand breaks plotted represents the sum of single and 
double strand breaks. (From DIKOMEY and FRANzKE 
1992) 
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DNA break rejoining, but this is difficult to prove 
when low doses of radiation are given. For a dose 
of 50 Gy, however, it could clearly be shown 
(MILLS and MEYN 1983) in CHO cells that 43°C 
heat treatment for 1 h resulted in a doubling of 
the residual number of strand breaks when the 
two modalities were applied simultaneously. 
Separation of the heat and radiation treatment 
(Fig. 4.6) diminishes the extra residual damage 
and yields a picture that indicates an inverse 
proportionality to cell survival (compare with Fig. 
4.3). 

The above-mentioned observations combined 
with others tempt one to conclude that hyper
thermic radio sensitization is caused by heat 
effects on the DNA repair machinery, resulting in 
inhibition of effective repair and formation of 
new lesions during the repair period. 

A clear correlation between hyperthermic 
inhibition of strand break repair and radiosen
sitization (survival) is, however, not always found. 
This is, for example, the case for fractionated 

o 60 120 180 240 300 360 

Time after irradiation min 

~ 2,0 

Fig. 4.6. Effect of separation of hyperthermia and 
radiation on the number of residual DNA strand 
breaks (expressed in arbitrary units, a.u.). CHO 
cells were irradiated with 50 Gy of x-rays and heated 
at 43°C. Determination of the number of strand 
breaks was always at 8 h after the irradiation. (Based 
on data from MILLS and MEYN 1983) 
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heat treatments (JORRITSMA et al. 1985) and 
for modifiers of the heat effect, such as polyols 
(JORRITSMA and KONINGS 1986). It must, however, 
be realized that the different assays which have 
been used to determine DNA damage are not 
always comparable. In most cases it is not exactly 
known what type of DNA lesions are measured 
and whether these are the critical lesions for cell 
survival. In this respect it may be mentioned that 
low-temperature hyperthermia «42°C) accel
erates the rejoining of single and double strand 
breaks (BEN HUR and ELKIND 1974; DIKOMEY 
1982; WARTERS et al. 1987; WARTERS and AXTELL 
1992) while a clear radio sensitization (survival) is 
caused by these heat treatments. 

If the inhibition of DNA repair by heat treat
ments above 42°C is causing the observed enhanced 
radiosensitivity, then the question arises as to the 
mechanism of this inhibition. At the moment 
there are two popular theories based on the 
phenomenon of heat induced protein denaturation 
in the cell nucleus. Both, either, or neither of 
these may hold true or be applicable only in 
special situations. One of the possibilities is 
thermal inactivation of repair enzymes; the second 
is reduced accessibility to the damaged sites for 
the repair enzymes. 

With respect to the first-mentioned option, 
DNA polymerase P is of particular interst, since 
this repair enzyme has been found to be very heat 
sensitive (DuBE et al. 1977). Thermal inactivation 
of DNA polymerase has been postulated re
peatedly as a mechanism to explain heat radio
sensitization, but there is still not consensus. In a 
recent report concerning this issue (DIKOMEY 
and JUNG 1993), the increase in radiosensitivity 
caused by various kinds of single and combined 
heat treatments was studied in CHO cells and 
related to the heat-induced loss of this repair 
enzyme. The TER for 90% cell killing correlated 
well with the polymerase p activity for single 
heating at temperatures exceeding 41SC and for 
thermotolerant cells. This is in agreement with 
results of previous reports (JORRITSMA et al. 1985; 
MIVECHI and DEWEY 1985; DIKOMEY and JUNG 
1988). However, the relationship did not hold for 
single heating at temperatures below 41SC and 
for step-down heating leading to thermosensitiza
tion, which is similar to the findings previously 
reported by JORRITSMA et al. (1986) and KAMPINGA 
et al. (1989a). 

The possible restriction of accessibility of the 
repair system to damaged (heated) sites was 
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mentioned by W ARTERS and ROTl ROTl as long ago 
as 1979. Recent studies using a DNA supercoiling 
assay (KAMPINGA et al. 1988b) reported the 
"masking" of DNA damage by hyperthermia. 
Inhibition of repair and masking of DNA damage 
were gradually reduced during the recovery period 
after the hyperthermic treatment. The time course 
of this recovery was similar to that observed for 
the reduction of protein aggregates formed during 
heating in the cell nucleus. It had been shown 
previously (KAMPINGA et al. 1987) that thermo
tolerant cells recovered faster from heat-induced 
protein aggregation than non-thermotolerant 
cells. A good correlation was observed (KAMPINGA 
et al. 1989c) between the kinetics of protein 
aggregation/disaggregation (area under the curve, 
AVC) and heat-induced cell killing. When kinetic 
data on nuclear protein aggregation/disaggrega
tion, TER, and residual DNA damage are com
pared (KONINGS 1993) for normal and thermotol
erant HeLa S2 cells, when hyperthermia and 
radiation are separated in time (0-6 h), a sugges
tive similarity is apparent. No correlation could 
be established, however, (KAMPINGA et al. 1989a) 
between inactivation and recovery of DNA poly
merase p with TER under the same experimental 
conditions. Lipid modification did not influence 
thermal radiosensitization (WOLTERS et al. 1987). 

Recently SAKKERS et al. (1993) showed that 
hyperthermia selectively affects repair of cyclo
butane pyrimidine dimers (CPDs) in transcription
ally active genes in VV-irradiated fibroblasts. 
Hyperthermia had no effect, however, on an 
inactive non-matrix-associated locus. Because 
heat-induced nuclear protein aggregation mainly 
occurs at the nuclear matrix, these results suggest 
that limited damage accessibility and not inacti
vation of repair enzymes is the cause of DNA 
repair inhibition. This agrees with earlier data 
(KAMPINGA et al. 1989d) on the importance of 
protein aggregation to DNA anchor points on the 
nuclear matrix (topo-isomerase II sites). Because 
only preliminary data (KAMPINGA et al. 1989a; 
KONINGS 1993) are available with respect to the 
relation between the extent of heat-induced 
nuclear protein aggregates and TER, it is too 
early to draw a general conclusion on this issue. If 
such a relation can be quantitated, the presence 
and induction of certain HSPs are probably of 
major importance for the phenomenon of cellular 
heat radiosensitization. 
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4.3 Interaction of Heat and Radiation 
in Tumor-Bearing Animals 

4.3.1 Heat Cytotoxicity and Heat 
Radiosensitization 

Numerous studies have clearly demonstrated that 
heat can enhance the radiation sensitivity of 
animal tumors [for reviews see, e.g., OVERGAARD 
(1978) and STREFFER and VAN BEUNINGEN (1987)] 
and normal tissues (FIELD and BLEEHEN 1979; 
HUME 1985). The modalities have, of course, to 
be given in such a way that a clear therapeutic 
gain is obtained. There is currently no general 
consensus concerning the best protocols for 
avoiding unacceptable normal tissue damage 
under conditions leading to complete tumor cure. 

The action of heat and radiation in vivo is more 
complicated than in the in vitro situation. In vitro 
the two components in cell killing are radiosen
sitization and heat toxicity. In vivo, especially the 
latter component is dependent on several physio
logical factors. Radioresistant hypoxic cells 
are found in many solid tumors (MOULDER and 
ROCKWELL 1984) and are more heat sensitive than 
the well-oxygenated cells. During hyperthermia 
oxygenated tumor cells may become more heat 
sensitive because of damage to the tumor vascular 
system. It is assumed (REINHOLD et al. 1978) 
that the cytotoxic action of hyperthermia is less 
marked in normal tissue because its vasculature is 
less heat sensitive. TANAKA (1993) could modify 
the heat sensitivity of murine tumors by applying 
the vasoactive drug, hydralazine. The tumor 
blood flow decreased dramatically after injection, 
while the flow in the surrounding blood vessels 
was only slightly affected. 

While the TER in vitro is mostly defined in 
terms of enhanced radiosensitivity (heat cytotoxi-

Fig. 4.7. Effect of separation of hyperthermia and 
radiation on tumor control and skin damage. Local 
control of mouse mammary carcinoma in C3H mice 
and degree of moist dequamation in surrounding 
skin in 50% of the treated animals were taken as 
endpoints for the determination. (Redrawn from 
OVERGAARD et al. 1987) 
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city subtracted), for the in vivo situation heat 
cytotoxicity is mostly included too. The lack of in 
vivo data makes it difficult to reach a general 
conclusion concerning the contribution of both 
components to the overall effect. One may expect 
that at low heat doses the radiosensitizing effect 
will be dominant, especially with truly simul
taneous treatment. 

4.3.2 Sequence and Spacing of the Modalities 

It is generally agreed that maximal TERs (heat 
cytotoxicity included!) in vivo are obtained when 
radiation and hyperthermia are applied simul
taneously. The decrease in TER when an interval 
is introduced varies between individual tumors 
and also between different normal tissues. This 
is probably mainly caused by tissue physiology 
(e.g., vasculature) especially affecting heat cyto
toxicity. In Fig. 4.7 TERs in a C3H mouse mam
mary carcinoma and its surrounding skin are 
shown as a function of time interval and sequence 
between hyperthermia and radiation. Local tumor 
control and moist desquamation in skin were used 
as biological endpoints of the assays (OVERGAARD 
et al. 1987). The TER remaining in the tumor 
after a 4-h separation is most likely a consequence 
of heat that kills radioresistant hypoxic cells. It is 
obvious that little therapeutic advantage is to be 
expected from a simultaneous treatment, if the 
tumor and normal tissue are heated to the same 
degree. 

4.3.3 Effect of Thermotolerance 
and Step-Down Heating 

In general thermotolerance has no effect on the 
response to radiation alone, but does reduce the 
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skin 
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TER in most tumors and normal tissues (for 
review see HORSMANN and OVERGAARD 1989). The 
influence of thermotolerance on the interaction 
between heat and radiation is more pronounced 
when heat and radiation are given sequentially 
(NIELSEN et al. 1983). The TER was found by 
these authors to be maximal 5 days after thermo
tolerance induction (complete disappearance of 
TT). To avoid interference by thermotolerance, 
flavonoids, and in particular quercetin, may be 
used (NAGATA and HOSOKAWA 1993). This com
pound is nontoxic to mice and therefore promising 
for clinical use. Also amino acid analogs can 
inhibit thermotolerance (LI and LASZLO 1985). 

NISHIMURA and VRANO (1993) have investigated 
the effect of hyperthermia on fractionated radi
otherapy in mice bearing a fibrosarcoma in the foot. 
Tumor response was studied by tumor growth (TG) 
and TCD50 (50% tumor control dose) assays. One 
heat treatment at 43SC for 45 min in a water bath 
was combined independently or simultaneously 
with fractionated doses. Five and ten fractions 
were used for TG and TCD50 assays, respectively. 
Normal tissue damage was scored as acute foot 
reactions. TER wasgreatestwhenheatwasadmini
stered with the last radiation dose in the TG assay 
and with the first dose in the TCD50 assay. The size 
of the hypoxic cell fraction during the overall 
radiation treatment may be the cause of this result. 
Significant thermal sensitization of the skin re
action was observed at all times. These experiments 
suggest that heat is best given with the first radiation 
fraction to effectively kill hypoxic cells. 

As compared with single temperature heating, 
SD H generally increases the TER of both tumor 
tissue and normal tissue. Furthermore, SDH may 
cause significantly higher TER values in the tumor, 
suggesting a therapeutic gain (LINDEGAARD and 
OVERGAARD 1988). These authors found that the 
TER value decreased when an interval was allowed 
between radiation and SDH and was lost com
pletely in normal tissues within a 3-h interval. In 
tumors the decrease was slower, suggesting an 
enhanced effect of SDH with respect to radiation
resistant hypoxic cells. SDH has never been used 
clinically because it is difficult to achieve the high 
temperature needed. The development of scanned
focussed ultrasound, however, does offer the 
possibility of a short (10-min) increase in tempera
ture (HAHN 1993). After this initial treatment, 
continuous low-temperature heating could be 
achieved even via whole-body heating. 
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4.3.4 Interstitial Radiation Combined 
with (Interstitial) Hyperthermia 

As discussed in Sect. 4.2.2, heat radiosensitization 
of cells in vitro is very effective when heat is 
combined with low-dose-rate (LDR) irradiation. 
Only a few published studies have analyzed this in 
tumor-bearing animals. A review of these experi
ments has recently been given by HAHN (1991). 
SAPOZINK et al. (1983) combined continuous ultra
LDR irradiation with radiofrequency hyper
thermia in RIF-1 tumors of C3H mice. Low-dose
rate irradiation up to 180 Gy did not cure any 
of the tumors; however, combining 80Gy with 
hyperthermia (44°C for 30min) did. Two heat 
exposures appeared to be better than one; three 
were not better than two. In conjunction with 
hyperthermia, internal irradiation, i.e., brachy
therapy with iridium-192, is essentially equivalent 
to fractionated irradiation given from a source with 
much higher dose rates (MOORTHY et al. 1984; 
BAKER et al. 1987). 

A particularly relevant study has been per
formed recently by JONES et al. (1989). Irradiation 
of a breast carcinoma was accomplished by placing 
a noninvasive cap containing three iodine-125 seeds 
over the tumor. Dose rates ranged from 14 to 
40 cGy Ih with a variation in the total dose between 
830 and 2378 cGy over the treatment period (48-
72h). Heating with a waterbath was given before, 
after, or in the middle of the irradiation. The best 
results were obtained after heating in the middle. 
Heating after the radiation was the least effective. 

Interstitial hyperthermia combined with inter
stitial radiation has the logistic advantage that 
catheters implanted to serve as source holders for 
the radiation can also be used for the heating. Only 
a few animal studies have been published on this 
topic (MILLER et al. 1978; PAPADOPOULOS et al. 
1989; RUIFROK et al. 1991; VAN HOOIJE et al. 1993). 
In all these cases TERs of about 1.5 were found 
when the two modalities were given at (almost) the 
same time. 

Recently the use of multiple short pulses of 
radiation has been proposed (BRENNER and HALL 
1991; VISSER and LEVENDAG 1992) in order to 
simulate continuous LDR irradiation. Such a 
brachytherapy modality would allow the applica
tion of multiple interstitial hyperthermia treat
ments between the brachytherapy "pulses." At 
present there are no animal experiments in which 
LDR irradiation or fractionated doses have been 
combined with long-duration mild-temperature 
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(39°-41°C) hyperthermia. In vitro investigations 
(Sect. 4.2.2) have provided a strong basis for such 
an approach (ARMOUR et al. 1993). 

4.3.5 Positron Emission Tomography 

There is great interest in methods that may predict 
the outcome of a cancer treatment during the 
initial period of the protocol. The conventional 
techniques of diagnostic radiology, x-ray com
puted tomography, nuclear magnetic resonance 
imaging and ultrasonography, detect a tumor only 
by its physical attributes (e.g., shape, size). PET 
is a noninvasive tool able to monitor quantitatively 
metabolic activities in tissues. Only a few in
vestigators have applied positron-emitting tracers 
in experiments with tumor-bearing animals. One 
study (DAEMEN et al. 1991) has been published on 
PET measurements after hyperthermia. Heat
induced inhibition of protein synthesis in the 
tumor was monitored by PET using L-(1-11C)tyro
sine and correlated with growth delay of a rhab
domyosarcoma tumor in Wag/Rij rats. It was 
concluded that the acute (30-90min after treat
ment) effects of hyperthermia can be monitored 
by PET with a predictive outcome in terms of 
tumor regression. When the same type of experi
ment was performed (DAEMEN et al. 1992) after 
radiation and radiation plus hyperthermia, a dif
ferent picture emerged. No acute effects could be 
observed, either with L-(1-11C) tyrosine or with 
18PDG (fluorodeoxyglucose). Later effects (after 
days) on tracer uptake appeared to correlate with 
changes in tumor volume. It may be expected that 
when l1C-thymidine is used as the positron
emitting compound it will be possible to measure 
early radiation responses because, in contrast to 
protein synthesis, DNA synthesis is inhibited at 
clinically relevant radiation doses. 

4.4 Summary 

• Molecular targets for cell killing by radiation 
are essentially different from those in hyper
thermia, because of the different nature of 
energy absorption. 

• DNA is the molecular target for cell killing by 
radiation. Proteins for cell killing by hyper
thermia. Lipids can modulate the heat sen
sitivity of proteins. 
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• Cellular radiosensitization is caused by protein 
denaturation and aggregation on the nuclear 
matrix. 

• Hsp's regulate cellular radiosensitization by 
influencing the protein denaturation/aggre
gation/disaggregation process in the cell 
nucleus. 

• Most in vitro studies show a higher TER at low 
dose rates (LDR). 

• A considerable TER can be reached when long 
duration low temperature (41°C) is combined 
with LDR. 

• Thermotolerance generally reduces the TER in 
vitro as well as in vivo (tumors and normal 
tissues). 

• Heat may be best given with the first radiation 
fraction during fractionated radiotherapy 
because of the killing of hypoxic cells. 
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5.1 Introduction 

The intention of this chapter is to review existing 
experimental data on combinations of cytotoxic 
drugs and hyperthermia. The focus will be on 
those drugs which are the most likely candidates 
for potentiation by hyperthermia, and attention 
will be drawn to findings which may form a basis 
for the design of clinical studies. 

5.2 Drugs Potentiated by Heat 

5.2.1 Alkylating Agents 

It is now 25 years since the first report of an 
increased effect of nitrogen mustard (5 mg/kg) on 
a rat sarcoma when given in conjunction with 
heating to above 42°C (SUZUKI 1967). The mono-
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functional alkylating agent methyl methanesul
[onate also killed more Chinese hamster cells in 
culture above 41°C, at which temperature a 
decrease in the shoulder of the survival curve and 
a steeper final slope were observed (BEN-HuR and 
ELKIND 1974). A similar potentiation of the effect 
of methyl dimethanesulfonate was also observed 
at 41°-42°C in rat Yoshida sarcoma cells in vitro 
and grown as tumours in vivo (DICKSON and 
SUZANGAR 1974). The mechanisms of action of 
this drug were enhanced production of DNA single 
strand breaks and also reduced repair of DNA 
strand breaks after heat exposure (BJ.ONK et al. 
1973; BEN-HuR and ELKIND 1974). 

For Chinese hamster cells exposed to thio
TEPA in culture, proportionally less cells survived 
as the temperature increased between 35°C and 
42°C (JOHNSON and PAVELEC 1973). The activation 
energies calculated from Arrhenius plots for thio
TEPA concentrations of 5 and 10 mg/ml were 
36.8 and 32.9 kcallmol, respectively. The result is 
compatible with an alkylating reaction and much 
lower than the activation energy for hyperthermia 
alone, i.e., 185 kcallmol. 

In vitro melphalan was more active at 42°C 
against several human fibroblast strains, with 
more varying results among melanoma lines 
(Goss and PARSONS 1977). In Chinese hamster 
cells the cytotoxicity was increased fourfold at 
42°C compared with 37°C, despite a net increase 
in the intracellular drug level of only 20% at 42°C 
(BATES and MACKILLOP 1989). Increased efficacy 
was observed when melphalan was combined with 
hyperthermia (43°C for 1 h) in Lewis lung car
cinoma cells in vitro and in mice (JOINER et al. 
1982). Also in a human breast tumor xenograft in 
nude mice, hyperthermia (42SC for 20min) 
combined with melphalan reduced growth of 
tumors compared with melphalan alone (SENAPATI 
et al. 1982). Melphalan given with whole-body 
hyperthermia (41°C for 45 min) on KHT or RIF-l 
tumors grown intramuscularly in the legs of mice 
preferentially killed tumor cells compared with 
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the effect on normal bone marrow cells (HONESS 
and BLEEHEN 1985a). This therapeutic gain con
trasts with the results obtained with cisplatin, 
BCNU, CCNU, and cyclophosphamide in the 
same tumor (HONESS and BLEEHEN 1982a, 1985b). 

The dose of cyclophosphamide needed to cure 
50% of Lewis lung carcinomas in mice was reduced 
from 170 mg/kg to 100 mg/kg when cyclophos
phamide was combined with hyperthermia 
(42SC for 30min) (HAZAN et al. 1981). Simult
aneous whole-body hyperthermia (41°C for 
45 min) and cyclophosphamide (100 mg/kg) in 
RIF-l tumors yielded a growth delay similar to 
that achieved after 150 mg/kg cyclophosphamide 
alone (HONESS and BLEEHEN 1982a). However, a 
parallel increased effect on bone marrow in the 
same leg was observed, giving no therapeutic 
gain. When we grew our transplanted rat glioma 
BT4A in the leg of rats, we observed seven com
plete responses, four of which were permanent 
cures, in eight rats after local water bath hyper
thermia (44°C for 60min) in combination with 
cyclophosphamide (200 mg/kg), in contrast to 
only nine partial responses in ten rats receiving 
cyclophosphamide alone, and no objective re
sponses after hyperthermia alone (DAHL and 
MELLA 1983). In the C3H mouse mammary car
cinoma, too, the supra-additive effect increased 
with heating time at 43SC and cyclophosphamide 
dose (MONGE et al. 1988). Human melanomas 
and breast tumors grown as xenografts in nude 
mice responded better when cyclophosphamide 
was combined with hyperthermia than when the 
drug was given alone (SENAPATI et al. 1982). 

Ifosphamide, an analogue of cyclophos
phamide, was also more cytotoxic at 43°C than at 
37°C when tested on uterine cervical cancer cells 
in culture (FunwARA et al. 1984). Human breast 
carcinoma (MX1I3) and human sarcoma (S117) 
xenografts in nude mice both showed only a tran
sient growth delay when given either cyclophos
phamide or ifosphamide,_ while the same drug 
doses in combination with hyperthermia (43°C for 
1 h) resulted in complete tumor regressions 
(WIEDEMANN et al. 1992a). 

The alkylating antibiotic mitomycin C combined 
with hyperthermia in vitro produced a steeper 
exponential part of the surVival curve with a dose 
modifying factor of 1.5 at 10% survival at 41°C, 
and 2.6 at 42°C (BARLOGIE et al. 1980). When 
EMT6 tumor cells grown in vitro were exposed to 
mitomycin C (1.0 and 10IlM for 1-6h) in com
bination with hyperthermia (41°-43°C for 1-6h), 
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an additive effect was observed for oxygenated 
tumor cells while a synergistic effect was observed 
in hypoxic tumor cells, especially after exposure 
for 6h (TEICHER et al. 1981). In these cells a 
30%-50% increase in the rate of formation 
of reactive alkylating species was observed at 
41 ° -43°C compared to controls at 37°C, but there 
was no difference between 42° and 43°C. For the 
murine fibrosarcoma (FSa-IIC) only a limited 
dose modification (factor, 1.2) of mitomycin C 
was seen when hyperthermia (43°C for 30min) 
was applied following administration of the drug, 
demonstrating an additive effect (HERMAN et al. 
1990). In C3H mouse mammary carcinoma the 
thermal enhancement ratios for mitomycin C and 
cyclophosphamide were 2.8 and 1.6, respectively 
(MONGE et al. 1988). 

5.2.2 Nitrosoureas 

Despite increased hydrolytic decay of the nitro
soureas BCNU, CCNU, and methyl-CCNU at 
elevated temperatures, a temperature-dependent 
reduction of survival was seen when Chinese 
hamster cells were heated at temperatures of 
41°-43°C in vitro (HAHN 1978). The activation 
energies (18-24kcallmol) calculated from 
Arrhenius plots indicated an alkylating reaction. 
In the mouse fibrosarcoma FSa-II the activation 
energies at pH 6.7 and 7.4 were 53 and 51 kcallmol 
for BCNU, again supporting an alkylating reaction 
(URANO et al. 1991). In vivo thermochemotherapy 
also enhanced the effect on FSa-II tumors. The 
positive effect of a combination of BCNU and 
heat (42.4°-43.3°C) was confirmed in Chinese 
hamster ovary cells in vitro (HERMAN 1983b). 
In EMT6 mouse tumors treated with BCNU 
(20 mg/kg) and local water bath heating (43°C for 
1 h) a potentiation of different endpoints such as 
cell survival, growth delay, and cure was observed 
(TWENTYMAN et al. 1978). In our rat glioma BT4A, 
combination of BCNU 20 mg/kg and local hyper
thermia (44°C for 1 h) produced objective tumor 
regression in all rats, with cures in eight of ten 
animals, whereas no cures were observed when 
single modalities were used (DAHL and MELLA 
1982). Similarly, in mice with RIF tumors grown 
on the foot, BCNU (40 mg/kg) with concomitant 
heat-Czt.soC for 30min) resulted in cures in nine 
of ten animals (NEILAN and HENLE 1989). As 
originally described by HAHN and SHIU (1983), we 
found that an intraperitoneal glucose dose before 
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heat and BCNU or ACNU increased the effect of 
these combinations (SCHEM et al. 1989; SCHEM 
and DAHL 1991). 

Experiments failed to demonstrate that an 
improved therapeutic response occurred in mice 
with Lewis lung carcinomas when treatment with 
CCNU or methyl-CCNU was supplemented by 
whole-body hyperthermia (41°C for 30 min) 
(RosE et al. 1979). However, local heat (42SC 
for 1 h) enhanced the effect of methyl-CCNU in 
Lewis lung carcinoma (ZIMBER et al. 1986). Heat 
(41°-42°C) did not increase the effect of methyl
CCNU on human colon cancer xenografts in nude 
mice (OSIEKA et al. 1978). In contrast, a synergistic 
effect on survival occurred when mice with an 
intracerebrally transplanted ependymoblastoma 
were treated with whole-body hyperthermia 
(40°C for 2 h) and CCNU (8-16 mg/kg) (THUNING 
et al. 1980). For B16 melanoma and Lewis lung, 
carcinoma treated in vivo and scored in an agar 
colony assay after graded doses of CCNU at 43°C 
for 1 h, the thermal enhancement rate was 1.6, 
whereas it was 2.4 after melphalan (JOINER et al. 
1982). When the relatively nitrosourea-insensitive 
RIF-1 fibrosarcoma and the more sensitive KHT 
sarcoma were treated with BCNU (5-15 mg/kg) 
or BCNU (10-15 mg/kg) combined with whole
body hyperthermia (41°C for 45 min), there was 
no therapeutic gain when the effect on tumors 
was compared with that on the bone marrow stem 
cells (HONESS and BLEEHEN 1982a, 1985a). This 
confirms that mouse bone marrow cells are 
especially sensitive to temperature elevations 
combined with BCNU in vitro (O'DONNEL et al. 
1979). In B16 melanoma cells in mice, the com
bination of hyperthermia and CCNU or melphalan 
produced not only an enhanced growth delay, but 
interestingly a noticeable reduction in the number 
of metastases (VICENTE et al. 1990). 

Both B16 melanoma and C24 human malignant 
melanoma tumors showed a synergistic effect 
when the water-soluble ACNU (lOmg/kg) was 
given in combination with hyperthermia (43°C for 
30min) in three repeated doses every other day, 
whereas no such effect was observed with CCNU 
and methyl-CCNU in vivo (YAMADA et al. 1984). 
However, the combination of hyperthermia with 
ACNU yielded only a slight synergistic effect on 
human malignant melanoma cells in vitro (SOMEYA 
et al. 1990). In our glioblastoma line (BT4An) in 
rats we found that the effect of ACNU (lOmg/kg) 
on foot tumors was clearly potentiated by heat 
(44°C for 45 min), this potentiation being further 
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increased by a glucose load (SCHEM and DAHL 
1991). For rats heated (42.4°C for 45min) with 
BT4An tumors in the brain, combination with 
ACNU (15 mg/kg) resulted in 50% increased life 
span (SCHEM et al. 1991). However, when ACNU 
(18 mg/kg) was administered intra-arterially and 
combined with the same heat treatment, survival 
increased by 100% and was significantly better 
than with the same drug dose given intravenously 
(SCHEM et al. 1991). 

5.2.3 Cisplatin, Carboplatin, and Analogues 

When normal bone marrow cells and P388 lym
phocytic leukemia cells were analyzed for survival 
after heating of mouse legs in a water bath (42.3°C 
for 30-60min), hyperthermia was found to in
crease the cytotoxicity of cisplatin (5 mg/kg) 
on leukemia cells by a factor of 100 while no 
synergistic effect was observed in bone marrow 
cells (ALBERTS et al. 1980). Heat alone and 
cisplatin alone reduced survival by 20% and 25%, 
respectively. In culture, significant enhancement 
of cisplatin cytotoxicity at elevated temperatures 
has been clearly demonstrated by several in
vestigators (BARLOGIE et al. 1980, FISHER and 
HAHN 1982, HERMAN 1983a). Hyperthermia 
(40.4°-41.8°C) markedly enhanced the efficacy of 
cisplatin and carboplatin in human lymphoblastic 
leukemia cells in vitro (COHEN and ROBINS 1987, 
COHEN et al. 1989). However, whole-body hyper
thermia in mice with L1210 leukemia yielded no 
differential effect between malignant cells and 
normal bone marrow stem cells (DE NEVE et al. 
1991), as also reported earlier (HONESS and 
BLEEHEN 1985a). 

In the BT4A tumor, where cisplatin and hyper
thermia alone only transiently retarded growth, 
cures were observed after combination therapy 
(MELLA 1985). The effect increased with increasing 
temperature (41°-44°C) and cisplatin dose 
(2-4 mg/kg). Interestingly, hyperthermia alone 
induced central tumor necrosis, while the ther
mochemotherapy especially caused cell death in 
the well-vascularized tumor periphery, which 
implies a spatial cooperation. There were no 
increased local side-effects, but there was a sub
stantial increase in systemic toxicity for the com
bined treatment at the higher drug dose (4 mg/kg). 
Further analyses showed that even an increased 
core temperature to 41°C produced a significant 
increase in cisplatin-induced renal damage in rats 
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(MELLA et al. 1987). This finding has been con
firmed in another rat model (WONDERGEM et al. 
1988). A significant enhancement ratio was 
obtained when cisplatin was given 15 min before 
heat (40SC); an optimum ratio of 3 seemed to be 
reached at 42SC, with no further increase at 
43SC (LINDEGAARD et al. 1992). 

Cisplatin produces intrastrand cross-links. 
Alkaline elution demonstrated a significant in
crease in DNA cross-linking caused by cisplatin at 
42°-43°C (MEYN et al. 1980; HERMAN and TEICHER 
1988), and Arrhenius plot analysis showed the 
activation energy for the chemical reaction of 
cisplatin to be 44 kcallmol in the range 37°-41°C 
in the murine fibrosarcoma FSa-II (URANO et al. 
1990). When intraperitoneal cisplatin (5 mg/kg) 
was added to regional abdominal hyperthermia, 
the cytotoxicity was increased by a factor of 4 at 
40°C and a factor of 6 at 43°C compared to 37°C 
(Los et al. 1991). The increased toxicity cor
related with an increased intracellular platinum 
concentration. 

In spontaneous canine and feline tumors in
tralesional cisplatin (1.8mg per cm3 tumor) com
bined with 42°C for 30 min once a week for 4 
weeks resulted in complete response in four of ten 
tumors (THEON et al. 1991). Injection of cisplatin 
into melanomas in mice was also synergistic when 
combined with local heat (42SC) (KITAMURA et 
al. 1992). 

When carboplatin and the new analogue 
iproplatin (CHIP) were administered at different 
concentrations in vitro in a human ovarian adeno
carcinoma cell line, a tenfold decrease in drug 
concentration yielded similar survival when the 
temperature was raised by 3°C in the temperature 
range 37°-43°C (Xu and ALBERTS 1988). In vitro 
both carboplatin and the analogue tetraplatin 
showed thermal enhancement above 40°C, with 
maximal thermal enhancement at 42°C and no 
further increase at 43°C (COHEN and ROBINS 1990), 
which is a similar finding to that reported by 
LINDEGAARD et al. (1992) for cisplatin. The anti
tumor activity and normal tissue toxicity of car
boplatin given with whole-body hyperthermia 
(41SC for 2h) were similar to cisplatin in the 
rat F344 fibrosarcoma, but carboplatin was less 
nephrotoxic than cisplatin (OHNO et al. 1991). A 
therapeutic gain with a therapeutic ratio of 3.0 for 
carboplatin was reported, in contrast to a ratio of 
0.8 for cisplatin. In our glioma BT4A or glio
blastoma line BT 4An we found a striking parallel 
effect both in vitro and in vivo: both local toxicity 
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and weight loss following thermochemotherapy 
were comparable for carboplatin and cisplatin 
(SCHEM et al. 1992). Other experimental platinum 
complexes have also been tested in combination 
with hyperthermia, and found to have a com
parable or even larger effect than cisplatin 
(HERMAN et al. 1989, 1990a, 1990b; TEICHER et al. 
1989). 

5.2.4 Anthracyclines 

For doxorubicin the cytotoxicity was increased in 
Chinese hamster cells (HAHN et al. 1975; HAHN 
and STRANDE 1976), FM3A mammary carcinoma 
cells (MIZUNO et al. 1980), Chinese hamster V79 
cells (ROIZIN-ToWLE et al. 1982), and in our BT4C 
glioma cell line (DAHL 1982). This positive effect 
could not be confirmed in uterine cancer cells 
(FUJIWARA et al. 1984). In EMT6 spheroids 
doxorubicin cytotoxicity was not increased after 
1 h at 43°C, but a significant enhanced effect was 
observed after heating at 42°C for 6 h (MORGAN 
and BLEEHEN 1980). 

The same discrepancy has also been reported 
in animal studies. An enhanced effect was only 
achieved at doxorubicin doses so high as to be 
incompatible with survival of mice bearing two 
different mammary carcinomas (OVERGAARD 
1976; MARMOR et al. 1979). When local hyper
thermia (43°C for 1 h) and doxorubicin (10 mg/kg) 
were combined to treat the 16/C mouse mammary 
carcinoma, increased tumor growth delay was 
observed despite similar drug uptake with and 
without heating (MAGIN et al. 1980). In BT4A 
tumors grown on the leg of rats, an enhanced 
growth delay was observed when hyperthermia 
(44°C for Ih) and doxorubicin (7mg/kg) or the 
less cardiotoxic analogue 4-epirubicin (7 mg/kg) 
were given, but no cures occurred (DAHL 1983). 

In P388 leukemia cells, hyperthermia (43°C for 
1 h) showed only an additive effect on survival in 
vitro and there was no increased growth delay 
compared to doxorubicin alone in animals; fur
thermore there was no difference in drug uptake 
with and without heating in this tumor (VAN DER 
LINDEN et al. 1984). In mice bearing C3H car
cinoma on the foot only an additive effect was 
observed when doxorubicin (8 mg/kg) was com
bined with hyperthermia at 43SC (MONGE et al. 
1988). Whole-body hyperthermia (41SC for 2h), 
when given in combination with doxorubicin 
(5 mg/kg i. v.), increased the effect on tumors by a 
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factor of 1.6, but at the same time increased 
leukopenia and thrombocytopenia by a factor of 
1.3, late cardiac toxicity by a factor of 2.4, and 
renal toxicity by a factor of 4.3 (WONDERGEM et 
al. 1991; NEWMAN et al. 1992). Thus no ther
apeutic gain was found in this system. 

In vitro a short exposure to mitoxantrone in
hibited proliferation of WIDR colon carcinoma 
cells when the temperature was raised from 37°C 
to 42°C, this effect being at least in part related to 
increased drug uptake (WANG et al. 1984). When 
the human breast carcinoma MX1 or human 
sarcoma S117 was transplanted to nude mice, 
local hyperthermia (42°-43°C for 1 h) significantly 
enhanced the effect of mitoxantrone (3 mg/kg) 
given twice a week (WIEDEMANN et al. 1992b). In 
both cell lines complete tumor regression was 
achieved only in the combined modality groups, 
without increasing side-effects of the drug alone. 
Mitoxantrone has also been tested in various 
spontaneous neoplasms in dogs (OGILVIE et al. 
1991). Mouse mammary FM3A carcinoma cells 
were sensitized to aclacinomycinA when combined 
with hyperthermia at 42°-43°C, but the effect of 
daunomycin was not enhanced (MIZUNO et al. 
1980). 

Thus the sensitivity for anthracyclines seems to 
vary with cell type and growth conditions, and 
also seems to be dependent on drug scheduling. 

5.2.5 Bleomycin 

Survival curves for graded doses of bleomycin or 
increased exposure times to bleomycin at normal 
temperature are usually biphasic, an initial sen
sitive part being followed by a resistant tail. When 
bleomycin is combined with heat a threshold 
usually appears; thus there is only slight enhance
ment of cell killing at temperatures up to 
40° -41°C in culture, but above 42° -43°C a marked 
potentiation occurs, with reduction of the resistant 
tail for Chinese hamster cells (HAHN et al. 1975; 
HERMAN 1983b; ROIZIN-ToWLE et al. 1982; 
DOGRAMATZIS et al. 1991), EMT6 cells (HAR
KEDAR 1975, MARMOR et al. 1979, MORGAN and 
BLEEHEN 1982, MIRCHEVA et al. 1986), HeLa cells 
(RABBANI et al. 1978), and a murine fibrosarcoma 
FSa-IIC (TEICHER et al. 1988). In the latter cell 
line bleomycin was substantially more toxic 
towards normally oxygenated cells at 37°C, but 
this difference in killing was not observed at 42° 
and 43°C. Comparison of the effectiveness of 
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bleomycin and peplomycin in 13 different human 
tumors grown in monolayer culture at normal 
temperature and after hyperthermic treatment 
(40SC for 2h) revealed a thermal enhancement 
effect for both bleomycin and peplomycin in three 
of the 13 samples (NEUMANN et al. 1989). When 
human bone marrow stem cells (CFV-C) were 
subjected to the same procedure, peplomycin was 
less toxic towards the normal cells. There was no 
difference between normal and hyperthermic 
incubation, indicating a possible therapeutic 
benefit of using bleomycin even at a temperature 
around the threshold temperature. An increased 
sensitivity of most leukemia cells and Chinese 
hamster V79 cells was demonstrated when they 
were exposed to bleomycin (0.1 mg/ml) at a 
temperature of 40°C (KANO et al. 1988). This 
could imply that leukemia cells have a lower 
threshold for thermochemotherapy than most 
other solid tumors. 

In vivo a super-additive interaction occurred 
when local hyperthermia (>43°C for 30-60 min) 
was combined with bleomycin (7-100 mg/kg) for 
the treatment of Lewis lung carcinoma in mice 
(MAGIN et al. 1979). Marked enhancement was 
also observed in KHT tumors when bleomycin (7 
and 15 mg/kg) was combined with heat (42° and 
43°C for 30 min) (MARMOR et al. 1979). In this 
tumor even cures were observed. When EMT6 
tumors were heated in vivo and assayed in vitro, 
a synergistic interaction was confirmed. A posi
tive interaction has also been reported in a 
mouse adenocarcinoma (VON SZCZEPANSKI and 
TROIT 1981), a mouse squamous cell carcinoma 
(HASSANZADEH and CHAPMAN 1982), RIF tumors 
(NEILAN and HENLE 1989), and the fibrosarcoma 
FSa-II when the tumor was heated in vivo 
(VRANO et al. 1988a). In the latter study there was 
a biphasic response, and the authors noted that 
above 42SC the benefit of combined treatment 
appeared to disappear, the effect above this 
temperature being caused by hyperthermia alone. 
Tumor growth time was similarly prolonged by 
combination of bleomycin (1O-30mg/kg) with 
41SC for 1 hand 43SC for 30 min, but 1 h at 
43SC further increased the effect, probably by 
an additive effect (VRANO and KHAN 1989). 
Glucose injection before the administration of 
hyperthermia and bleomycin enhanced tumor 
responses, probably via a reduction of pH. In our 
glioma BT 4A, the doubling time increased from 
5.7 days for control to 6.2 days for bleomycin 
(20mg/kg), 11 days for hyperthermia alone (44°C 
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for 60min), and 28.1 days for combined treat
ment, but we did not observe any cures as a result 
of the combination of these two modalities (DAHL 
and MELLA 1982). No increase in local side-effects 
was seen, but rats in the combined modality 
group had a significantly reduced weight. 

Bleomycin is of particular interest for com
bination with hyperthermia as this drug by itself 
has no bone marrow suppressing effect in humans 
and hence can be included in any hyperthermia 
schedule. As this drug has a threshold effect, it 
does not seem to be a candidate for combination 
with whole-body hyperthermia, and even with 
local hyperthermia there are areas where the 
temperature is in the range of 40°C (PILEPICH et 
al. 1989). 

5.2.6 Actinomycin D 

Actinomycin D chiefly interacts with RNA. In 
Chinese hamster cells exposure for less than 30 min 
at 43°C reduced cell survival, with further heating 
deminishing the cell killing (DONALDSON et al. 
1978). This resistance was probably caused by an 
initial increased drug uptake followed by reduced 
actinomycin D in the cells. In EMT6 cells in vitro 
no enhancement was observed when actinomycin 
D was given in combination with heat (HAR-KEDAR 
1975), in contrast to the results in leukemic cells 
(GIOvANELLA et al. 1970; MIZUNO et al. 1980) and 
a murine fibrosarcoma (YERUSHALMI 1978). 

5.2.7 Antimetabolites and Vinca Alkaloids 

Antimetabolite drugs are dependent on intact 
cellular functions to be metabolized and trans
ported to the enzymes whose function they block. 
Hyperthermia at least transiently reduce cellular 
metabolism. It is therefore not surprising that 
frequently used antimetabolites like 5-fluorouracil 
and methotrexate have only a limited increased 
effect at elevated temperatures. Thus Chinese 
hamster cells were not sensitized by methotrexate 
after heating (43°C for 1 h) in vitro (HAHN and 
SHIU 1983) and a negative report was also given 
for rats with VX2 carcinoma (MUCKLE and 
DICKSON 1973). In a Chinese hamster metho
trexate-resistant cell line, exposure to 43°C but 
not 41°C or 42°C for 1 h increased the killing by 
50%, probably as a consequence of reduced syn-
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thesis of dihydrofolate reductase caused by heat 
(HERMAN et al. 1981). 

Early studies with 5-fluorouracil indicated a 
significantly increased effect when the drug was 
given in combination with heat in a murine 
ependymoblastoma in vivo (SurrON 1971); 
similarly, human pancreatic carcinoma xeno
grafted in nude mice and treated with 5-fluor
ouracil and hyperthermia at 43SC responded 
more favorably than after 5-fluorouracil alone 
(SHIU et al. 1983). However, other largely negative 
studies have been published (see DAHL and 
MELLA 1990). In the case of cytosine arabinoside 
(ROSE et al. 1979; MIZUNO et al. 1980) and phos
phoracetyl aspartate, too, no benefit has been 
reported to accrue from combination with heat 
(ROIZIN-ToWLE et al. 1982). 

Also, studies of vinblastine and vincristine failed 
to demonstrate enhanced efficacy due to heat 
(DAHL and MELLA 1990). 

5.2.8 Etoposide 

Hyperthermia (400 -42SC for 30-90min) did 
not increase the cytotoxicity of etoposide on 
cultured human lymphoblasts (VOTH et al. 1988). 
In another study etoposide had no supra-additive 
effect in combination with hyperthermia (41.8°C 
for 10-30min) on a human T-cell lymphoblastic 
cell line in culture (COHEN et al. 1989). How
ever, in FSaIIC sarcoma cells in culture a dose
modifying factor of 2 was demonstrated by heating 
at 43°C for 30 min (PFEFFER et al. 1990). In animals 
etoposide was less effective than cisplatin in 
combination with radiation and heat (tumor 
growth delay 14 days vs 25 days) in FSaII tumours, 
but when added to the trimodality cisplatin/ 
radiation/hyperthermia the drug yielded a sig
nificantly longer growth delay (34 days). Caution 
has been expressed regarding the combination of 
etoposide and hyperthermia as hyperthermia 
actually decreased etoposide cytotoxicity in 
Chinese hamster cells (DYNLACHT et al. 1994) and 
heating (40°C for 30 min for 4 days) did not add to 
the effect of etoposide alone in a murine bladder 
carcinoma (ILZUMI et al. 1989). 

The finding that etoposide was unstable when 
heated at 43°C for 90 min, in contrast to 41°C for 
90 min, may be of relevance for the failure of 
higher temperatures to enhance the effect of this 
drug (VOTH et al. 1988). Upon the addition of 
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hyperthermia there is no change in DNA single 
strand breaks caused by the topoisomerase II 
effects of etoposide (DYNLACHT et al. 1994, 
BERTRAND et al. 1991). With our present know
ledge etoposide should probably be given as an 
additive, independent modality in combination 
with hyperthermia. The topoisomerase I inhibitors 
camptothecin and topotecan also failed to exhibit 
enhanced cytotoxicity towards EMT-6 cells in 
culture upon heating at 42° and 43°C (TEICHER et 
al. 1993). However, the same authors reported 
that in vivo local hyperthermia (43°C for 30 min) 
enhanced the killing of FSaIIC tumor cells. 

5.2.9 Hypoxic Cell Sensitizers 

Hypoxic cell sensitizers include electron-affinic 
drugs which are potent radiosensitizers of hypoxic 
cells (ADAMS 1978). These drugs mimic the elec
trophilic effect of oxygen and act as stabilizers for 
unstable oxygen radicals caused by ionizing 
radiation. The prototype drugs metronidazole 
and misonidazole (ADAMS 1978) have the 
advantage over oxygen that they are not 
readily metabolized, and therefore can 
penetrate deeper into tumors where cells are 
hypoxic because oxygen cannot reach them. In 
addition to the oxygen mimicking actions with 
ionizing radiation, some nitroimidazoles may 
also be metabolized under hypoxic conditions 
(nitroreduction) to release a range of toxic 
and nontoxic metabolites and thus become 
selectively cytotoxic for hypoxic cells (ADAMS 
et al. 1980). Recently bifunctional analogues have 
been introduced which also have an alkylating 
effect. 

As regards combinations of hyperthermia and 
radiation, these two modalities might both have 
an independent effect or heat may function as a 
radiosensitizer (OVERGAARD 1989). Heat may 
selectively kill hypoxic cells by a direct effect or 
indirectly by destruction of vasculature. The 
combination with nitroimidazole derivatives may 
be especially effective in radioresistant hypoxic 
cells. Most in vivo studies have demonstrated that 
local hyperthermia simultaneously administered 
with misonidazole and irradiation significantly 
increases the tumor response (OVERGAARD 1980; 
HOFER et al. 1981; BLEEHEN et al. 1988; WONG 
1994). The pharmacokinetics of radiosensitizers 
have been studied under whole-body hyperthermia 
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(HONESS et al. 1980, WALTON et al. 1986). A 
decrease in plasma clearance and an increase in 
area under the concentration curve have been 
demonstrated, but also a decrease in tumor and 
tumor/plasma concentration for misonidazole. 
The reduced tumor concentration may be ex
plained by an increased hypoxic metabolism at 
higher temperatures (WALTON et al. 1989). It has 
been underlined that the optimal temperature for 
hypoxic metabolism of misonidazoeles is about 
41°C in FSAII tumors (WONG 1994). OVERGAARD 
(1980) provided evidence that misonidazole is 
most effective when given simultaneously with 
heat and radiation, which suggests that thermal 
enhancement of misonidazole radiosensitization 
is more important than thermal potentiation of 
the misonidazole hypoxic effect. 

A major clinical problem with nitroimidazoles 
is their neurotoxicity. For the newer analogues 
which are less prone to penetrate the blood 
brain barrier, gastrointestinal toxicity has been 
observed. The future role of radio sensitizers 
is still an open question, although a recent 
randomized study has shown promising results of 
nimorazole treatment in patients with head and 
neck cancer (OVERGAARD et al. 1991). 

Lonidamine has a limited antitumor effect 
by itself, but can potentiate the action of both 
radiation and chemotherapeutic drugs as well as 
hyperthermia (KIM et al. 1984; RAAPHORST et al. 
1991a,b). Its mechanism of action is chiefly on 
mitochondria by inhibition of oxidative phos
phorylation and aerobic glycolysis, in combination 
with radiation it may inhibit repair of potentially 
lethal damage. Lonidamine may be added to 
other effective combinations to improve the 
efficacy. 

5.2.10 Biological Agents 

Cytokines are naturally occurring polypeptides 
with regUlating or signalling effects. By use of 
recombinant techniques it is now possible to 
produce pure cytokines in sufficient quantities for 
clinical application. Despite the fact that these 
substances are natural in origin, cytokines are 
potent drugs, sometimes causing severe side
effects. The cytokines are of particular interest in 
relation to hyperthermia, as fever is mediated by 
several cytokines, including interleukin-1a, inter
leukin 1P, interleukin-6, tumor necrosis factor a 
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(TNF-a) , and the interferons (KAPPEL et al. 
1991). 

5.2.10.1 Interferons 

The term "interferon" is used for a family of 
related proteins induced by viral infections or 
different pyrogens. Three interferons are isolated 
from different cells: leukocytes produce interferon 
a (IFN-a), fibroblasts produce interferon P (IFN
P) and T-helper cells excrete interferon y (IFN-y). 
In culture mild heat (39.4°C) enhanced the anti
proliferative effect of murine IFN-y (tenfold) on 
B16 melanoma cells, but the effect was less 
pronounced (2.9- and 3.4-fold, respectively) for 
IFN-a and IFN-P (FLEICHMANN et al. 1986). Thus 
fever may maximize the effect of at least IFN-y. 
In the same tumor system a considerably more 
enhanced effect was observed (153-fold increase) 
when IFN-y was combined with IFN-a and IFN-P 
at the same temperature (FLEICHMANN et al. 
1986a). When mice bearing B16 melanoma 
tumors were heated by whole-body hyperthermia 
at about 39°C, the antitumor activity of IFN-y 
again was more effective than that of IFN-a (2.9-
vs I-fold) (ANJUM and FLEICHMANN 1992). Fol
lowing local injection of murine recombinant 
IFN-P in combination with local hyperthermia 
(43°C for 15 min) a growth delay was observed 
(NAKAYAMA et al. 1993). These authors reported 
that the effect was related to a modulation of the 
local immune response by a reduction of NK cells 
seen after IFN-P alone, and an augmentation of 
T-cell infiltration. Also in vitro IFN-P and heat 
exerted a greater antitumor effect against a Rous 
sarcoma virus-induced mouse malignant glioma 
(RSV glioma) (KUROKI et al. 1987). In a human 
renal carcinoma transplanted to nude mice, IFN
a combined with 44°C for 30 min caused complete 
disappearance of the tumor in five of ten mice, in 
contrast to no effect of each modality alone 
(ONISHI et al. 1989). It is also of interest that the 
combination of IFN-a and hyperthermia at 42° 
and 43°C has been launched as a method for bone 
marrow purging based on the finding that the 
combination enhances killing among myeloid 
leukemic cell lines, while normal CFU-GMs 
appear to be significantly protected (MORIYAMA et 
al. 1991). The conclusion based on the literature 
is that the different types of IFN may have selec
tive effects on different tumors. An enhanced 
effect may be shown at temperatures considered 
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unsatisfactory for hyperthermic cell killing. If a 
selective efficacy in tumors can be confirmed, 
IFNs may become very interesting options in 
some tumors. 

5.2.10.2 Tumor Necrosis Factor 

Recombinant tumor necrosis factor a, r-TNFa, is 
currently used in clinical studies as an antitumor 
agent (LEJEUNE et al. 1993). The principal mech
anism of action of TNFa seems to be damage to 
endothelial cells resulting in vascular leakage with 
hemoconcentration and increased interstitial 
pressure and production of thrombosis and 
hemorrhages in tumors (KALLINOWSKI et al. 1989, 
SRINIVASAN et al. 1990). Blood stasis and vascular 
permeability induced by TNF were significantly 
enhanced when TNF was combined with hyper
thermia (40°C for 30min) in a murine Meth-A 
fibrosarcoma (UMENO et al. 1994) and (40S, 
42.0°, or 43SC for 23min) in human gastric 
adenocarcinoma transplanted to nude mice 
(FUJIMOTO et al. 1992). The local accumulation of 
neutrophils has suggested that the neutrophils 
may mediate the endothelial damage (SRINIVASAN 
et al. 1990). Recent studies may indicate a role of 
nitric oxide in leukocyte adhesion and vasodilation 
(ANGGARD 1994). Direct DNA fragmentation 
resembling apoptosis has also been observed in 
cells exposed to TNF (TOMASOVIC et al. 1994). 

Use of TNF in combination with hyperthermia 
(long term at low temperature or short term at 
higher temperatures) resulted in a synergistic 
effect in L-M cells in vitro (WATANABE et al. 
1988), in different tumors given TNFa i.v. (Meth
A fibrosarcoma, WATANABE et al. 1988; L929 
fibroblasts and EMT6 tumor cells, TOMASOVIC et 
al. 1994), and in several human carcinoma cell 
lines (KLOSTERGAARD et al. 1992; LEE et al. 1993). 
When TNF-a was injected directly into RIF-l 
tumors (SRINIVASAN et al. 1990) and a murine 
bladder tumor MTB-2 (ILZUMI et al. 1989), an 
enhanced effect of hyperthermia (42SC and 
40°C for 30 min, respectively) was observed. 
However, no enhanced effect on a murine B-cell 
lymphoma in culture was seen when hyperthermia 
(43SC for 30min) was combined with TNF 
(10-100U/ml) (DE DAVIES et al. 1990). Also in 
vivo i.v. TNF (1000 units/mouse) in combination 
with heating (43SC for 20min) showed no 
enhanced effect on a murine bladder carcinoma 
KK-47 in athymic mice (AMANO et al. 1990), and 
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a similar finding has also been reported in a 
fibrosarcoma (OHNO et al. 1992). Thus the effect 
of TNF may be selective. It seems to be important 
that TNFa is administered before hyperthermia, 
like most cytotoxic drugs (TOMASOVIC et al. 1992). 
TNF has also been introduced for trimodality 
therapy in combination with hyperthermia and 
drugs or radiation (see Sect. 5.7). 

5.3 Timing and Sequence 

HAHN (1979) reported a much better effect when 
hyperthermia (43°C for 1 h) and BCNU exposure 
for 1 h in vitro were given simultaneously than 
when there was an interval up to ±6h. Similar 
findings were also reported for cisplatin (FISHER 
and HAHN 1982), melphalan (ZUPI et al. 1984; 
WALLNER et al. 1986), BCNU (HAHN 1979; 
O'DONNEL et al. 1979), carboplatin (COHEN 
and ROBINS 1987), and bleomycin (Hou and 
MARUYAMA 1990) in culture. 

In the case of our experimental rat brain tumor 
grown on the foot of rats exposed to water bath 
hyperthermia (44°C for Ih), we observed a sig
nificant enhancement of i.p. cyclophosphamide 
(200 mg/kg), BCNU (20 mg/kg), and cisplatin 
(3mg/kg) for time intervals of ±24h (DAHL and 
MELLA 1983, MELLA and DAHL 1985). We saw no 
increase in local side-effects, as had been pre
viously reported (HoNEss and BLEEHEN 1982b). 
Also in mice bearing mammary carcinomas, 
bleomycin (15 mg/kg) (MA et al. 1985), cyclo
phosphamide (lOOmg/kg) and mitomycin C 
(3 mg/kg) (MONGE et al. 1988) and cisplatin 
(6mg/kg) (LINDEGAARD et al. 1992) were most 
effective when given just before hyperthermia, 
ensuring maximal drug concentration during 
heating. 

No consistent difference has been shown 
favouring drug administration before or after heat; 
thus the optimal timing seems to be simultaneous 
or administration of the drug immediately before 
hyperthermia. Interestingly, a study of the phar
macokinetics of cisplatin given 1 h before the 
beginning of, at the end of, and 1 h after hyper
thermia treatment at 43°C for 1 h did not show 
any significant difference in the time profiles of 
cisplatin in the plasma, but the mean tumor 
cisplatin concentration in rats which received 
drug at the beginning of hyperthermia was stati
stically greater than in those animals given cisplatin 
at the end of the heat treatment (AUSMUS et al. 
1992). 
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In many of the above studies only an additive 
effect was observed when the two modalities were 
separated in time. It therefore seems important to 
give simultaneous therapy to obtain the maximal 
effect from the combination. 

5.4 Side-effects 

Generally, no increase in local side-effects has 
been reported when systemic drugs have been 
given in conjunction with local hyperthermia; an 
exception is adverse skin reactions after local 
hyperthermia at 44°C combined with cyclophos
phamide and BCNU (HoNEss and BLEEHEN 
1982b; DAHL and MELLA 1982). The LDw was 
reduced when mice were treated with cyclophos
phamide, methyl-CCNU, and vincristine in com
bination with hyperthermia (ROSE et al. 1979). 
Increased liberation of catecholamines after 
injection of doxorubicin during whole-body 
hyperthermia was associated with ventricular 
irritability and cardiac dysfunction in patients 
(KIM et al. 1979). As stated above, we saw a 
substantial increase in renal toxicity with core 
temperatures above 41°C in combination with 
cisplatin in rats (MELLA et al. 1987). BCNU 
combined with local heat (44°C for Ih), giving a 
systemic temperature of about 41°C, increased 
death associated with urinary tract toxicity at high 
doses (30mg/kg) (DAHL and MELLA 1982). It has 
also been reported that heat recalled skin damage 
caused by prior bleomycin therapy (KUKLA and 
MCGUIRE 1982). When several alkylating agents 
and nitrosoureas were tested in a tumor against 
normal bone marrow, a therapeutic gain was only 
observed for melphalan after whole-body hyper
thermia (41°C for 45 min) (HoNEss and BLEEHEN 
1982a, 1985a). These results underline the 
possibility that systemic hyperthermia may 
enhance specific side-effects of drugs. 

5.5 Thermal Tolerance 

Hyperthermia induces a transient resistance to 
subsequent heating, termed thermal tolerance. 
The degree of thermal tolerance is dependent on 
the primary heat dose (temperature and duration). 
When doxorubicin was combined with heat, an 
initial increase in cell killing was seen for longer 
exposure times in vitro followed by substantially 
reduced cell killing, in Chinese hamster cells 
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(43°C) (HAHN and STRANDE 1976) and BT4C cells 
(41°C) (DAHL 1982). In BT4C cells the same effect 
was seen in cells exposed to simultaneous therapy 
and in cells exposed to heating before drug ex
posure. In EMT6 cells preheating (40°C for 3h) 
reduced cell killing by bleomycin and BCNU, but 
not by doxorubicin (MORGAN et a1. 1979); how
ever, preheating at 37°C had no effect on any of 
these drugs. In contrast, preheating at 43°C sen
sitized EMT6 cells to bleomycin and BCNU, but 
protected them against doxorubicin toxicity. 
Earlier studies indicated an increased uptake 
response, with an initial increase in doxorubicin 
uptake for exposure times below 30 min, followed 
by a reduced cellular concentration of doxorubicin 
relative to that at 30 min (HAHN and STRANDE 
1976; YAMANE et a1. 1984). This could explain the 
observed development of heat-induced drug 
resistance, similar to thermal tolerance, during 
continuing heating (HAHN and STRANDE 1976, 
MIZUNO et a1. 1980; DAHL 1982). Recent studies 
have also revealed elevated HSP70 and HSP27 
levels to be associated with doxorubicin resistance 
through a mechanism not associated with 
multidrug resistance as heat did not induce P170 
glycoprotein (CIOCCA et a1. 1992). 

Preheating at 43°C for various times enhanced 
the cytotoxicity of cisplatin in culture when it was 
given immediately after heating, but this en
hancement decreased within 24 h to less than 
additive level (MAJIMA et a1. 1992). Bleomycin 
followed the same kinetics except that the im
mediate preheating enhancement was much less. 
In Chinese hamster cells exposure to cisplatin and 
carboplatin prevented the development of thermal 
tolerance after priming heating (42°C) during 
step-up experiments and continuous heating at 
42°C (OHTSUBO et a1. 1990). 

In vivo hyperthermia (41SC for 1 h) alone and 
combined with cyclophosphamide (100 mg/kg 
alone) induced resistance to cyclophosphamide 
both alone and combined with heat in FSa-II 
tumors (URANO et a1. 1988b). Thus five fractions 
were not more effective than a single fraction. 
Although in C3H mouse mammary carcinomas 
the relative effect (drug enhancement ratio) for 
cyclophosphamide and mitomycin C was higher in 
thermotolerant cells, the absolute effect was 
lower in these cells (MONGE and ROFSTAD 1989). 
These authors also reported a potentially improved 
therapeutic ratio for fractionated heating (MONGE 
and ROFSTAD 1991). Chemosenitivity for BCNU 
was also dependent on the interval following 
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hyperthermia in BT4An tumors, but there was no 
clear relation between thermal tolerance and 
chemosensitivity during normothermia (MELLA 
1990). Thermal tolerance influenced the effect of 
thermochemotherapy 168 h after primary heat 
exposure. 

We can conclude that cells rendered ther
motolerant by prior heating have largely un
changed or slightly reduced sensitivity for drugs 
alone but have generally reduced sensitivity for 
thermochemotherapy. In thermotolerant cells the 
reduced hyperthermia effect is therefore the 
dominant factor. These facts should be taken into 
consideration when designing experimental and 
clinical studies. 

5.6 Drug Resistance 

Cytotoxic drugs can induce drug resistance through 
several mechanisms: induction of p-glycoprotein, 
induction of detoxifying enzymes, transport 
changes, or amplification of target structures. 
After multiple drug exposures or exposure to 
prolonged low concentrations, many researchers 
have produced stable drug-resistant cell sublines. 
In Chinese hamster ovary cells hyperthermia 
was suggested as a method of overcoming drug 
resistance, as mitomycin C cytotoxicity was en
hanced by hyperthermia (42°-43SC) in both a 
sensitive and a resistant subline (WALLNER et a1. 
1987). An increased uptake of mitomycin C was 
found in both lines at 43SC, but the difference 
from normal temperatures was less in the resistant 
cell line. Hyperthermia (>42°C) potentiated cell 
killing in BCNU-sensitive and BCNU-resistant 
gliomas (DA SILVA et a1. 1991), as did heat (41°C) 
in Mer( +) nitrosourea-resistant human tumor 
cells exposed to CCNU alone or combined with 
heat (MULCAHY et a1. 1988). In melphalan
resistant and -sensitive human rhabdomyo
sarcomas grown in athymic nude mice, melphalan 
plus hyperthermia (42°C for 70min) increased 
equally the effect of melphalan in both cell lines 
(therapeutic enhancement rates of 1.7 in the 
resistant and 1.5 in the sensitive cells) (LAS KOWITZ 
et a1. 1992), confirming the earlier report of 
BATES and MACKILLOP (1990) in Chinese hamster 
ovary cells. Heat-induced alterations in gluta
thione or melphalan were not responsible for the 
thermochemotherapy effect. Reversal of drug
induced resistance has also been reported in 
several cell lines for cisplatin (DE GRAEFF et a1. 
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Table 5.1. Reported mechanisms for potentiation of cytotoxic drugs by hyperthermia (for 
references, see also DAHL 1994) 

Drug 

Doxorubicin 

Mitoxantrone 

Alkylating agents 

Thiotepa 
Melphalan 
Cyclophosphamide 
Ifosfamide 
Mitomycin C 

BCNU 

Cisplatin 

Bleomycin 

Lonidamide 

Cellular target 

Membranes 
DNA 

Proteins 
Pharmacology 

Membranes 
DNA 

DNA (strand breaks) 

DNA 
Membranes 
Pharmacology 

DNA 

DNA 

Membranes 
Pharmacology 
DNA 

DNA 

Mitochondria 

Mechanisms 

Increased drug uptake 
Increased oxygen radical production 
Interaction with topoisomerase II 
Enzyme damage 
Increased half-life (reduced excretion) 

Increased uptake 
Interaction with topoisomerase II 

No repair of double stranded breaks 
Reduced repair of single stranded breaks 
Rate of alkylation 
Increased uptake 
Increased half-life 

Increased oxygen radical production 

Increased oxygen radical production 
Increased strand breaks 

Increased uptake 
Increased peripheral protein binding 
Increased oxygen radical production 
Increased strand breaks 
Apoptosis 

Reduced repair 
Increased oxygen radical production 

Decreased respiration 
Damage of membrane enzymes 

1988; MANSOURI et al. 1989) and doxorubicin and 
mitoxantrone (JUVEKAR and CHITNIS 1991). It has 
been shown that multidrug resistance is not 
associated with a greater likelihood of develop
ment of thermotolerance during hyperthermia, 
and multi drug-resistant cells do not display 
reduced sensitivity to hyperthermia (UCKUN et al. 
1992). 

of maximally tolerated radiation as the basic 
therapy as this is the single most effective local 
therapy. Heat and drugs should then be given as 
adj uvant therapy in the combination most effective 
for the particular tumor. Recently studies ad
dressing combination of two drugs with hyper
thermia have been published: When cisplatin 
(5mg/kg Lp.) was followed by hyperthermia and 
3 Gy radiation on day 1, with five subsequent 
daily doses of 3 Gy, a growth delay of 25 days 
resulted. When this triple therapy was combined 
with mitomycin C, a growth delay of 44 days 
resulted, and the authors could show that toxicity 
was most pronounced in the additional cell killing 
of hypoxic cells (HERMAN et al. 1991). 

5.7 Trimodality Therapy 

Most curative chemotherapy is currently given as 
combinations of several drugs. DOUPLE et al. 
(1982) reported that together cisplatin, heat, and 
radiation were better than two modalities. In two 
human bladder cancer lines, heat (43°C) sig
nificantly enhanced the effect of cisplatin, mito
mycin C, and particularly bleomycin (NAKAJIMA 
and HISAZUMI 1987). HERMAN and co-workers 
have, in many papers, supported the use of 
trimodality therapy (HERMAN and TEICHER 1988; 
HERMAN et al. 1990a, 1991). They propose the use 

In vitro etoposide and mild heating (40°C for 
30 min) enhanced the cytotoxicity of a constructed 
tumor necrosis factor (rTNF-S) (ILZUMI et al. 
1989). In three human colon tumor cell lines in 
culture TNF enhanced the effect of carboplatin, 
while hyperthermia (42°C~ for 2h), which had a 
minimal effect alone, further enhanced the effect 
of the combination, resulting in 3-41og decreased 
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survival in two of the cell lines (KLOSTERGAARD et 
al. 1992). TNFa also increased the therapeutic 
efficacy of whole-body hyperthermia (2 h at 
41SC) and cisplatin or carboplatin in rats (OHNO 
et al. 1992, SAKAGUCHI et al. 1994). The human 
colon carcinoma HT-29 exhibited synergistic cell 
killing when rhTNF-a and rhINF-y were combined 
with heat at 42°C for 15 min, but given together as 
trimodality therapy only additive effects of the 
two combinations were reported (LEE et al. 1993). 
Despite the preclinical promise, more information 
concerning the effect of two modalities, drugs or 
radiation with heat, should be provided in phase 
II studies before trimodality therapy is generally 
used. It is difficult to exclude the possibility that 
additive effects on tumors will be achieved only at 
the expense of increased side-effects in the clinic. 

5.8 Mechanisms of Interaction 

Hyperthermia induces many different cellular 
effects, including alterations in plasma mem
branes, proteins and DNA. The mechanisms of 
interaction between chemotherapeutic drugs and 
hyperthermia have recently been reviewed (for 
detailed references, see DAHL 1994). Increased 
uptake of alkylating agents like thio-TEPA and 
nitrogen mustard, as well as melphalan, has been 
shown in vivo, but for the last-mentioned drug 
there was no differential uptake in tumors and 
normal tissues. There is also increased uptake of 
cisplatin in several tumors, including both sensitive 
and resistant sublines, parallel with an increased 
efficacy. Doxorubicin has been extensively studied 
and in many cell lines shows increased uptake and 
increased cell killing; however, increased cell 
killing without increased cellular uptake and 
increased uptake with no increased efficacy have 
also been reported. For cells with similar drug 
uptake with and without hyperthermia, those 
cells exposed to hyperthermia were more readily 
killed than the unheated cells, providing evidence 
that drug uptake is not the only factor involved in 
increased cell killing by the combination (RICE 
and HAHN 1987). Despite an increased effect at 
temperatures above 43°C, no increased uptake of 
bleomycin was shown in three animal studies. 

Involvement of DNA damage in the interactive 
effect is indicated both directly, by single strand 
breakage and neutral nuclear sedimentation 
assays as well as indirectly by calculation of acti
vation energies compatible with degradation or 
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depurination of DNA. DNA undergoes conformal 
and topological changes during many cellular 
processes such as replication and transcription. 
DNA topoisomerase II causes protein-linked 
DNA breaks essential for cellular replication. 
Several cytotoxic drugs such as doxorubicin, 
mitoxantrone, and the podophyllin derivatives 
etoposide and tenoposide are classified as to
poisomerase II poisons as they interfere with the 
breakage/rejoining reaction of topoisomerase II 
by trapping a key reaction intermediate termed 
"the cleavage complex." The drugs binding to 
this enzyme may act indirectly on DNA in a 
manner which possibly is related to a primary 
effect of hyperthermia on nuclear proteins. 
Primary damage to membranes is one of the 
oldest theories explaining hyperthermic cell 
damage (YATVIN and CRAMP 1993). Membrane 
damage could explain increased drug uptake. 
However, newer evidence shows that membrane 
effects are secondary to primary characteristic 
fragmentation of DNA caused by endonucleases 
by a process termed programmed cell death or 
apoptosis (BARRY et al. 1990). In their study with 
90% cell killing apoptosis was seen after exposure 
for 18 h to methotrexate and 48-72 h to other 
cytotoxic agents, but DNA digestion started 
30min after heating (43°C for 60 min). Even the 
induction of endonucleases may be only a first, 
though important step, as a variety of nuclear 
proteins including topoisomerase I and II and 
poly(ADP-ribose) polymerase are degraded 
concomitantly with the fragmentation of DNA 
(KAUFMANN 1989). Many drugs like cisplatin, 
etoposide, methotrexate and vinca alkaloids may 
induce apoptosis. Not all of them are necessarily 
potentiated by heat. Recent findings imply that 
different heat shock proteins have regulatory 
effects on the tertiary structure of cellular proteins 
playing key roles in the nucleus. 

Alkylating agents bind directly to DNA, 
forming DNA adducts. Hyperthermia has been 
shown to inhibit repair of the strand breaks 
induced by several chemotherapeutic agents: 
methyl methanesulfonate, and bleomycin. This 
impaired repair has been associated with in
hibition of polymerase p, which is involved in 
DNA repair. Whether there is a direct effect on 
the enzyme or whether the effect on the enzyme is 
impaired due to an excess of nuclear proteins 
caused by hyperthermia remains unclear. 

Oxidation-reduction reactions and electron 
transfer are central to many cellular functions. 
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Production of reactive oxygen radicals is probably 
the basic mechanism underlying radiation effects 
in cells. Both radiation and hyperthermia can 
alter the amount of glutathione (GSH), which is 
the major cellular oxygen radical detoxifier, 
together with cysteine in proteins. Production of 
oxygen radicals has now been shown for several 
anticancer drugs such as doxorubicin, bleomycin, 
mitomycin C, BCNU, chlorambucil, and cisplatin. 

Reduced protein synthesis is reversible and 
therefore not likely to be the cause of cellular 
death. Arrhenius plot analysis and calculation of 
activation energy suggest that denaturation of 
protein structures, possibly related to membrane 
structures, or protein interaction with DNA may 
be involved. Of all the drugs tested, only etoposide 
and possibly amsacrine seem to be inactivated by 
heat. There is also hydrolytic degradation of the 
nitrosoureas BCNU, CCNU, melphalan, and 
chlorambucil, but this does not result in less effect 
when the drugs are administered immediately 
before hyperthermia. 

There have been several experimental studies 
aimed at measuring pharmacokinetic parameters 
such as difference in activation or inactivation of 
drug and calculation of area under the concen
tration curve, but as yet no general conclusions 
can be drawn. 

In summary, as yet no exact mechanism of 
action is known for hyperthermia alone. When it 
is given together with drugs the most likely mech
anisms are an increased effect of drugs and heat 
on DNA, probably partially mediated by nuclear 
proteins (apoptosis) or oxygen radicals and in
creased drug uptake into cells. 

5.9 Conclusions 

This review of experimental data clearly demon
strates that the combination of heat and chemo
therapeutic drugs potentially has a clinically 
useful role, possibly also in combination with 
local radiation. Present knowledge justifies further 
clinical trials in this field. Unfortunately, the 
clinical use of hyperthermia and drugs has hitherto 
been limited. Often the combination is offered to 
patients with advanced tumors in a multi drug 
setting, where any possible benefit is difficult to 
assess. 

Based on the experimental studies in vitro and 
in vivo, it seems appropriate to select drugs like 
the alkylating agents, the nitrosoureas, and 
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cisplatin or carboplatin or possibly bleomycin at 
higher temperatures for further clinical studies. 

5.10 Summary 

• Many cytotoxic drugs are potentiated in vitro 
and in vivo by combination with hyperthermia. 

• The most promising drugs are the alkylating 
agents, nitrosoureas, cisplatin, and carboplatin. 

• Close timing, i.e., administration of the drug 
immediately before or during hyperthermia, 
seems to be the optimal schedule. 

• The exact mechanisms of action are not 
known, but increased drug uptake, DNA 
effects, and primary protein damage are 
involved. 

• Trimodality therapy, i.e. combination of local 
radiation and heat with one or more drugs, is 
promising in animal studies, but assessment of 
the contribution of each modality is not easy. 

• Thermal tolerance, i.e., transient h~at-induced 
thermal resistance, also causes transient re
sistance to combinations of hyperthermia and 
drugs, but less to drugs alone. 

• Reducing the extracellular pH will increase the 
effect of at least some cytotoxic drugs (cisplatin, 
nitrosoureas, bleomycin) in combination with 
hyperthermia. 

• The following drugs should be used with 
caution: antimetabolites (5-ftuorouracil and 
methotrexate), vinca-alkaloids, daunomycin, 
and actinomycin D. 

• Etoposide (and perhaps other podophyllin 
derivatives) and amsacrin should not be com
bined with hyperthermia as the drug effects 
may be reduced when combined with heat. 

• Drug-specific side-effects can be enhanced by 
hyperthermia. 
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6.1 Introduction 

Implementation of thermal dosimetry requires 
three steps. First, it is necessary to use accurate 
thermometers. This subject is covered in Chap. 
15 of this volume. Second, it is necessary to use a 
measure of treatment effect that has biological 
significance (i.e., there is a quantitative relation
ship between the measure of treatment delivered 
and the cytotoxic effect of the treatment). A large 
database from in vitro and in vivo models has 
provided useful concepts for this aspect of dosi
metry, although recent data from human cells 
suggest that some key revisions to the concepts 
may be necessary. In this chapter the relations 
between temperature, time at temperature, and 
cytotoxicity will be reviewed. In addition, factors 
that are known to influence the accuracy of these 
measures of effect will be presented, along with 
an emphasis on their clinical relevance. 

The third step of dosimetry is to be able to 
describe the treatment delivered. This is perhaps 
the most difficult step. Methods to accomplish 
this task are not straightforward, particularly as 
long as invasive thermometry is required such 
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that only a small part of the heated volume is 
sampled. Sources of sampling error will be 
reviewed and methods to minimize errors will be 
emphasized. In spite of problems with sampling 
error, significant progress has been made recently 
in the interpretation of invasive thermometric 
data. A review of the evolution of thinking about 
interpretation of thermal dosimetric data will be 
presented, along with recommendations for 
current implementation. 

Finally, new methods of dosimetry are under 
development that involve the combined use of 
limited invasive thermometry with heat transfer 
modeling. This potentially powerful approach to 
dosimetry may allow for much greater knowledge 
of the complete temperature distribution along 
with more realistic prediction of the cytotoxic 
effect of treatment on a given tumor, taking into 
account various patient-related and treatment
related factors that influence overall cytotoxicity. 

6.2 Cellular Basis for Thermal IsoetTect Dose 

6.2.1 Cell Survival Curves 
and the Arrhenius Relationship 

It is well established in in vitro cell systems that 
thermal cytotoxicity is a function of both tem
perature and time. It is also known that there is 
an exponential relationship between the rate of 
cell kill (as described by the slope of a heat cell 
survival curve) and temperature. The biophysical 
relationship between temperature and rate of cell 
kill has commonly been depicted using an 
Arrhenius plot (Fig. 6.1) (FIELD and MORRIS 1983; 
SAPARETO and DEWEY 1984). 

For most murine cell lines and for in vivo
derived murine data a biphasic plot is obtained 
that has a "breakpoint" around 43°C. Above the 
breakpoint the amount of time needed to reach 
an isoeffect is halved for every degree of tempera
ture rise. For example, 60min at 43°C will yield 
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Fig. 6.1. Arrhenius plot depicting the time-tem
perature relationships for heat killing in vivo. In this 
application, the authors determined the dependence 
of tumor regrowth time on time of heating at a 
range of temperatures. Linear relationships were 
observed between the regrowth times and time of 
heating. The Arrhenius plot, therefore, depicts the 
slope of these relationships as a function of tem
perature. Note that there is a "break" in the plot 
that occurs at about 42,SOC. The change in slope 
below the breakpoint is due to thermotolerance 
induction during heating. (From NIELSON and 
OVERGAARD 1982) 
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the same amount of damage as 30 min at 44°C. 
This relationship above the breakpoint is remark
ably consistent over many cell lines and in vivo 
systems. 

The break in the Arrhenius plot is thought to 
be due to the development of thermotolerance 
during heating. Because different cell lines and 
tissues have variable rates of thermotolerance 
induction, the slope of the Arrhenius plot below 
the breakpoint is not as consistent as it is above 
the breakpoint. For Chinese hamster ovary 
(CHO) cells, the slope changes to a factor of 4 in 
the rate of cell kill for every degree temperature 
drop below the breakpoint. For example, the 
same amount of cell kill can be obtained by heating 
for 60 min at 43°C as can be obtained by heating 
at 42°C for 4 h. FIELD and MORRIS (1983) reviewed 
data from a number of murine in vivo systems and 
found that overall, the slope relationship below 
the break was more consistent with a factor of 6 
than a factor of 4. Recent studies evaluating the 
thermal sensitivity of human cell lines indicate 
that the characteristics of the Arrhenius plot may 
be somewhat different for human cells. It is 
evident that the breakpoint for human cells is 
probably nearer to 44°C (ROIZIN-TOWLE and 
PIRRO 1991; HAHN et al. 1989). Interestingly, 
however, the slope below the breakpoint may be 
less than the factor of 4 that has been observed for 
CHO cells. The implication of these two observa
tions is that human cells are more resistant to heat 
killing above 43°C while being more sensitive to 

killing at temperatures below 42°C (ARMOUR et al. 
1993). Since temperature distributions tend to 
average <42°C in the clinic, this is encouraging 
news, particularly for strategies that involve long
duration heating. 

The relationships between rates of cell kill and 
temperature led to the introduction of a dosimetric 
concept that has been given the name "thermal 
isoeffect dose" (SAPARETO 1987). This method of 
dosimetry does not use a physical dose unit (such 
as the Gray for radiation dose), because the 
amount of cell kill that is induced is not a con
sequence of how much energy is delivered to a 
system. It is instead the consequence of the actual 
temperatures achieved from the energy deposi
tion. The thermal isoeffect dose method uses the 
Arrhenius relationship to convert any time tem
perature history to an equivalent number of 
minutes at a standard temperature, such as 43°C 
(SAPARETO and DEWEY 1984). This potentially 
powerful tool allows for standardization of time
temperature data retrieved from the clinic, where 
temperatures within a tumor may vary by several 
degrees during a single treatment session. 
Theoretically the method allows for standardiza
tion of data reporting across patients even if the 
duration of heating and temperatures achieved 
vary from patient to patient: 

CEM 43 T90 = ~(~t)R(43-f), 

where CEM 43 T90 = cumulative equivalent 
minutes at a T90 converted to 43°C, M = time 
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increments at which thermal data are acquired 
during treatment, l' = average temperature over 
the time interval M, and R = 0.25 when T < 43°C 
and 0.5 when it is ~43°C. 

Although the concept ofthermal isoeffect dose, 
as shown above, is simple, its use in the clinic 
cannot be cavalierly recommended. There are a 
number of treatment- and tumor-related factors 
that could influence accurate interpretation of 
such data. In 1987, a symposium on thermal isoef
fect dose was held in conjunction with the North 
American Hyperthermia Society Meeting. The 
consensus of that meeting was that the concept 
should not be used, except in the context of 
experimental protocols, and that additional 
research was necessary to investigate methods to 
determine the accuracy of the method in the clinic 
(SAPARETO 1987). More recent analyses of human 
clinical trial data suggest that this method may 
have great potential, even with the inherent 
sources of potential error (OLESON et al. 1993). 

A fundamental limitation to the concept of 
using an Arrhenius plot as the basis for calculating 
thermal isoeffect dose is that the analysis does not 
account for the shoulder on the heat survival 
curve. For cell lines with large shoulders, or 
shoulder widths that vary with temperature, the 
Arrhenius calculation would overestimate the 
amount of cytotoxicity for a given thermal history. 
This problem has been addressed by MACKEY and 
Ron Ron (1992), who consider thermal sensitivity 
in a different manner. In this application, they 
characterize any population of cells by a para
meter e, which is normally distributed within a 
population of cells. They assume that cells below 
an arbitrary cut-off value of e will be unable to 
divide and form a colony. As temperature is 
elevated, the frequency distribution of e value 
trends downward at a rate that is controlled by 
the temperature and prior thermal history. This 
approach has been successfully used to predict 
thermal sensitivity of S-phase cells, based on 
models developed from synchronized G1 cells. 

6.2.2 Thermotolerance 

Thermotolerance is a factor that may have a 
profound and complicated influence on the 
Arrhenius relationship. Development of thermo
tolerance during heating can have an important 
influence on the slope of the relationship below 
the breakpoint (i.e., <43°C, or 44°C for human 
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cells). Variations in the slope of the Arrhenius 
plot in this region that deviate from the model 
used could lead to large over- or underestimates 
of cell kill (Fig. 6.2). 

For example, if the slope below the break is a 
factor of 4, as has been observed by SAPARETO and 
DEWEY (1984) for CHO cells, then 60min of 
heating at 42°C would be equivalent to 15 min at 
the standard of 43°C. If the slope is a factor of 6, 
as has been suggested by FIELD and MORRIS (1983) 
for murine in vivo systems, then 60 min of heating 
at 42°C would only be equivalent to 10 min of 
heating at 43°C. The most important question 
that needs to be addressed, however, is: What is 
the slope of the Arrhenius plot below the break
point for human cells? Interestingly, recent studies 
that have examined cell survival of human cell 
lines at temperatures below the breakpoint have 
demonstrated quite clearly that thermotolerance 
induction during heating does not occur to the 
same extent as that observed with murine and 
hamster cell lines (Fig. 6.3) (ARMouR"et al. 1993). 

These recent observations need to be confirmed 
in additional human cell lines, but the implications 
are encouraging. If thermotolerance is not in
duced to the same extent, then a slope of 2-3 
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Fig. 6.2. Effect of differences in slope of the Arrhenius 
plot on time to reach an isoeffect, as compared with 30 min 
of heating at 43°C. Accurate determination of the slope of 
this relationship is important for application of thermal 
dosimetric concepts. If the slope below the breakpoint is 
near 2 for human cells, as has been suggested by some 
authors (ARMOUR et al. 1993), then 120 min at 41°C would 
be equivalent to 30 min at 43°C. On the other hand, if the 
slope is a factor of 6, as has been suggested by other 
authors (FIELD and MORRIS 1983), then more than 1000 min 
of heating would be needed to achieve the isoeffect 
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Fig. 6.3. a Hyperthermic cell survival after 4SOC heating of 
human and rat cell lines. The sensitivity of three of the 
human cell lines is less than the rat cell line at this tempera
ture. b Hyperthermic cell survival after 41°C heating of 
human and rat cell lines. The sensitivity of all of the human 
cell lines is greater than the rodent cell line at this tempera
ture. These results taken together indicate that human 

below the breakpoint may be more accurate. The 
clinical implication of this result could mean that 
temperatures below 43°C are more cytotoxic than 
was previously appreciated. Interestingly, the heat 
sensitivity of human cells may be less than that of 
rodent cell lines at temperatures ::::=43° -44°C 
(e.g., they may have a breakpoint that is nearer to 
44°C than 43°C (ROIZIN-ToWLE and PIRRO 1991). 
The clinical relevance of this feature of human 
tumor cell heat sensitivity and estimates of 
thermal isoeffect dose is probably small because it 
is extremely difficult to achieve temperatures 
exceeding 43°C in anything but small volumes of 
most tumors. 

Thermotolerance development between two 
heat treatments could also confound interpretation 
of isoeffect dose calculations involving the second 
heat. The persistence of thermotolerance would 
have the effect of reducing the rate of cell kill for 
any given temperature, including those above the 
breakpoint. The effect of this form of thermo to
lerance on the Arrhenius plot is to shift the entire 
curve down and to the right, indicating that a 
higher temperature is needed to achieve the same 
rate of cell kill (Fig. 6.4). 

Since thermo tolerance that develops after 
heating is dependent upon the severity of the 
initial heat treatment and the amount of time that 
has elapsed between the two heat treatments, 

o 24 48 72 96 1 20 144 168 

Time at 41°C (h) b 

cells are more sensitive than rat cells to hyperthermic cell 
killing at low temperature, and more resistant at high 
temperature. Furthermore, this would indicate that the 
slope of the Arrhenius plot below the breakpoint will be 
shallower than would be predicted by studies done with 
rodent cell lines. (From ARMOUR et al. 1993) 

correction of the estimate of thermal isoeffect 
dose delivered could be very complicated. The 
complexity of this effect was elegantly shown by 
NIELSON and OVERGAARD (1982), who examined 
the amount of time at 43°C to cure a murine 
tumor, as influenced by the prior thermal history 
(Fig. 6.5). In this analysis it is readily seen that 
the amount of thermotolerance induced is directly 
related to the initial heat exposure. Secondly, the 
time needed for thermotolerance to decay is 
longer for higher initial thermal exposures. Since 
temperatures achieved in human tumors are 
typically quite nonuniform, it is likely that differing 
levels of thermotolerance will be encountered and 
correction of the calculation of thermal isoeffect 
dose would vary in each part of the tumor, as 
related to its thermal history on the previous 
treatment. Although this aspect of thermal 
dosimetry seems formidable, its importance in the 
clinic is probably minimal. First, it is very difficult 
to achieve high temperatures in' all but small 
volumes of most tumors. Secondly, for those 
volumes in which high temperatures do occur, 
there is also significant thermal cytotoxicity, such 
that only a few cells might survive to become 
thermotolerant (DEWEY 1993). In many clinical 
series it has been shown that descriptors of the 
treatment related to the majority of the tumor 
volume (such as the 10th percentile or T 90) are at 
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Fig. 6.4. Relationship between heating time and tempera
ture in normal and previously heated (43SC, 20min) 
mouse ears. This plot relates the duration of heating to 
achieve 50% incidence of ear necrosis at various tempera
tures, and is an alternate method of plotting an Arrhenius 
relationship. The studies on the previously heated ears 
were performed at 24h after the first heat, which was the 
time of maximum thermotolerance. It is important to note 
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that the shift in the Arrhenius plot is equivalent to 1°C, 
and that the two curves are parallel. The parallel nature of 
the curves means that a relatively simple conversion could 
be made to correct isoeffect dose calculations for thermo
tolerance if it could be detected or predicted to occur 
clinically as a result of fractionated hyperthermia treat
ments. (From LAW 1979) 
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Fig. 6.5. a Time course of thermotolerance induction and 
decay in a murine tumor model, based on varying times of 
heating at 43SC. The time to maximum induction and 
time to decay of tolerance are both dependent upon the 
severity of an initial heat treatment. The total amount of 
tolerance that was induced in these experiments, which 
used tumor growth delay as an endpoint, was independent 

41°C or less. Given that thermotolerance induction 
in this temperature range is not large in human 
cell lines in the first place, it is not likely that 
thermotolerance induction will have much impact 
on the calculation of thermal isoeffect dose. 
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of the thermal exposure. This indicates that even the 
smallest heat shock was sufficient to induce a maximal 
level of thermotolerance. b Relationship between the time 
to maximum thermotolerance expression and time to decay 
of thermotolerance. Both sets of data are abstracted from 
NIELSEN and OVERGAARD (1982) 

Additionally, most clinical protocols utilize inter
fraction intervals of 72 h or greater. This is 
adequate time to allow for decay of most thermo
tolerance, such that a correction for a second heat 
is probably unnecessary. 
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6.2.2.1 pH and Bioenergetics 

The effect of pH on thermal sensitivity is complex. 
Acute lowering of extracellular pH has been 
clearly demonstrated to enhance the thermal 
sensitivity of cells, particularly below 43°C 
(GERWECK 1977). This enhancement of sensitivity 
is linked to a delay in the onset of thermotolerance 
(GERWECK et al. 1982). The effect on the 
Arrhenius relationship is to make the slope of the 
curve more shallow below the breakpoint (i.e., 
closer to a factor of 2 change in heating time for 
every degree temperature change). Since tumors 
are frequently acidotic, early observations of this 
effect raised hopes that hyperthermia would be 
selectively cytotoxic to tumor cells. However, 
classic studies by HAHN and SHiU (1985) and 
COOK and Fox (1988) subsequently indicated that 
chronic exposure to low pH conditions causes 
cells to lose the pH sensitization effect. Chronic 
exposure to low pH conditions is likely to be more 
typical of cells residing in tumors. The implication 
of this more recent observation is that the resting 
pH of the tumor is unlikely to affect the accuracy 
of the calculation of thermal isoeffect dose. 

Depletion of glucose has also been shown to 
sensitize cells to hyperthermia. (LANKS et al. 
1988). Chronic exposure studies of glucose deple
tion have not been done, however. Thus, it is not 
known whether such environmental conditions 
would allow cells to resume thermal sensitivity 
more typical of normoglycemic cells. 

6.2.2.2 Step-down Heating 

Step-down heating refers to the scenario where 
temperatures rise above the breakpoint and then 
subsequently drop below the breakpoint during 
the same treatment session. Step-down heating 
has been observed during clinical treatments, 
either as a result of turning power down in 
response to patient pain, or subsequent to vasodi
lation induced by the heating. Even though it 
occurs, it is not likely to be of great importance 
clinically. The main effect of step-down heating is 
to delay the onset of thermotolerance, such that 
the cytotoxicity of the lower temperature is greater 
than would be expected, based on an uncorrected 
Arrhenius calculation. As with the pH effect, 
step-down heating makes the slope of the 
Arrhenius plot below the breakpoint less steep. If 
a correction is not made for this effect when it 
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occurs, the amount of cytotoxicity from a thermal 
exposure will be underestimated. However, it 
must be recognized that even though step-down 
heating has been observed, it does not occur 
uniformly throughout a tumor volume. As dis
cussed above, temperatures high enough to create 
step-down heating probably only occur in very 
small volumes of tumor and any mistake in isoef
fect dose which might occur as a result of such 
error would be insignificant, relative to the whole 
tumor volume. 

6.2.2.3 Position of the Breakpoint 

Recent studies with human cell lines indicate that 
the break in the Arrhenius plot may be nearer to 
44°C and the slope below the break appears to be 
less than 4 (ARMOUR et al. 1993; ROIZIN-ToWLE 
and PIRRO 1991; HAHN et al. 1989). These obser
vations mean that human cells are probably more 
thermally resistant than rodent cells at tempera
tures above 44°C, but they are more sensitive to 
hyperthermia at temperatures below the break
point. The difference in thermo sensitivity below 
the breakpoint is probably due to reduced ther
motolerance induction. Given the uncertainties in 
temperature measurement that occur clinically, it 
is not likely that these subtle variations in time
temperature relationships will be important in 
using thermal isoeffect dose in the clinic. 

6.2.2.4 Variations in Thermal Sensitivity 
by Histology 

There is no question that the thermal sensitivity 
of tumor cells varies (FIELD and MORRIS 1983). 
These variations in absolute thermal sensitivity 
mean that the degree of thermal cytotoxicity that 
results from a defined thermal isoeffect dose 
calculation will not be the same across various 
histological types and perhaps not even within the 
same histological type. If this were a major factor 
in controlling thermal response in the clinic, then 
one might expect that the dose calculation method 
would not work in the clinical setting. However, 
this has not been the case. In a recent review of 
the Duke University clinical series, strong rela
tionships between thermal isoeffect dose calcula
tions were seen for soft tissue sarcomas and 
miscellaneous superficial tumors. The goodness 
of fit of the models was better for soft tissue 
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sarcomas than for the superficial tumors, which 
may in part have been due to greater histological 
heterogeneity in the latter group. Larger varia
tions in tumor size may also have contributed. 

6.2.2.5 Thermal Isoeffect Dose Summary 

A compilation of the effects of various factors on 
the Arrhenius plot and subsequent thermal iso
effect dose calculations is shown in Table 6.1 and 
Fig. 6.6. Theoretically, these effects might be 
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enough to make the isoeffect dose calculation 
method invalid for interpreting thermal data 
derived from the clinic. As will be seen in the 
following sections, however, this method seems 
to work in spite of these limitations. 

6.3 Integration of Dosimetric Principles 
into Clinical Practice 

Hyperthermic dosimetry in the clinic has under
gone a revolution in understanding and application 

Table 6.1. Factors that influence accuracy of thermal isoeffect dose calculations 

Factor 

Cell type or histology 

Comment 

Absolute thermal 
sensitivity varies 

Effect on calculation 
(if not accounted for) 

Isoeffect calculations may not be accurate 
across histologic types 

Thermotolerance 

Acid pH 

Rate of cell kill is reduced. 

Rate of thermotolerance 
induction is reduced and 
sensitivity increased 

Predicted dose will be too high. 

Predicted dose will be too low 

Same as above Same as above Low glucose 

Step-down heating Rate of thermotolerance 
induction is reduced 

Predicted dose below breakpoint will be too low 

Shoulder on heat-survival curve Not accounted for* Predicted dose will be too high 

* Isoeffect dose formula described in this chapter and suggested by Sapareto and Dewey, 1984. 
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Fig. 6.6. Summary figure pictorially demonstrating the 
effects of various modifiers on the shape and position of 
the Arrhenius plot. Thermotolerance will reduce the rate 
of cell killing for a set temperature, as compared with non
thermotolerant cells. The effect on the Arrhenius plot is to 
shift it down and to the right, but parallel with the original 
curve, both above and below the breakpoint. Step down 
heating prevents the development of thermotolerance 
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during heating, so the slope of the plot does not change 
below the breakpoint that is observed for control cells that 
are not subjected to step down heating. Acid pH creates 
sensitization to thermal cell killing both above and below 
the breakpoint, although the effect is somewhat larger 
below the breakpoint because acid pH also delays the 
onset of thermotolerance 
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over the past 15 years. We have progressed from 
not measuring temperatures at all, to limited 
unstandardized procedures to quality controlled 
rigorous standards for thermometry. This change 
in understanding of how to measure temperatures 
in human patients came from carefully planned 
prospective thermal dose evaluation trials, as dis
cussed in DEWHIRST et al. (1993). These latter 
trials have set the stage for how to write treatment 
prescriptions for hyperthermia that are verifiable 
from invasive temperature measurements. 

6.3.1 Temperature Sampling Theory 

It has been recognized since modern hyperthermia 
trials began that invasive temperature measure
ments will only give a selected and potentially 
biased view of the full temperature distribution 
within a tumor. In early hyperthermia trials many 
investigators were so skeptical about the validity 
of invasive measurements that they preferred to 
perform no thermometry at all, or at the most 
would only use one or two points/tumor. For 
example, approximately 30% of the patients in 
the RTOG randomized study (81-04; hyper
thermia + radiation vs radiation alone for super
ficial tumors) had no thermometry performed 
(PEREZ et al. 1989). In spite of the obvious pro
blems with sparse temperature sampling, several 
investigators began to systematically compare 
various measures of the temperature distribution 
with treatment outcome. Results prior to 1988 
were nicely reviewed by VALDAGNI et al. (1988). 
In general, it was found that simple descriptors, 
such as the the minimum average temperature, 
often correlated with treatment outcome as 
assessed by response rates and duration of local 
control. In more recent series, these descriptors 
still carry significant prognostic importance even 
for duration of local control (Cox and KAPP 1992). 
Even though there were many technical differ
ences between institutions in exactly how the 
thermometry was performed, the consistency in 
the relation between treatment outcome and 
some measure of temperature clearly pointed to 
the need to measure temperature in all patients 
and to establish guidelines for standardization in 
thermometry. These observations, along with the 
failure of RTOG 81-04 to show a therapeutic 
advantage for hyperthermia, dictated that careful 
thermometry should be performed in all patients. 
Standards for thermometry in hyperthermia 
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clinical trials have been established (DEWHIRST et 
al. 1990). Until recently, however, there has not 
been an established method for writing a hyper
thermia treatment prescription, even when tem
peratures are measured in a standard fashion. 
Thus, the measurements were of no value in 
controlling the treatment of any individual patient. 
A method for writing a treatment prescription has 
recently been proposed, but has not been adopted 
universally (OLESON et al. 1993). 

Until the mid-1980s no one attempted to 
analytically assess how to measure temperatures 
in tumors or to evaluate the effect that any 
measurement strategy would have on assessing 
the true temperature distribution in a heated 
volume. Ideas relating to sampling theory were 
first introduced by DEWHIRST et al. in 1987 and 
were later expanded by EDELSTEIN-KESHET et al. 
(1989). These concepts are related to the use of 
integrated frequency distributions that were first 
utilized by the Hyperthermia Equipment Evalua
tion Study (SAPOZINK et al. 1988). The relationship 
between a standard frequency distribution and an 
integrated distribution is shown in Fig. 6.7. 

The fundamental problem has been that ther
mometry has typically been obtained via linear 
maps or multipoint from prep laced catheters that 
are introduced into the tumor. Most commonly, 
such catheters are placed through the center of a 
tumor and the resulting data are a linear profile, 
with equal spacing between measured points. If 
one computes a frequency distribution from such 
data, it will not reflect the true volume tempera
ture distribution, since the majority of the 
measurements are obtained from the center of the 
tumor, which represents the minority of the 
volume. In an ideal spherical tumor, with con
centric isotherms, it is possible to cube the inte
grated frequency distribution to obtain a more 
realistic assessment of the volume temperature 
distribution (EDELSTEIN-KESHET et al. 1989). In 
fact, small perturbations in the shape of a tumor 
away from a true spherical shape, or slight varia
tions in the isotherms away from concentricity, do 
not affect the estimate of the volume frequency 
distribution very much, as long as the thermometry 
catheter passes through the center of the tumor 
volume. It was this observation that led, in part, 
to the generation of the thermometry standards 
that have been established by the RTOG for 
bulky tumors (DEWHIRST et al. 1990). 

Even though standards have been established 
for hyperthermia thermometry, a systematic 
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Fig. 6.7. a Idealized view of a frequency distribution of 
measured temperatures. During a hyperthermia session, 
linearly mapped temperature data can be visualized as a 
frequency distribution that has a mean and median (Tso). 
Typically the median is lower than the mean because the 
frequency distribution is not normally distributed. A des
criptor of the lower end of the frequency distribution that 

evaluation of sources of error in assessment of the 
temperature distribution has not been made until 
recently. We have evaluated the effect of various 
treatment- and patient-related variables on the 
estimates of the temperature distribution as 
described by the T90 (10th percentile) or Tso 
(median) (SAMULSKI, CLEGG, ROSNER, DEWHIRST, 
unpublished observations, 1994). This study was 
performed by creating a series of "computer 
tumors," which had random shapes and per
fusion distribution patterns. Both low- and high
perfusion cases were considered. These simulated 
tumors were subjected to a simulated microwave 
field (based on modeled and verified measure
ments from a dielectrically loaded waveguide) 
and the resulting temperature distributions were 
calculated, using heat transfer modeling. Once 
the "true" temperature distributions were deter
mined, simulated thermometry catheters were 
introduced into the tumors in various orien
tations. The measured temperatures were con
verted to frequency distributions and compared 
with the "real" temperature distribution. In
herent factors that were considered in these 
studies included the shape of the tumor and the 
magnitude of perfusion. Temperature sampling 
variables included the orientation of the catheter 
as it enters the tumor, its proximity to the true 
geometric center, spacing between measured 
points along a catheter, number of catheters, 
measurement error in the thermometer, and mis-
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has often been used in the reporting of this type of data is 
the tenth percentile, or the T90. b Integrated frequency 
distribution of temperatures. In most clinical reports, the 
frequency distribution is reported in this form, which plots 
the fraction of measured points that exceed a given thre
shold temperature (index temperature) as a function of 
temperature. The locations of the Tso and T90 are shown 

assignment of a position as being tumor when it is 
really normal tissue. 

The two patient-related variables had the 
greatest influence on the estimate of the true 
temperature distribution, whereas the variations 
in sampling methodology had relatively little 
influence. Distance between measured points and 
noise in the measurement and proximity to the 
geometric center of the tumor had almost no 
influence on the estimate, as long as these para
meters were within RTOG guidelines (maximum 
errors of the estimate of T 90 were less than O.2°C). 
It was clear from the analysis that significant gain 
could be made by using two, as opposed to one, 
catheter; however, the addition of a third catheter 
did not afford any better estimate of the tempera
ture distribution than using two. Cubing the fre
quency distribution, as was suggested by 
EDELSTEIN-KESHET et al. (1989), had the effect of 
reducing the error in the estimate. Mis-assignment 
of a position as being in tumor, when it was really 
in normal tissue, had a larger influence on the T90 
than the Tso. 

The angle of the catheter, relative to the surface 
of the tumor, had a large influence on the 
measurement, which was attributed to effects of 
the tumor shape on the temperatures sampled. 
The maximum error in T 90 could be as large as 
1°C, for example. This effect could be minimized 
to some extent by making certain that the ther
mometry catheter passed through a long rather 
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than a short axis of the tumor. Similarly, there 
was much greater error in the estimate of the 
distribution in the high-perfusion cases. The 
important conclusion to be drawn from these 
studies was that use of RTOG guidelines would 
keep sources of measurement error to much less 
than the sources of error that are inherent to the 
tumor (geometry and perfusion). In the best case 
it is likely that these two uncontrollable sources of 
noise in the estimate of the temperature distri
bution will add OS -1.0°C potential error in the 
estimate of T 90 for a given patient (Table 6.2). 

The only way to make further improvement in 
the assessment of the true temperature distribution 
would be to develop noninvasive thermometry or 
to use heat transfer modeling to gain better three
dimensional temperature distribution data 
(CLEGG et al. 1994). 

6.3.2 Thermometric Indices of Treatment Efficacy 

6.3.2.1 Historic Overview 

The correlation of thermometric information with 
estimates of treatment efficacy were first reported 
by DEWHIRST et al. (1982) using pet animals with 
cancer that were treated with hyperthermia and 
radiation. The concepts were further refined by 
that group in subsequent reports (DEWHIRST et al. 
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1983, 1984a,b; DEWHIRST and SIM 1986). In these 
early studies, thermometry was limited to three to 
ten intratumoral points and standardization of 
thermometer location was used although thermal 
mapping was not routinely practiced. In these 
early reports minimum and average temperature 
were found to be significantly correlated with 
both response rate and duration of local control; 
minimum temperature was most strongly cor
related with treatment outcome. Maximum 
intra tumoral temperature was correlated with the 
incidence of thermal injury (DEWHIRST and SIM 
1986). Although these simple estimates of the 
temperature distribution were related to treat
ment outcome, the goodness of fit of logistic 
regression analyses was not high. This suggested 
that more complete thermometric data might be 
needed to be more precise about the adequacy of 
treatment for a given patient. These early studies 
used a conversion of the thermometric data to 
isoeffect dose, but this approach was later criti
cized because of the potential pitfalls in the esti
mate of thermal isoeffect dose, as discussed 
above. 

Following the initial reports in the pet animal 
studies, a number of subsequent reports verified 
the relationship between minimum measured 
temperature or average temperature and treat
ment outcome in human patients. In some studies 
thermal isoeffect dose was used and in others 
temperature only was used (V ALDAGNI et al. 

Table 6.2. Influence of thermometry procedures and tumor-related variables on 
accuracy of estimates of temperature frequency distribution) 

Parameter Range of Errors in Descriptor 

T90 Tso 

Tumor geometry o to O,SOC -1.0 to O°C 

Tumor perfusion -0.5to -l'soC -1.0 to -2'soC 

Number of thermometry catheters ±O.loC ±0.2°C 

Spacing of thermometry points in 0.1 toO.6°C 0.1 to O.4°C 
catheter 

Offset (distance from geometric center, -0.2 to O.3°C o to 0.7°C 
as set by RTOG2) 

SARpattern <O.loC <O.loC 

Noise in temperature measurement <O.loC <O.loC 

) Based on unpublished computer simulations by the author and collaborators 
(Clegg; Samulski; Rosner) of ten tumor geometries and two different types of 
rerfusion patterns 

From: DEWHIRST et at. 1990 
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1988). More recently, minimum temperature con
tinues to be strongly correlated with duration of 
local control in patients with chest wall recurrences 
treated with thermoradiotherapy (KAPP et al. 
1992). 

In an attempt to more accurately characterize 
the true temperature distribution, OLESON et al. 
(1989) performed an interesting analysis in 
patients with soft tissue sarcomas. In this study, 
they reasoned that the majority of volume of a 
tumor resides in the outer 20% of the radius. 
Thus, for this particular set of patients, in which 
the geometry is reasonably spherical, they used a 
two-parameter model, based on the temperature 
at the edge of the tumor and the average slope of 
the temperature profile in the outer 2 cm of the 
tumor radius. The reasoning was that in the case 
of a high edge temperature, it is not necessary to 
have a steep temperature profile from the edge 
toward the center. In contrast, in the case of a low 
edge temperature, a steep profile would be needed 
to heat this outer volume of tumor. This two
parameter model was able to accurately distinguish 
patients that responded favorably to the preo
perative course of themoradiotherapy. Two 
factors contributed to the inability to translate 
this model to a more general case. First, it was 
recognized that it is difficult to accurately deter
mine where the edge of a tumor resides, even 
with cr guidance. Second, most tumors are not 
spherical, so extrapolation to the general case is 
not possible. 

Given the problems inherent in the edge-slope 
analysis above, the hyperthermia group at Duke 
embarked on a series of studies to utilize the 
frequency distribution of temperatures, as des
cribed above. Both the T90 and the Tso were 
found to be strongly correlated with treatment 
outcome (LEOPOLD et al. 1992). Other investi
gators have verified the utility of these indices for 
prediction of treatment outcome (ISSELS et al. 
1991; SNEED et al. 1991; Cox and KAPP 1992). 
However, a basic problem with the use of only 
temperature as a treatment efficacy index is that it 
ignores the time factor, which should also be 
taken into consideration. In addition, it ignores 
the logarithmic relationship between rate of cell 
kill and temperature. 

In partial response to this problem, the 
cumulative minutes that the T 90 or Tso exceeds 
various threshold temperatures were used for 
prediction of treatment outcome (Fig. 6.7) 
(LEOPOLD et al. 1992). 
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Fig. 6.8. Probability of tumor response for soft tissue 
sarcomas and superficial tumors as a function of the 
cumulative minutes that the T 90 exceeds 40.5°C. These 
data are replotted using logistic regression evaluations of 
data from previously published reports (LEOPOLD et al. 
1992, 1993) and sums the total time over all treatments 
received. In both studies this parameter was a statistically 
significant predictor of treatment outcome. However, the 
analysis assumes a threshold temperature as being clinically 
efficacious (e.g., 40SC). Thus, a tumor that has a T90 of 
4O.4°C would be deemed to have no therapeutic benefit, 
while one with a T 90 of 40SC would be considered to be 
successfully treated 

Although this approach was quite successful, 
the basic limitation was that one was forced to 
choose an arbitrary threshold temperature to 
judge treatment success from failure. In examining 
univariate analyses for superficial tumors, for 
example, it was found that any temperature 
between 39.so and 43°C was a statistically sig
nificant threshold temperature. If one picked 41°C 
as the critical threshold temperature, then any 
temperature below that threshold would have no 
therapeutic value. Clearly, this method of analysis 
provided no clear way to distinguish between 
good and bad therapy, and as a result it could not 
be used to write a treatment prescription that 
could be complied with. For example, if 300 
cumulative minutes with a T90 greater than 41°C 
were required to place a patient into a high-risk 
category for a good response, then a patient with 
300 cumulative minutes with a T 90 of 40.8° or 
40.9°C would be considered a failure. It is unlikely 
that a few tenths of a degree will be that im
portant in governing treatment outcome, based 
on what is known about hyperthermia cytotoxicity 
in vitro. 

It was for these reasons that Oleson and co
workers went back to the use of the thermal 
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isoeffect dose to reconsider the issue of treatment 
prescription writing (OLESON et al. 1993). In the 
most recent analysis, this group has used the 
cumulative minutes of the T90 or Tso, converted 
to equivalent minutes at 43°C, as estimators of 
treatment efficacy. This method alleviates the 
need for assignment of an arbitrary threshold 
temperature and has been useful in predicting 
treatment outcome in patient groups with soft 
tissue sarcomas and miscellaneous superficial 
tumors. It has been possible to utilize this ap
proach to estimate the isoeffective dose needed to 
increase the probability of response over what is 
estimated from radiation alone. For example, in 
superficial tumors, a T 90 of 10 equivalent minutes 
at 43°C was predicted to increase the probability 
of CR by 25%, over what is estimated for radiation 
alone (Fig. 6.8). 

In the Duke superficial tumor series, the 
average T90 was about 2 equivalent minutes at 
43°C. Thus, one would want to increase the iso
effective dose by a factor of 5 to justify the 
initiation of a phase III study. This could be 
achieved by increasing the time by 5 or by increas
ing the average T90 temperature from 39.4°C to 
40.6°C (1.2°C). Tso was used for soft tissue sar
comas while T90 was used for superficial tumors in 
order to use the descriptor that gave the highest 
X2 value in univariate logistic regression analyses. 
However, in a subsequent analysis, T 90 was used 
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for both patient groups and the consistency in 
prediction of treatment outcome between the two 
groups is remarkable (DEWEY 1994). 

The importance of these most recent analyses 
cannot be overstated. In 1987, the recommenda
tion of the hyperthermia community was that 
thermal isoeffect dose should not be used in 
routine clinical applications because of the poten
tial sources of error in the calculation, as described 
above. However, continued work at the basic 
science level and in the clinic has pointed to the 
fact that many of these sources of error are not 
important clinically, thus leading the way for re
establishment of the use of thermal isoeffect dose 
in combination with a descriptor of the tempera
ture frequency distribution as a means of writing 
and verifying a treatment prescription for hyper
thermia. Additional clinical studies utilizing this 
approach to data analysis would strengthen this 
argument further, particularly in studies where 
the duration of heating during single sessions is 
variable. A summary of the limitations of 
thermometric indices of hyperthermic treatment 
efficacy is shown in Table 6.3. 

6.4 Summary 

• Accuracy in thermal dosimetry focuses on two 
concepts. The first is that the unit used to 
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Fig. 6.9 Probability of tumor response for superficial 
tumors as a function of the cumulative equivalent minutes 
at 43°C that the T 90 reaches over a course of therapy. In 
this type of analysis the T 90 at each minute of therapy is 
converted to equivalent minutes at 43°C. These data are 
then summed over the entire course of therapy. The 
advantage of this type of analysis is that there is no need to 

assume a threshold of treatment success, as was shown in 
Fig. 6.7. In addition, the analysis takes into account the 
time of heating as well as the temperature achieved, 
including factoring in the exponential relationship between 
temperature and rate of cell killing. These data are reo 
plotted from published logistic regression analyses of 
clinical data (OLESON et al. 1993) 
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Table 6.3. Limitations of some thermometric indices of hyperthermic treatmentl that have been correlated with 
treatment outcome 

Features 

Index Statistically 
imprecise 

Geometrically 
biased 

Does not 
include 

Does not consider change 
in rate of cell kill with 
temperature 

Minimum Temperature 
Average Temperature 
T~ (10th percentile) 
Tso (median) 
Edge temperature vs. slope 
Min T90 > Tindex 
CEM 43"T90 

lObtained from linear maps 

j 
j 

j 

j 
j 
j 

j 
j 

describe the treatment should have some 
thermal biologic meaning. This requirement is 
different than units used to describe radiation 
dose, which are based solely on a physical 
measurement of energy deposited in matter. 
The reason for this is that thermal effects are 
not based directly on the amount of energy 
deposited, but instead are based on the tem
peratures that are achieved, the duration of the 
hyperthermic exposure and a number of 
modifiers, such as environmental pH, thermo
tolerance, etc. The thermal isoeffect dose 
method (SAPARETO and DEWEY 1984) has been 
used successfully to describe treatment out
come, although additional work is needed to 
define the exact nature of this isoeffect dose 
calculation method for human tumor cells. 
Additional models may also warrant investiga
tion (MACKEY and Ron Ron 1992). 

• The second requirement for accurate thermal 
dosimetry is to be able to accurately determine 
the full three-dimensional temperature distri
bution. None of the methods that rely solely on 
mapped temperature measurements is capable 
of achieving this requirement, as all of them 
have some geometric biases. Even if the full 
three-dimensional temperature distribution is 
known, there is not a well-defined method for 
describing it in a way that gives optimal predic
tive power as to the therapeutic effect. Simple 
frequency distribution measurements, such as 
the minimum monitored temperature and the 
T 90 have been used with some success, but 
these are likely not the optimal descriptors. 

• Future goals in clinical thermal dosimetry need 
to focus in two directions. First, it is necessary 
to develop means to obtain more accurate 

time as factor 

j 
j 
j 
j 
j 

j 
j 
j 
j 
j 
j 

three-dimensional temperature distribution 
data. Two methods that show great promise in 
this arena are heat-transfer modeling and non
invasive thermometry. 

A second step that is needed is to prove that 
escalation of thermal dose leads to improvement 
in treatment outcome. This requires a prospective 
test of thermal dosimetric concepts on a more 
sophisticated level than merely increasing the 
number of hyperthermia fractions (OLESON et al 
1993). Prospective thermal dose escalation trials, 
based on CEM 43 T90 concepts are currently 
underway, for example. 

• It is anticipated that significant improvement in 
our understanding of how to successfully im
plement thermal dosimetry will emerge in the 
next 5-10 years as a result of progress in all of 
the above-mentioned arenas of inquiry. 

• Areas of future inquiry that are needed to 
improve current methods of thermal 
dosimetry: 

Accurate measures of the biologic effects of 
hyperthermia, and its modifiers on human 
tumor cell cytotoxicity 

Accurate measures of true three-dimensional 
temperature distributions in human tumors 

Prospective trials that test new thermal 
dosimetric concepts. 
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7.1 Introduction 

The tissue temperature during heating is de
pendent on the influx of energy and efflux of heat, 
mainly through the convective heat transfer be
tween the tissue and circulating blood. It follows 
that the temperature in tissues with poor blood 
circulation will rise higher than that in tissues 
with good blood circulation. It has been demon
strated that a variance in temperature as small 
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as OS-1.0°C in the therapeutic range, i.e., 
42° -45°C, can cause a significant difference in cell 
killing or tissue damage (DEWEY et al. 1977; 
FAJARDO 1984; FIELD et al. 1977). Indications are 
that such a small difference in temperature can 
easily be caused by a small change in blood flow 
(JAIN 1980; SONG et al. 1980a-c; SONG 1982a,b). 
It is known that the anatomical characteristics of 
blood vessels and blood flow in different tissues or 
tumors are markedly different. Furthermore, the 
changes in blood vessels and blood flow induced 
by heat are profoundly different in different tissues 
or tl,lmors (DEWHIRST 1987; DUDAR and JAIN 
1984; JAIN and WARD-HARTLEY 1984; REINHOLD 
and ENDRICH 1986; SONG 1982a-c, 1991a,b; 
VAUPEL 1990). 

The cellular or tissue damage caused by hyper
thermia increases with an increase in environ
mental acidity, i.e., a decrease in pH (GERWECK 
et al. 1983; KIM et al. 1991; SONG et al. 1993; 
WIKE-HoOLEY et al. 1984). The tissue acidity is 
dependent on the formation of acidic metabolites, 
such as lactic acid (LEE et al. 1986; Ryu and SONG 
1982; STREFFER 1984), which is closely influenced 
by the availability of oxygen through the blood 
circulation. The removal of acidic metabolites 
from the tissue also depends on the blood cir
culation. It is obvious, then, that a detailed know
ledge of the blood flow, and in particular the 
heat-induced change in blood flow, is essential for 
an understanding of the hyperthermic damage in 
tissues and for the effective use of hyperthermia 
in the treatment of malignant tumors. In the 
present chapter, we discuss the heat-induced 
change in blood flow in various normal tissues and 
tumors and its implications for the treatment of 
tumors with hyperthermia alone or in combination 
with other modalities. 
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7.2 Hyperthermia-Induced Vascular Changes 
in Normal Tissues 

7.2.1 Skin and Muscle 

The pathological changes in burned skin or muscle 
have been well studied. However, only during the 
last 10-15 years insights have been obtained into 
the effect of heating at the relatively low tem
peratures, 41°C-45°C, used in hyperthermic 
treatment of tumors, on the pathophysiological 
parameters, including blood flow, in the cut
aneous tissues. We have studied the heat-induced 
changes in various vascular parameters in the skin 
and muscle of mice, rats, and humans. Heating 
the leg of Sprague-Dawley (SD) rats in a 43°C 
water bath for 1 h increased the intravascular 
volume, as measured with 51Cr-labeled red blood 
cells, by about 2.9- and 1.6-fold in the skin and 
muscle, respectively (SONG 1978; SONG et al. 
1980a-c). The vascular permeability, as measured 
with radioactive serum albumin, in the afore
mentioned skin and muscle also increased by 3.6 
and 2.5 times, respectively, when heated at 43°C 
for 1 h. The changes in blood flow , as measured 
with the radioactive microsphere method, in the 
leg skin and muscle of SD rats have also been 
investigated (SONG et al. 1980a). As shown in Fig. 
7.1, the blood flow in the skin and muscle increased 
by 3.7 and 2.4 times, respectively, upon heating at 
43°C for 1 h. The blood flow in the skin and 
muscle adjacent to the subcutaneously grown 
Walker tumor was about twice that in control 
counterparts, and it increased by 3-4 times when 
measured after heating at 43°C for 1 h. Figure 7.1 
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also shows the changes in the blood flow in the 
Walker tumor (to be discussed later). The results 
of a more comprehensive investigation into the 
changes in blood flow in the skin and muscle of 
SD rats are shown in Figs. 7.2 and 7.3 (LOKSHINA 
et al. 1985). The blood flow in the skin before 
heating was 7.14 mlll00 g/min. During heating at 
42°C or 43°C for 120min, the blood flow in the 
skin continuously increased, reaching about 
twofold and sixfold the control value, respectively, 
at the end of heating. The blood flow in the skin 
heated at 43SC or 44°C increased more than 12-
fold in 30 min and then began to decline. At 
45°C, the skin blood flow had increased about 
14-fold at 15 min and then decreased. An im
portant feature that should be pointed out is the 
marked difference between the effects of heating 
at 43.0°C and 43SC: the skin blood flow steadily 
increased to 6 times the original value during 
heating at 43.0°C for 120 min, while it increased 
to as much as 12 times the original value at 30 min 
and then declined when the heating temperature 
was raised by merely OSC to 43SC. 

The blood flow in the muscle of SD rats before 
heating was 4.61 mlll00 g/min. Upon heating at 
42°C, 43°C, or 43SC for 120min, the muscle 
blood flow slowly increased by 3-5 times. When 
heated at 44°C, the muscle blood flow increased 
sixfold during the first 30 min and remained at the 
same level thereafter. At 45°C, the muscle blood 
flow increased about ninefold in 30 min and then 
declined to almost the original level at the end of 
120 min of heating. The results shown in Figs. 7.2 
and 7.3 demonstrate that the higher the tem
perature applied to the skin or muscle, the faster 
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Fig. 7.1. Effects of heating at 43°C for 1 h on the 
blood flow in Walker tumors of different sizes and 
in the skin and muscle adjacent to the tumors in 
SD rats 
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Fig. 7.3. Blood flow in the muscle of SD rats measured at 
the end of heating for varying lengths of time at different 
temperatures 

and greater the increase in blood flow. When the 
temperature is raised above the critical tempera
ture, the blood flow increases only briefly and 
declines during heating. In another investigation 
(RApPAPORT and SONG 1983), we observed that the 
blood flow values in the skin and muscle adjacent 
to the mammary adenocarcinoma 13762A grown 
subcutaneously in the leg of Fischer F344 rats 
were about twofold greater than those in the 

normal skin and muscle. The blood flow increased 
by about 7.5-fold in the skin and 3.4-fold in the 
muscle adjacent to the tumors when heated at 
43,SOC for 1 h (Fig. 7.4). These results of our own 
studies are in good agreement with the reports by 
other investigators. DICKSON and CALDERWOOD 
(1980) reported that the blood flow in the skin 
and residual tissues in the foot of Wister rats 
increased by as much as 20 times and 10 times, 
respectively, upon heating at 42°C for 1 h. Some
what smaller increases in the blood flow in the 
skin or muscle of rats have been reported by 
SHRIVASTAV et al. (1983) and VAUPEL (1990). 

The heat-induced changes in blood flow in the 
skin and muscle of mice have also been extensively 
investigated by us. Heating the legs of C3H mice 
for 1 h caused temperature-dependent changes in 
the blood flow, as measured with the 86Rb uptake 
method, in the skin and muscle of the legs (SONG 
et al. 1987a). At 44,SOC, the skin blood flow had 
increased by about 2 times at 30 min, but declined 
to almost the original value at the end of 1 h 
heating, and then further decreased after heating. 
Upon heating at 43,SOC for 1 h, the skin blood 
flow increased by 5 times and then slowly declined 
after heating. The blood flow in the skin heated at 
41,SOC or 42,SOC increased during the 1 h of 
heating and the increase continued even after 
heating. The blood flow in the mouse muscle 
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Fig. 7.4. Blood flow in 13762A mammary adenocar
cinomas of Fischer rats at 0-5 h after heating at 43SC for 
Ih 
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heated at 44SC for 1 h had increased by about 4 
times at 30 min and then began to decline . During 
the 1 h of heating at 43SC, the muscle blood flow 
increased by more than 5 times and slowly declined 
after the heating. The blood flow increased by 
2-3 times in the muscle during heating for 1 h at 
41SC or 42SC and slowly declined after the 
heating. STEWART and BEGG (1983) also observed 
that the 86Rb uptake in mouse skin increased 
about threefold upon heating at 42SC for 1 hand 
remained elevated for 24 h after heating. Using 
the newly developed laser Doppler flow (LDF) 
method, we continuously and noninvasively 
monitored the red cell flow in the mouse skin 
during heating (SONG et al. 1987b). The LDF in 
the skin of C3H mice increased upon heating, 
which was very similar to the increase in the 86Rb 
uptake. MILLIGAN (1987) reported that the blood 
flow in the muslce of dogs was 7.5 mll100 g/min, 
and it increased about fivefold in 20 min as a 
result of heating at 45°C. Although the muscle 
blood flow then began to decline after the peak 
increase, it was still threefold the original value at 
the end of 40min of heating. DUDAR and JAIN 
(1984) studied the function of blood vessels in the 
granulation tissue formed in transplantable 
chambers of rabbit ear. The blood flow increased 
up to sevenfold compared with the control value 
upon heating at 45.7°C for 1 h, but it declined 
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then rapidly returned to the preheating level (Fig. 
7.5). The relationship between the maximum 
increases in LDF and temperatures is shown in 
Fig. 7.6. The LDF gradually increased when the 
skin temperature was increased from 32°C to 37°C 
and then sharply increased with the further in
crease in the temperature. The LDF increased as 
much as I5-fold as a result of heating at 43°C for 
30 min . An analysis of LDF signals indicated that 
the increase in LDF in the heated human skin was 
due to an increase in both the blood cell number 
and the velocity of the blood cells. The increase in 
the blood cell number indicated that heating 
caused dilation of arterioles and recruitment of 
capillaries. The increase in the blood cell velocity 
implied opening of arteriovenous anastomoses. 

7.2.2 Liver 

In heating deep-seated tumors , the adjacent 
normal tissue is inevitably also heated . Thus, the 
heat-induced changes in the blood flow of the 
internal organs have attracted the attention of 
investigators. HUGANDER et al. (1983) reported 
that the blood flow in the rat liver, as measured 
with the 133Xe clearance method, decreased during 

the heating temperature was raised to 47°C. ~ .32 

when the heating was continued longer than 1 h or ~ 

The pathophysiological changes in human skin -
induced by heat have been extensively studied. ; .16 

Since the skin is the outermost tissue of the human 0 

body and its function is vital , it is not surprising :: 1.6

r that the thermal effect on skin has attracted such 

- i 

~ 0 .8 
a high degree of attention. In the early studies, 
the blood flow in the human skin was estimated ;. o 2.0 
indirectly from other physiological parameters 
investigated using various methods and devices 
(ALL WOOD and BURRY 1954; BARCROFT and 
EDHOLM 1943; NAGASAKA et al. 1987). We have ! 
used the LDF method to reveal the effect of heat -
on the blood flow in human skin (SONG et al. 
1989a, 1990a). The human forearm skin surface 
temperature before heating was about 32°C. 
Upon heating at 40°-43°C, the LDF abruptly 
increased several fold, declined for several minu
tes , and then gradually rose during the next 15-
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20 min, reaching 10-15 times the original value . 
The LDF then stayed elevated until the 1 h heating 
was terminated. When the heating was stopped, 
the LDF began to decline, but bounced back and 

Fig. 7.5. Effect of heating on the laser Doppler flowmetric 
tracing of the RBC flux (blood flow) , the velocity of RBCs, 
and the volume (number) of RBCs in human forearm skin 
during heating at 40°C 
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Fig. 7.6. Relative increase in LDF in human forearm skin 
as a function of heating temperature 

1 h of heating at 42°C, but returned to the original 
level within 30 min after heating. The blood flow 
in rabbit liver, as measured with the hydrogen 
clearance method, decreased to 80% of the con
trol value 2 h after heating at 42Se or 43°C for 
20 min, but eventually recovered to its original 
value (MATSUDA 1989). In the rabbit liver, 50% of 
the arterioles were found to be damaged 24 h 
after local heating with RF current at 44°-45°C, 
while 50% of the central and portal veins were 
found to be damaged after heating at 41.5° -42.5°e 
and 42S-43Se. respectively (NISHIMURA et al. 
1989). 

We studied the heat-induced changes in blood 
flow in the rat liver using the radioactive micro
sphere method, which enabled us to separately 
determine the portal venous blood flow and 
hepatic arterial blood flow (NAKAJIMA et al. 1990, 
1992; UDA et al. 1990). The rats were anesthetized 
and the liver region was placed in supine position 
on a lower electrode 5 cm in diameter, and an 
upper electrode of the same diameter was coupled 
over the liver region (NAKAJIMA et al. 1990). The 
liver was capacitively heated by applying 8 MHz 
RF current to the electrodes. Heating at 41°C and 
43°C, as measured by thermocouples placed 
around the liver, slightly decreased the portal 

venous blood flow and slightly increased the 
hepatic arterial blood flow. The change in total 
liver blood flow paralleled the change in portal 
venous blood flow. This was due to the fact that 
the portal venous blood flow accounts for almost 
85% of the total liver blood flow. The decline in 
the portal venous flow appeared to result, at least 
in part, from a significant decline in the cardiac 
output as a result of heating the entire liver region. 
When a small portion of the liver, about a 1-cm
diameter circular area in the lateral lobe, was 
heated at 39°C or 41°C, the arterial blood flow in 
the heated area and in the rest of the lobe, as well 
as in the whole liver, initially increased during the 
first 30 min of heating and then declined (UDA et 
al. 1990). Upon heating at 43°C, the arterial 
blood flow in both the heated area and the whole 
liver slightly increased for 15 min and then sig
nificantly decreased thereafter. The increase in 
blood flow in the unheated liver tissue was ap
parently due to a rise in temperature through the 
blood circulation as well as heat conduction. The 
area heated at 43°C for 30 min showed wedge
shaped infarctions, which changed to organized 
scar tissue 7 days after heating. 

7.2.3 Lung 

We investigated the heat-induced changes in 
blood flow in the Fischer rat lung. The heating 
was done with the capacitive heating device used 
for heating the liver, as described above. A small 
incision was made on both lateral chest walls 
along the midaxillary line. A thermocouple was 
inserted through the incision and attached with 
chemical glue to the parietal pleural membrane. 
The intraluminal temperatures of the thoracic 
segment of the esophagus and trachea, as well as 
the temperatures of other adjacent organs, were 
also monitored during heating. The dorsal and 
ventral sides of the right lung of rats in the supine 
position were coupled with 5-cm-diameter elec
trodes and 4-cm-diameter electrodes, respectively. 
During the heating of the lung, breathing was 
aided with a respirator and 20°C water was cir
culated through the vinyl bolus bags placed under 
the electrode. The blood flow in the unheated 
control lung was 0.53 ± 0.05 mIll g/min and it 
remained unchanged when the lung was heated at 
41°C for 15 - 30 min. The lung blood flow increased 
about twofold when heated at 43°C for 15 min, 
but it decreased to slightly less than the original 
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value at 30min. Upon heating at 44°C, the lung 
blood flow markedly declined within 15 min. The 
blood flow in the unheated left lung slightly in
creased when the right lung was heated at 43°C. It 
appeared that the left lung was also heated when 
the right lung was heated, probably due to an 
exchange of air between the lungs and also to 
direct heat conduction from the heated right lung 
area to the unheated left lung area. The blood 
flow in the esophagus and trachea did not sig
nificantly change when the right lung was heated 
at 41°-44°C. 

7.2.4 Stomach 

We investigated the heat-induced changes in blood 
flow in the stomach of Fischer rats. The gastric 
temperature was measured by inserting a catheter 
into the stomach through the esophagus and 
placing a three-junction thermocouple inside the 
catheter. In addition, the temperatures on the 
ventral and dorsal surfaces of the stomach were 
monitored with three-junction thermocouples 
inserted through an incision made on the ventral 
site about 2 cm distal to the left midcoastal margin. 
The stomach was capacitively heated with the 
same heating devices as were used for the heating 
of the liver and lung, as described above. Before 
heating, the stomach blood flow, as measured 
with the radioactive microsphere method, was 
0.94 ± 0.05mllmin/g. Upon heating, the intra
luminal temperature, which we used as the heating 
temperature, was OS -1.0°C higher than the 
temperature of the stomach surface. When the 
stomach temperature was raised to 42°C, the 
stomach blood flow continuously increased for 
30 min, reaching about 1.6 times the control 
value, but it declined to almost the original level 
at the end of 45 min of heating. At 43°C, the 
stomach blood flow increased about 3 times in 
30 min and then declined to about twofold the 
original value at the end of 45 min of heating. The 
stomach blood flow slightly increased upon heating 
for 15 min at 44°C and then declined to about two
thirds of the original level. It was interesting that 
the esophageal blood flow decreased by almost 
50% when the stomach was heated for 45 min at 
43°C or for 15 min at 44°C. 

7.2.5 Small Intestine 

The effect of hyperthermia on the blood flow in 
the small intestine of C3H mice was studied by 
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PECK and GIBBS (1983). Using two catgut sutures 
15 mm apart, these investigators apposed ap
proximately 15 mm of the jejunum 3-5 cm distal 
to the Trietz ligament to the peritoneal surface of 
the abdominal muscle at the midline. Two weeks 
later, the jejunum was heated by pulling the skin 
and muscle with the attached jejunum between 
two thermally conductive metal plates immersed 
in a preheated water bath. The intestinal blood 
flow was estimated from the washout rate of 133Xe 
injected into the intestinal lumen. The 133Xe 
washout rate remained unchanged when measured 
after heating at 44°C for 20 min, but it dropped by 
one-half within 46 min. 

Contrary to the aforementioned results, we 
observed a significant increase in blood flow in the 
heated intestine of mice. In our study, a 1.5- to 
2.0-cm-Iong midline incision was made in the 
abdominal wall of Fischer rats, and approximately 
50% of the small intestine, 15 cm distal to the 
Trietz ligament and 20 cm proximal to the 
ileocecal junction, was exteriorized through the 
incision. The exteriorized intestine was then 
submersed into a glass jar containing Krebs
Ringer solution and maintained at the desired 
temperatures. Before heating, the blood flow in 
the intestine was 2.70 mllmin/g. Upon heating at 
42°C or 43°C, the intestinal blood flow increased 
about 3.3 times and 4.0 times, respectively, in 
30min and then began to decrease. Upon heating 
at 44°C, the intestinal blood flow increased about 
4.5-fold in 15 min and then fell to 2.5 times the 
original value at 30 min. During the heating of the 
small intestine, the blood flow in the adjacent 
tissues, such as the spleen, pancreas, and stomach, 
tended to decrease, whereas the renal and hepatic 
arterial blood flow remained unchanged. The 
cardiac output was found to decrease markedly 
when the intestine was heated. It was apparent 
that the decrease in the cardiac output should be 
taken into account when interpreting the changes 
in blood flow in the heated intestine as well as in 
other organs. 

7.3 Hyperthermia-Induced Vascular Changes 
in Tumors 

7.3.1 Experimental Animal Tumors 

Realizing that hyperthermia is a potentially 
powerful modality for the control of human 
tumors and that blood flow plays a cardinal role in 
hyperthermic tissue damage, a number of inves-
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tigators have studied the effects of heating on 
blood flow in tumors during the past decade. 
Probably more than 50 different types of tumors 
have been investigated thus far for the thermal 
effect on tumor blood flow. Tumors of different 
origins and tumors grown in different sites, such 
as in the foot, leg, or flank of mice and rats, the 
liver of rabbits, and the cheek pouch of hamsters, 
have been used. Transplantable dog tumors and 
tumors grown in transparent chambers have also 
been used. Diverse heating methods or devices, 
such as water bath, microwave, RF, and ultra
sound, have been used. Similarly, various methods 
have been used to measure the tumor blood flow, 
i.e., 86Rb uptake, 133Xe clearance, iosotope
labeled microspheres, thermal clearance, H2 
clearance, 85Kr clearance, LDF and electronic 
tracing of red cell flow in capillaries in transparent 
chambers. 

The study by SCHEID in 1961 was perhaps the 
first study on the effect of heat on tumor blood 
flow who observed severe vascular stasis in the S2 
sarcoma of mice heated at 42°C for 30 min. More 
importantly, this investigator also observed that 
the vascular damage in the tumor was greater 
than that in the supporting mesenterium. SUTION 
(1976) then reported that blood flow in the 
ependymoblastoma of mice increased slightly 
during the first 30 min of heating at 40°C, but it 
declined when the heating was continued. In 1978, 
JOHNSON (1978) reported that heating the sub
cutaneous adenocarcinoma of mice at 41°C initially 
induced a small increase in blood flow, which 
soon decreased markedly. REINHOLD et al. (1978) 
also reported that, upon heating at 42SC, the 
blood flow in the rat rhabdomyosarcoma BA1112 
grown in a transparent chamber briefly increased, 
albeit slightly, and then decreased. In 1980, EDDY 

(1980) observed that 42°-43°C heating of a cer
vical carcinoma grown in the transparent cheek 
pouch chamber of Syrian hamsters induced vas
cular stasis, petechiae, thrombosis, endothelial 
degeneration, and hyperemia. VAUPEL et al. 
(1980) reported in 1980 that the blood flow in DS 
carcinoma implanted into the kidney of rats in
creased when the tumor temperature was raised 
from 37°C to 39 SC, but decreased to a level 
somewhat below the initial flow rate when the 
tumor temperature was raised to 42°C. A feature 
common to all the aforementioned early inves
tigations is that the tumor vascular beds were 
unable to endure heating at 41°-43°C. However, 
a somewhat different observation was made by us 
in 1978. No significant vascular change occurred 

in the Walker carcinoma of SD rats heated at 
temperatures as high as 43°C, while a marked 
increase in blood flow in the skin and muscle 
occurred at the same temperature, as discussed in 
the previous section. When the Walker tumors 
were heated at 45°C, the blood flow decreased 
after heating, but not during heating (SONG et al. 
1980a). This observation was in agreement with 
the report by GULLINO (1980), who observed that 
the vascular beds in the Walker carcinoma were 
resistant to heating. However, subsequent studies 
by us as well as other investigators using divergent 
rodent tumor models and methods indicated that 
the Walker tumor may be an exceptionally heat
resistant rodent tumor. 

When the mammary adenocarcinoma 13762A 
grown subcutaneously in the leg of Fischer 344 
rats was heated at 43SC for 1 h with a water 
bath, the tumor blood flow increased by 1.5-2.0 
times, but it rapidly decreased to a negligible level 
after heating (Fig. 7.4) (RAPPAPORT and SONG 
1983). Histological examination demonstrated 
widespread and diffuse hemorrhage, vasodilation, 
and hyperemia. Figure 7.7 shows the. effect of 
heat on the blood flow, as measured with the 86Rb 
uptake method, in RIF-l tumors grown subcu
taneously in the leg of C3H mice (SONG et al. 
1987a). Heating at 41SC or 42SC for 1 h caused 
almost no change in blood flow either during or 
after the heating. The blood flow continuously 
increased during 1 h of heating at 43SC, reaching 
about 1.8-fold the original value, and then de
creased during 3 h following heating. Upon heating 
at 44SC, the blood flow increased slightly at first 
but then began to decrease, reaching about one
third the original value at the end of 1 h of heating. 
Note that the earliest time when the blood flow 
was measured during the 44SC heating was 
15 min, and it is possible that a peak increase in 
blood flow may have occurred prior to the deter
mination at 15 min. 

The heat-induced change in blood flow in 
SCK mammary carcinoma of A/J mice (Fig. 7.8) 
(SONG et al. 1989b) was slightly different from 
that in RIF-l tumors. Whereas the blood flow in 
RIF-l tumors remained unchanged during and 
after heating at 42SC for 1 h, the blood flow in 
the SCK tumor increased during 1 h of heating at 
42SC and decreased after the heating. Note that 
the pattern of blood flow change in SCK tumors 
heated at 42SC for 1 h (Fig. 7.8) was similar to 
that in the RIF-l tumors heated at 43SC for 1 h 
(Fig. 7.12). When the SCK tumors were heated at 
43SC for 1 h, there was an initial increase in 
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Fig. 7.S. 86Rb uptake in SCK tumors during and after 
heating a different temperatures for 1 h 

blood flow during the first 30min, followed by a 
decrease which continued for several hours after 
heating. The SCK tumor blood flow began to 
decline immediately upon heating at 44SC. It is 
not surprising that the magnitude and length of 
decline in tumor blood flow after heating were 
dependent on the temperature applied. The 
changes in blood flow in SCK tumors during 
continuous heating at different temperatures were 
studied (LIN and SONG 1993). At 41SC, the 
blood flow remained unchanged for as long as 3 h; 
it then began to decrease, and almost completely 
stopped after heating for 7 h. At 42SC, the blood 
flow increased about 1.3-fold in 30 min, began to 
decline from 1 h, and stopped after 3 h of heating. 
A slightly greater increase in blood flow occurred 
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Fig. 7.7. 86Rb uptake in RIF-1 tumors during and 
after heating at different temperatures for 1 h 

when the tumors were heated at 43SC rather 
than at 42SC, but the blood flow began to decline 
sooner at 43SC than at 42SC. At 43SC, the 
blood flow slightly increased initially and then 
began to decline from 30min, while at 44SC and 
45SC, the blood flow rapidly declined without 
any increase. 

As mentioned above, there have been numerous 
studies on heat-induced changes in blood flow 
using divergent experimental tumors. These 
studies have shown unequivocally that the tumor 
vascular beds are vulnerable to heat. This was 
also observed by us in RIF-1 tumors in C3H mice 
(Fig. 7.7), SCK tumors in All mice (Fig. 7.8), 
and 13762A tumors in Fischer rats (Fig. 7.4), 
although the temperature and length of heating 
for the induction of vascular damage varied some
what depending on many factors, including the 
tumor type. In some tumors, the blood flow 
decreased when heated at temperatures as low as 
41°C for 30-60min, whereas in other types of 
tumors heating at 42°-43°C for 30-60min was 
needed to induce a considerable decline in tumor 
blood flow. Obviously, the temperature and the 
length of heating required to induce the vascular 
changes were interrelated. For the same tempera
ture, e.g., 43°C, the length of heating needed to 
induce a decrease in blood flow varied depending 
on tumor type. Likewise, for the same length of 
heating, the temperature at which the vascular 
damage was induced varied depending on the 
tumor type. As shown in Fig. 7.7, the blood flow 
in RIF-1 tumors continuously increased during 1 h 
of heating at 43SC, reaching about twice the 
original value and declining when the heating was 
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terminated, while that in the SCK tumors began 
to decrease after heating for only 30 min at 43 SC, 
as shown in Fig. 7.8. In many rodent tumors, the 
blood flow begins to decline almost immediately 
upon heating at temperatures higher than 44°C. A 
slight and temporary increase in blood flow prior 
to a rapid decline upon heating· at such high 
temperatures mayor may not be seen depending 
on the tumor type and the method of blood flow 
measurement employed. One of the important 
factors in the heat-induced vascular damage in 
tumors is the rate of tumor growth. HILL et al. 
(1989) reported that higher temperatures may be 
needed to cause a vascular shutdown in slowly 
growing tumors than in rapidly growing tumors, 
probably because rapid vascular expansion in the 
rapidly growing tumors resulted in a fragile and 
thermosensitive capillary network. Even in the 
slowly growing mouse tumors, however, complete 
vascular shutdown occurred upon heating at 43°C 
for 1 h. The possible relationship between the 
vascular structure and vascular thermosensitivity 
was investigated by NISHIMURA et al. (1988). In 
mouse tumors, the vasculature supported by peri
vascular connective tissue bands and/or dense 
endothelial cells was more heat resistant than that 
supported by only sparse endothelial cells. 

7.3.2 Human Tumors 

Xenografts of human tumors in immunosup
pressed rodents have been used to study the heat
induced vascular changes in human tumors by 
VAUPEL and his colleagues (1988a) and VAN DEN 
BERG-BLOK and REINHOLD (1987). The thermal 
response of the vessels in the human tumor 
xenografts was similar to that in rodent tumors. It 
should be emphasized, however, that the vascular 
changes which occur in heated human tumor 
xenografts may not represent the vascular changes 
in heated human tumors since the vasculature 
in the xenografts does not originate from the 
xenografted cells but from the host tissues. 

Attempts have been made to reveal the heat
induced vascular changes in human tumors in 
situ. SUGAAR and LEVEEN (1979) examined histo
pathological changes in human tumors after 
hyperthermic treatment and observed thrombosis 
and obliteration of blood vessels in part of the 
tumors. LYNG et al. (1991) investigated the re
lationship among vascular function, tissue tem
perature attained, and histopathological damage 

in locally advanced breast carcinoma and sur
rounding normal tissues of humans. The biopsies 
taken before the first heat treatment and those 
taken shortly after the last heat treatment were 
considerably different, reflecting a marked effect 
of the therapy. The tumor tissue vessels were 
apparently more sensitive to heat than the normal 
tissue vessels (Fig. 7.9) and the tumor vasculature 
was more sensitive to heat than the tumor tissue. 
The blood flow in human tumors during heating 
was measured by OLCH et al. (1983) with the 
133Xe clearance method. Out of 12 tumors studied, 
eight showed an appreciable increase in blood 
flow during heating. In this study, the temperature 
of the tumors could be raised to 42°C in only six of 
the 12 cases. The authors attributed the failure to 
heat the tumors to an increase in tumor blood 
flow. 

WATERMAN et al. (1986) used the thermal 
clearance method to determine the blood flow in 
15 superficial human tumors during heating with 
915-MHz microwaves. The mean blood flow rates 
in the human tumors studied ranged between 0 
and 34 mlllOO g/min, with an average value of 
15 ml/100 g/min. The mean blood flow rate in
creased by 10% -15% at between 15 and 30 min 
and remained nearly constant thereafter until 
the end of 60 min of heating. The blood flow, 
however, did not always increase and a reduction 
in blood flow was observed in one tumor when the 
temperature reached above 44°C. The response 
of tumor blood flow was independent of tempera
ture in the range of 40°-44°C and no evidence of 
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a sharp reduction in flow was observed. This 
observation is in apparent contrast to the obser
vations made in numerous animal tumors in which 
the vascular changes are temperature dependent, 
at least in the same type of tumor, and the blood 
flow starts to decline during or after heating at 
42° -44°C. It must be pointed out that in the study 
by WATERMAN and his colleagues (1986) only 40 
thermal washout measurements were made in 15 
tumors, i.e., fewer than three measurements per 
tumor. Perhaps the numbers of measurements for 
each tumor were too small to observe real vascular 
changes during heating. 

Using a newly developed LDF probe, ACKER et 
al. (1990) monitored the blood flow in human 
tumors during hyperthermia treatments in com
bination with radiotherapy. Blood flow differences 
within individual tumors were found to be as large 
as 55-fold, and there was a greater than 100-fold 
difference between different tumor types. There 
were four general patterns of vascular changes in 
the tumor during heating: (a) an initial increase 
was followed by a plateau in 27% of the tumors; 
(b) no change occurred during heating in 36% of 
the tumors; (c) an abrupt or a steady decline 
occurred in 23% of the tumors; and (d) an initial 
increase was followed by a drop in 14% of the 
tumors. The magnitude of the increase in LDF or 
blood flow was in the range of 25% - 250%, which 
was in general agreement with the results from 
the animal model studies performed by other 
investigators. 

The observations on heat-induced changes in 
blood flow in human tumors described above 
suggest that the vascular beds in human tumors 
might be heat-resistant as compared to those in 
rodent tumors. The vascular beds in human 
tumors may be more mature than those in rodent 
tumors, and thus they may be heat-resistant 
relative to the rodent tumor vascular beds. It is 
possible, however, that the small changes in blood 
flow or vascular damage caused by hyperthermia 
in human tumors were due in part to inadequate 
heating. It is a wellknown fact that achieving a 
therapeutic temperature throughout the entire 
tumor volume in human tumors, particularly bulky 
and deep-seated tumors, is rather difficult with 
the currently available heating devices. It may be 
concluded that the data on heat-induced blood 
flow in human tumors are still too scarce to draw 
any definite conclusion and further studies with 
better heating methods and blood flow measure
ment methods are needed. 

c.w. Song et al. 

7.3.3 Mechanisms of Hyperthermia-Induced 
Vascular Changes in Tumors 

The different effects of heat on the vasculature 
and blood flow in tumors and normal tissues may 
be attributed to the intrinsic nature of vascular 
structures in malignant tumors. The newly formed· 
tumor vasculature, composed of single-layered 
endothelium, is usually devoid of basement mem
brane and neural junction. In rapidly growing 
tumors or rapidly growing parts in individual 
tumors, the capillary-like vessels are often made 
of a mixture of tumor cells and endothelial cells. 
It is natural that such immature tumor vessels are 
damaged and lose their functional integrity as a 
result of a thermal dose which is innocuous to the 
mature normal tissue vessels. It is well known that 
the tumor vessels are leaky (SONG 1978), probably 
because of the immature structure. When the 
components of the vessel wall, such as endothelial 
cells, and tumors undergo configurational changes, 
the gap between the cells may widen, the vessels 
become more leaky, and the circulatory blood 
extravasate, resulting in vascular stasis. An 
increase in the adhesion of lymphocytes and 
platelets to endothelial cells, thrombosis, and 
hardening of red blood cells have also been sug
gested to cause a decline in tumor blood flow 
during and after heating. A detailed discussion on 
the mechanism of induction of vascular changes 
by hyperthermia is beyond the scope of this 
chapter, and it is suggested that readers refer to 
other reviews on this subject (JAIN and WARD
HARTLEY 1984; REINHOLD and ENDRICH 1986; 
SONG 1984, 1991; VAUPEL 1990). 

7.4 Effects of Multiple Heatings on Blood Flow 

In clinical hyperthermia, tumors are usually 
treated with multiple heatings. Therefore, we 
investigated the response of blood vessels in 
tumors and normal tissues to repeated heatings 
(LOKSHINA et al. 1985; LIN and SONG 1993; 
NAKAJIMA et al. 1992; SONG 1991; SONG et al. 
1987a, 1989a, 1990b). As shown in Fig. 7.10, the 
86Rb uptake or blood flow in RIF-l tumors of 
C3H mice increased during 1 h of heating at 
43SC, but declined to an almost negligible level 
after heating (SONG et al. 1990). The blood flow 
24 h after heating at 42SC was slightly less than 
that in the unheated control tumors, and the 
magnitude of the increase in blood flow during 
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reheating at 43,5OC was significantly less than that 
induced by 43,50 heating without preheating. 
Moreover, the blood flow 5 h after the reheating 
was more than twice the control value while that 
at 5 h after a single heating at the same tem
perature, i.e., 43,5OC, was less than one-third of 
the control value. These results demonstrated 
that preheating at 42,5OC for 1 h rendered the 
tumor vessels resistant to reheating applied 24 h 
later indicating thermotolerance developed in the 
blood vessels. 

To further delineate the kinetics of vascular 
thermotolerance, we preheated the RIF-l tumors 
at 42,5OC and reheated them at different times 
thereafter at 43,5OC or 44,5OC for 1 h. The blood 
flow was measured 5 h after the reheating since 
that is the time the vascular damage in RIF-l 
tumors is fully manifested. Figure 7.11 shows that 

Fig. 7.11. Kinetics of vascular thermotolerance in RIF-
1 tumors. Tumors were preheated at 42SC for 1 hand 
then reheated 0-144 h later at 43SC or 44SC for 1 h 

when the tumors were preheated at 42,5OC for 1 h 
and then immediately reheated at 43,5OC or 44,5OC 
for 1 h, the blood flow measured 5 h after the 
reheating was negligible, indicating that the tumor 
vasculature was severely damaged by the two 
heatings applied. However, when the time in
terval between the preheating and the reheating 
was increased, the reheating increased the tumor 
blood flow. The maximum increase in blood flow 
due to the reheating was observed when the pre
heating and reheating were separated by 36 h. 
Thus, it was concluded that the vascular thermo
tolerance in RIF-l tumors as a consequence of 
preheating at 42,5Oc for 1 h peaked 36 h after the 
preheating and decayed thereafter. The vascular 
thermotolerance appeared to have decayed com
pletely 96 h after preheating at 42,5OC. 

The development of vascular thermotolerance 
in SCK tumors of A/J mice was also elucidated by 
preheating the tumors for 1 h at 41,5OC, 42,5OC, 
or 43,5OC and then reheating (test-heating) the 
tumors at 43,5OC for 1 h at different times after 
the preheating (LIN and SONG 1993). Figure 7.12 
shows that preheating at 41,5OC or 42,5OC induced 
vascular thermotolerance, which peaked at 5 h 
and 18 h, respectively, after the preheating. The 
vascular thermotolerance gradually decayed over 
the following 2-3 days. The vascular thermo
tolerance which appeared 48 h after preheating at 
43,5OC was rather small. Severe vascular damage 
induced by the 43,5OC preheating may be in
criminated in the failure to develop significant 
vascular thermotolerance. It should be noted that 
the rate of development of vascular thermo
tolerance after preheating at 42,5OC in the SCK 
tumors was slower than that after preheating at 
41. 5°C , while the magnitude of the vascular 
thermotolerance induced by 42.5°c preheating 
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Fig. 7.12. Kinetics of vascular thermotolerance in SCK 
tumors. The tumors were preheated at 41.5°C, 42.5°C, 
or 43SC for 1 h and reheated 0-168 h later at 43.5°C 
for 1 h. The 86Rb uptake was measured at the end of 
reheating 

o~~--~~~ ~~~--~--~~--~ 

o II ~ ~ n % ~ * ~ 

Time between Two Heatings (hrs) 

was greater than that induced by 41SC pre
heating. These phenomena are in agreement with 
the observation in other biological systems that 
the magnitude of thermotolerance and the time 
required to reach peak tolerance increase with an 
increase in heat dose. As expected, the rate of 
development of vascular thermotolerance was 
tumor type dependent. As shown in Fig. 7.11, the 
peak vascular thermotolerance after preheating at 
42SC appeared at 36 h in RIF-l tumors whereas 
it appeared at 18 h in SCK tumors, as mentioned 
above. Figure 7.13 shows that when SCK tumors 
were continuously heated at 42SC without pre
heating, the 86Rb uptake slightly increased during 
the first hour and then rapidly declined. On the 
other hand, reheating was rather ineffective in 
reducing the 86Rb uptake in preheated tumors. 
The 86Rb uptake declined by 50% in 2.5 h when 
the tumors were heated at 42SC for the first 
time, but such a reduction required 7 h when the 
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tumors were heated for the second time. The rate 
of decrease in 86Rb uptake caused by reheating at 
42SC, shown in Fig. 7.13, was slower than that 
caused by heating at 41SC without preheating, 
as described above. 

The implication of vascular thermotolerance in 
the changes in blood flow that are induced by 
multiple heatings in RIF-l tumors is evident from 
Fig. 7.14 (SONG et al. 1987a). The blood flow was 
measured after one to five repeated heatings at 
43SC for 1 h each, separated by 1-3 days. The 
blood flow in the RIF-l tumors increased by 
about twofold upon heating at 43SC for 1 hand 
decreased 1 day or 3 days later. The second 
heating, applied 1 or 3 days after the first heating, 
neither increased nor decreased the blood flow. 
Likewise, the blood flow was changed little by the 
third, fourth, and fifth heatings applied at 1- or 3-
day intervals. Such a lack of change in the blood 
flow as a result of the second to fifth heatings was 

~ oL-~~~~~~~~~~~~~~~ 
01234567 

Fig. 7.13. Effects of heating at 42.5°C for varying 
lengths of time on 86Rb uptake with or without preheat
ing for 1 h at 42.5°C in SCK tumors. The reheating was 
carried out 18 h after the preheating Duration of Heat Exposure (hrs) 
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Fig. 7.14. Effects of multiple heatings on the 
86Rb uptake in RIF-1 tumors. The tumors were 
heated one to five times at 43SC for 1 h each, 
with 1-day or 3-day intervals between the heat
ings. The 86Rb uptake was measured immediate
ly before (open bars) and at the end (shaded 
bars) of each heating 
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apparently due to the development of vascular 
thermotolerance. 

A series of investigations conducted in our 
laboratory have revealed that the development of 
vascular thermotolerance is not unique to tumors, 
but also occurs in normal tissues, as shown in Fig. 
7.15 (SONG et al. 1987a). The blood flow in the leg 
skin of C3H mice was increased by a factor of 
about 5 by the first heating at 43SC for 1 hand 
returned to slightly higher than the original value 
1 day later. The second heating, applied 1 day 
after the first, caused little change in the blood 
flow, which, however, was found to be slightly 
increased on the third day. The third, fourth, and 
fifth heatings applied at 1-day intervals caused 
virtually no change in the blood flow. There was a 
twofold increase in the blood flow 3 days after the 
first heating at 43SC for 1 h. The second to fifth 
heatings applied at 3-day intervals were slightly 
more effective in increasing the blood flow than 
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those applied at 1-day intervals, implying that 
the vascular thermotolerance may decay slightly 
within 3 days in the skin. Essentially the same 
results were obtained in the leg muscle of C3H 
mice. We also demonstrated the development of 
vascular thermotolerance in the skin and muscle 
of rat (LOKSHINA et al. 1985). The second heating 
at 43SC for 1h, applied 1-3 days after the first 
heating at the same temperature, was less effective 
than the first heating in increasing blood flow, as 
measured with radioactive microspheres. The 
vascular thermotolerance in the skin or muscle of 
rat appeared to decay in 3-4 days since repeated 
heating at 5-day intervals was more or less as 
effective as a single heating in increasing the 
blood flow. Other investigators have reported 
that when the second heating was applied several 
hours to several days after the first heating, 
it was less effective than the first heating in 
causing vascular damage in tumors (EDDY and 
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Fig. 7.15. Effects of multiple heatings on the 
86Rb uptake in the leg skin of C3H mice. The 
legs were heated one to five times at 43.5°C for 
1 h for each heating with 1-day or 3-day intervals 
between the heatings. The 86Rb uptake was mea
sured immediately before (open bars) and at the 
end (shaded bars) of each heating 
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CHMIELEWSKI 1982), increasing blood flow in 
canine muscle (MILLIGAN 1987), or reducing 
canine liver blood flow (PRIONAS et al. 1985). 

7.5 Implications of Vascular Changes for the 
Clinical Use of Hyperthermia 

The role of blood perfusion in hyperthermic tissue 
damage may also be discussed from both bio
physical and biochemical points of view. 

The biophysical significance of blood flow in 
the hyperthermic treatment of tumors is its role in 
heart transfer. When normal tissue is heated or 
even cooled by external factors, homeostatic con
trol mechanisms increase the blood flow either to 
deliver heat to the cooled tissue or to remove heat 
from the heated tissue (SONG et al. 1989a, 1990a). 
The most desirable condition in the hyperthermic 
treatment of tumors is to raise the temperature 
only in the tumor. Unfortunately, no external 
heating devices currently used in clinical hyper
thermia are able to selectively deliver heat energy 
only to the target tumor. However, indications 
are that, in experimental or clinical hyperthermia, 
tumors are quite often preferentially heated 
relative to adjacent normal tissues. It is believed 
that such a preferential heating is due largely to 
the different response of blood vessels in tumors 
and normal tissues to heating, as discussed above 
and summarized in Fig. 7.16 (SONG 1984). In most 
rodent tumors studied thus far, the blood flow 
markedly declines or stops during heating at 
41°-43°C for 30-60 min. On the other hand, the 
blood flow in the skin or muscle of rodents in
creases by 5-15 times upon heating. The critical 
temperature for vascular damage and decline in 
blood flow in rodent skin and muscle has been 
demonstrated to be 1.0o-2.0°C higher than that in 
the tumors. Therefore, the tumor blood flow 
tends to decrease while the normal tissue blood 
flow remains elevated. Consequently, the tumors 
are preferentially heated-relative to normal tissues. 

It should be noted that it is not how many fold 
the blood flow in normal tissues or tumors in
creases or decreases, but the difference in the 
absolute blood flow rate in tumors and normal 
tissues which determines whether the tumors will 
be preferentially heated. The blood flow markedly 
varies with the tumor type, the site of tumor 
growth, and the size of the tumor. Table 7.1 
shows the blood flow values in R3230 Ac tumors, 
4-7 mm in diameter, grown in various sites in 

c. W. Song et al. 
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Fig. 7.16. Relative change in blood flow in the skin and 
muscle and in various experimental rodent tumors upon 
heating at various temperatures 

Table 7.1. Blood flow in R3230 Ac tumors and host tissues 

Blood Flow TINa 
(ml/g/min) 

Kidney 4.785 ± 0.095 (30)b 0.08 
Tumor 0.400 ± 0.068 (6) 

Liver 1.263 ± 0.039 (30) 0.12 
Tumor 0.155 ± 0.024 (5) 

Small intestine 3.455 ± 0.151 (30) 0.06 
Tumor 0.203 ± 0.061 (12) 

Mesentery 0.279 ± 0.015 (24) 0.78 
Tumor 0.217 ± 0.049 (12) 

Cecum 2.469 ± 0.141 (29) 0.15 
Tumor 0.375 ± 0.080 (4) 

Muscle 0.064 ± 0.004 (14) 2.41 
Tumor 0.154 ± 0.016 (16) 

a Ratio of blood flow in tumors to that in host tissues 
b Number of samples shown within parentheses 

Fischer rats, and the blood flow values in the 
tissues in which the tumors grew (HASEGAWA and 
SONG 1991). The ratio of blood flow value in the 
tumors to that in the normal tissues (TIN) is also 
shown. At normal temperatures, the TIN ratio 
was smaller than 1.0 in all cases except for the 
tumors grown in the flank muscle of the rats. Note 
that the smaller the TIN ratio, the greater the 
preferential heating of tumors. The TIN ratio of 
2.41 for the R3230 Ac tumors grown in the muscle 
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may appear to indicate that tumors grown in 
the muscle may not be preferentially heated. 
However, because the muscle blood flow increases 
several times while the blood flow in the R3230 
Ac tumor increases only slightly upon heating, 
the TIN ratio may become less than 1.0 during 
heating, and thus the tumor temperature may rise 
higher than that in the muscle. This relationship 
in the skin or muscle of Walker tumors in Sprague
Dawley (SO) rats can be seen in Fig. 7.1. At 
ambient temperature (control), the blood flow in 
small Walker tumors was several times greater 
than that in the skin or muscle near the tumors. 
At 43°C, the blood flow in skin near the tumors 
increased and became greater than that in the 
small tumors. Because the increase in the muscle 
blood flow was relatively small at 43°C, the muscle 
blood flow was still smaller than the tumor blood 
flow. The blood flow in large tumors was con
siderably smaller than that in the small tumors 
before heating. Upon heating, the tumor blood 
flow was smaller than that in the skin or muscle or 
the TIN ratio was smaller than 1.0, a desirable 
condition for the preferential heating of tumors. 

VAUPEL (1992) discussed a hypothetical situa
tion in which the blood flow in tumors was com
pared with that in the skin, and concluded that 
preferential heating of the tumor may be difficult 
because the tumor blood flow exceeds that in 
the skin. The hypothetical tumor blood flow 
used by Vaupel in his discussion was as high as 
1.0 mllg/min. Based on the reports of blood flow 
in various animal and human tumors, JAIN and 
Ward-HARTLEY (1984) concluded that the blood 
flow rate was 0.01-0.2 mllg/min in 50% of tumors, 
0.2-0.5 mllg/min in 30%, and >0.5 ml/g/min in 
20%. As described in Sect. 7.3.2, WATERMAN et 
al. (1986) found that the blood flow in superficial 
human tumors was 0-34 mIll 00 g/min, with an 
average of 15mll100g/min (0.15ml/g/min). The 
blood flow cited by Vaupel in his discussion, 
1.0 mllg/min, appears to be much higher than the 
blood flow in most human tumors and it may be 
unrealistic to compare such a high tumor blood 
flow with that of the skin, which has the lowest 
blood flow among the normal tissues. Although 
the magnitude of the increase in blood flow in 
most normal tissues as a result of hyperthermia 
may not be as great as that in the skin or muscle, 
the normal tissue blood flow may increase by 2-4 
times, as we observed in the lung, stomach, and 
intestine. On the other hand, the blood flow in 
most tumors may either increase by less than 

about twofold or decrease at therapeutic tem
peratures, i.e., 42°-45°C. It would then be 
reasonable to conclude that the TIN ratio would 
remain smaller than 1.0, and thus preferential 
tumor heating may be expected. 

The biochemical role of blood flow in the 
hyperthermic treatment of tumors concerns its 
influence on the interstitial environment, such as 
pH, p02, and nutritional condition, which affect 
the thermosensitivity of tissues. It is a well
established fact that a low pH environment 
potentiates the cytotoxicity of hyperthermia and 
that the interstitial environment in the tumor is 
acidic relative to that in normal tissues. We, as 
well as other investigators, have unequivocally 
demonstrated that the intratumoral pH further 
declines when tumors are heated (LILLY et al. 
1984; SONG et al. 1980c; RHEE et al. 1985; VAUPEL 
et al. 1988a; WIKE-HOOLEY et al. 1984). Such a 
decline in the tumor pH upon heating may be 
attributed to an increase in the formation of lactic 
acid as a result of vascular damage and the ensuing 
hypoxia. It has been suggested that the decrease 
in intratumoral pH induced by heat may not 
necessarily enhance the thermal damage in tumors 
since tumor cells chronically exposed to a low pH 
environment are not thermosensitized by a further 
increase in acidity. However, it must be noted 
that not all the tumor cells are surrounded by an 
acidic environment, and thus such cells may be
come thermosensitive when their environment 
becomes acidic during heating. This possibility is 
supported by the experimental evidence that 
tumor cells in vivo are far more thermosensitive 
than tumor cells maintained in vitro (KANG et al. 
1980). The vascular damage and decline in blood 
flow accompanied by an increase in· acidity, 
hypoxia, and deterioration of nutritional con
ditions may account for the different heat sensi
tivity in vivo and in vitro. The possibility that a 
reduction in tumor blood flow and an increase in 
acidity may increase the thermal damage in 
tumors has led investigators to apply a number of 
different approaches to perturb tumor blood flow. 
These have included use of high doses of glucose 
(hyperglycemia), hydralazine, and cytokines, 
such as TNF-a and interleukin-1a (HASEGAWA 
and SONG 1991; JAIN and WARD-HARTLEY 1984; 
SONG et al. 1993; VAUPEL 1990). Although these 
approaches have been reported to be useful for 
enhancing the thermal response of experimental 
tumors, clinical usefulness for human tumors has 
not been established. 



154 

7.6 Summary 

• The vascular supply and blood flow in tumors 
are markedly different from those in normal 
tissues. In general, the blood perfusion in 
tomors is poorer than that in the host's normal 
organs or tissues. 

• Vascular beds in tumors are poorly organized 
and the blood perfusion throughout the tumor 
is heterogeneous, resulting in an insufficient 
blood supply to parts of the tumor mass. Con
sequently, varying fractions of tumor cells are 
in a hypoxic environment, thus increasing 
anaerobic glycolytic metabolism and the con
comitant formation of lactic acid. 

• Little is unknown about the effects of hyper
thermia on the vasculature and blood flow in 
human tumors, but the hyperthermic effect on 
blood flow in rodent tumors has been exten
sively investigated. It has been unequivocally 
demonstrated that the vasculature in these 
tumors are more vulnerable than that in normal 
tissues. Upon heating at 42°-44°C, the vas
culature in tumors tends to break down and the 
blood flow decreases, whereas the blood flow 
in normal tissues increases significantly. 

• The blood flow in the skin and muscle in 
rodents, as well as in humans, is known to 
increase as much as 20-fold. 

• Limited experimental results indicate that the 
blood flow in internal organs, such as the lung, 
stomach, liver, and small intestine, does not 
increase as much as that in the skin or muscle. 
However, the blood flow in the internal organs 
is far greater than that in the skin or muscle 
and usually exceeds that in the tumors growing 
in the organs. Therefore, normal tissue blood 
flow in these organs tends to remain higher 
than that in tumors during heating. Con
sequently, heat dissipation through blood flow 
is much more effective in normal tissues than in 
tumors, resulting in a preferential heating of 
tumors. 

• As a consequence of the breakdown of blood 
flow, the intratumoral environment becomes 
more acidic, hypoxic, and nutritionally de
prived, which enhances the thermal killing of 
tumor cells. 

• The preferential damage in tumors that is 
induced by hyperthermia may be enhanced by 
agents which selectively decrease the tumor 
blood flow, increase the intratumoral acidity, 
and increase the intracellular acidity. 

C.W. Song et al. 

• Recently, the response of vasculatures in 
normal tissues as well as those in tumors to 
reheatings has been found to be less than that 
to a single heating. Such vascular adaptation or 
vascular thermotolerance may have significant 
implications for the repeated heatings in the 
clinical use of hyperthermia. 
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8.1 Introduction 

The occurrence of differential heating and dif
ferential thermal sensitivity between malignant 
tumors and normal tissues is thought to be due to 
limited heat dissipation and energy depletion in 
many solid tumors which in turn results from an 
inadequately functioning tumor microcirculation 
(JAIN and WARD-HARTLEY 1984; SONG 1984,1991; 
VAUPEL and KALLINOWSKI 1987; REINHOLD 
1988; VAUPEL et al. 1988a; VAUPEL 1990). As 
a consequence of the latter pathophysiological 
condition, supply and drainage function are 

P.w. VAUPEL, Dr. MD, Professor, Institute of Physiology 
and Pathophysiology, Universitat Mainz, Duesbergweg 6, 
D-55099 Mainz, FRG 
D.K. KELLEHER, PhD, Institute of Physiology and Patho
physiology, Universitat Mainz, Duesbergweg 6, D-55099 
Mainz, FRG 

restricted in many solid tumors or, at least, 
in some tumor areas, thus creating a hostile 
metabolic microenvironment characterized by 
tissue hypoxia, acidosis, and energy depletion. 
Thermal sensitivity has been shown to depend 
greatly on tumor pH, and on energy and nutritional 
status of the tumors treated. Although no con
clusive evidence is so far available concerning 
the ranking of these pivotal factors, there is 
no doubt that the rate and homogeneity of blood 
perfusion plays a paramount role in determining 
the metabolic and energy status. 

In low-flow tumors or tumor regions, the 
bioenergetic status and the limited convective 
heat dissipation are often worsened upon heating 
by a shutdown of blood flow, an intensified tissue 
acidosis, an enlargement of hypoxic tissue 
areas, and an inhibition of glucose oxidation 
(VAUPEL 1993a). 

In high-flow tumors or tissue areas, heat dis
sipation can be so efficient that therapeutically 
relevant temperatures may not be achieved, and a 
hostile metabolic microenvironment may initially 
not exist or may not develop during therapeutic 
hyperthermia, thus limiting the therapeutic ef
ficiency of this treatment modality. 

In this chapter, the complex physiological 
effects which accompany tissue heating will be 
reviewed. Particular attention will be focused 
on the metabolic status, i.e., supply of the major 
substrate(s), tissue oxygenation, formation and 
removal of acidic waste products, and bioenergetic 
status. Besides actual substrate turnover rates, 
the metabolic status of tumors is greatly depen
dent on microcirculatory function. For this 
reason, tumor blood flow upon heating will be 
discussed throughout this chapter as appropriate. 

8.2 Tissue Oxygenation upon Hyperthermia 

Tissue oxygenation, which reflects the distribu
tion of O2 partial pressures or concentrations 
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within a given tissue, results from O2 supply (or 
O2 availability) to the tissue and the respiration 
rate of the (parenchymal and stromal) cells com
posing the tissue (VAUPEL et al. 1989a; VAUPEL 

1993b). Figure 8.1 shows how various factors, 
including temperature, can affect p02 distribution 
in any given tissue. Respiration rate and O2 
availability can be greatly modulated by the actual 
tissue temperature, the latter parameter being 
strongly influenced by the efficiency of blood flow 
and microcirculatory function (Fig. 8.2). This 
explains the experimental finding that changes in 
tumor tissue oxygenation, as a rule, more or less 
merely reflect changes in blood flow. 

8.2.1 Blood Flow and Oxygen Availability 

The increase in blood flow rate upon heating 
in normal tissues (e.g., skin, subcutis, resting 
skeletal muscle) is due to thermoregulatory 
mechanisms and is accompanied by a balanced 
enhancement of heat dissipation by convection, 
which counteracts a deleterious heat load in these 
tissues as long as tissue temperature levels of 
45°C, exposure times of 30-60 min, and heating-

P.W. Vaupel and D.K. Kelleher 

up rates of 0.7°C/min are not exceeded (response 
of blood flow through normal tissues to single and 
multiple heatings has been reviewed by VAUPEL 

1990). As a result, O2 supply to the heated tissue 
is significantly improved, as shown by the data 
depicted in Fig. 8.3. 

Recent data on blood perfusion in human 
tumors clearly show that flow rates exhibit a 
pronounced variability, ranging from 0.01 to 
1.0ml· g-l. min-1 (VAUPEL et al. 1989a, 1991) 
despite similar histology and primary site. Flow 
data from multiple locations within a tumor show 
marked heterogeneity, and no association could 
be found between tumor size and flow rate. 
Because the arterial O2 concentration is the same 
for all tumors (approx. 0.2ml 02/ml blood), the 
O2 availability is expected to show similar intra
and intertumor variabilities. 

Changes in blood flow in human tumors upon 
heating are minor and, as yet, studies investigat
ing patterns of change in these tumors have 
proven to be inconclusive (for a review see 
VAUPEL 1993a). Flow patterns seen during 
and after heating could not be correlated with 
the average temperature recorded at the site 
of measurement. 
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temperature in modifying several relevant parameters, and mechanisms that can be modulated by tissue oxygenation 
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Fig. 8.2. Diagram with parameters determining the O2 availability to any given tissue, and the impact of the temperature 
on some of the factors listed 

Fig. 8.3. Blood flow and mean O2 partial pressure 
(p02) in the rat skin (hind foot dorsum) before and 
during 44°C hyperthermia at t = 30min (values are 
means ± SEM) 
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Experiments on rodent tumors of varying 
volumes and thus, quite different flow rates 
before heating (O.3-1.1ml· g-I. min-I, with the 
larger tumors exhibiting the lower flow values) 
can provide a more detailed insight into the blood 
flow behavior of tumors upon heat treatment. 
Results clearly show that heat-induced flow 
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changes (or changes in O2 availabilities) not 
only depend on the heat dose applied and on 
the tumor cell line investigated but also on the 
absolute blood flow rate of the tumors before 
treatment. In experimental tumor models, blood 
flow and O2 availability are also dependent on the 
tumor volume and the ~ site of implantation. 
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Therefore, these latter parameters can also 
modulate the response of tumors to heat. 

Tumor O2 supply is mainly determined by 
the red blood cell flux (RBC flux), which can 
experimentally be assessed by laser Doppler 
flowmetry (LDF) (VAUPEL et al. 1988b, 1989c). 
RBC flux critically influences the amount of 
O2 reaching the tumor cells, whereas plasma 
flow is of minor importance in this respect 
[LDF in normal tissues and tumors during 
localized hyperthermia has been reviewed by 
VAUPEL (1990)]. 

KELLEHER et al. (1995) have measured RBC 
fluxes simultaneously in s.c. rat tumors (DS
sarcoma) at multiple sites using invasive laser 
Doppler flow probes. From these measurements 
the following conclusions could be drawn: 

1. The response of the tumor to heat was depen
dent on tumor volume: the smaller the tumor 
(i.e., the higher the initial blood flow values) 
the less pronounced (and/or less often) the 
shutdown of microcirculatory function follow
ing a slight, initial increase in flow (Fig. 8.4). 

2. The extent and direction of flow changes 
observed within a tumor did not correlate with 
the tumor site (peripheral vs central regions) 

control IN - 14, n = 331 
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or with the actual tissue temperature at the site 
of measurement (42.4°vs 44SC). 

3. Variability in flux responses to heat were 
similar in small (0.7 ml) and large tumors 
(2.5ml). 

4. Whereas flux substantially increased by a 
factor of 2.3 in some tumor areas during the 
heating period, in others it steadily decreased 
by 75% upon hyperthermia; biphasic changes 
in flux could often be observed with an initial 
flow increase in many cases. 

Flow increases reported in experimental 
tumor systems (e.g., AUSMUS et al. 1992) may 
help to explain the responsiveness of many 
human tumors to heat when the clinical situation 
is critically evaluated (WATERMAN et al. 1991; 
LAMMERTSMA et al. 1991; MOLLS and FELDMANN 
1991; BOWMAN et al. 1992). Heat dissipation 
in small, high-flow experimental and human 
tumors (or at least in some tumor areas) can be so 
efficient that therapeutically' relevant tempera
tures may not be achieved, and the metabolic 
status may be as adequate as in normal tissues and 
may even improve during therapeutic heating. 

At least in experimental tumor models, the 
techniques of heating may have an additional 
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Fig. 8.4. Laser Doppler flow in subcutaneous DS-sarcomas 
in sham-treated tumors (control, upper panel) and in 
malignancies of different volume ranges upon 44°C hyper-

thermia for 60min (lower panel). Values are means; N, 
number of tumors; n, number of intratumor locations 
observed. The black area indicates the heating period 
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impact on the biological behavior. In the case 
of water-bath hyperthermia, the highest tem
peratures are to be found in the tumor shell, 
which in many experimental systems exhibits the 
highest flow rates before treatment. In contrast, 
other heating devices lead to a maximum energy 
deposition in more central parts of the tumors 
which are often characterized by lower perfusion 
rates. This difference may explain the importance 
of the localisation of maximum heat deposition 
with respect to high- and low-flow regions, 
despite comparable mean tissue temperatures. 

8.2.2 Cellular Oxygen Consumption 
at Elevated Temperatures 

In general, the actual uptake of O2 and nutrients 
by a tissue is determined by the respective avail
abilities in the microcirculation, the diffusional 
flux in the interstitial compartment, and the 
metabolic requirements of the cells. This holds 
true for both normal tissue and solid tumors 
during normothermia and hyperthermia. Whereas 
under in vitro conditions where no supply limita
tions are present, the capacity of the cells to 
consume oxygen is the limiting factor, the in vivo 
O2 availability (i.e., microcirculatory function at 
normoxemia) is the paramount limiting parameter 
for many solid tumors. This means that changes in 
the in vivo O2 uptake during hyperthermia only 
occur when tumor heating is accompanied by 
changes in nutritive blood flow (VAUPEL 1990). In 
other words, O2 uptake rates in vivo will parallel 
changes in nutritive flow in either direction. 

Temperature dependency of cellular oxygen 
consumption rates has been reviewed by VAUPEL 
(1990). On average, isolated tumor cells (expo
nentially) increase their O2 consumption rate 
following temperature elevation, to maximum 
values at 41 ° -42SC. DS-sarcoma cells suspended 
in native ascitic fluid exhibit a maximum O2 
consumption rate of 42td· g-l . min- 1 at 42°C. 
This consumption rate is comparable to that of 
the brain at 37°C (VAUPEL et al. 1989a). 

8.2.3 Tissue Oxygenation 
at Elevated Temperatures 

Prolonged tissue hypoxia can substantially in
crease the thermal sensitivity of cancer cells. 
Whether hypoxia has a direct effect or whether 

the sensitization effect is mediated through 
indirect mechanisms (e.g., acidification of the 
tissue, energy deprivation; GERWECK 1988) is 
still a matter of dispute. Since tumor tissue 
oxygenation is closely related to the efficiency of 
tumor microcirculation, changes in perfusion rate 
upon localized heating are followed by parallel 
changes in oxygenation. Alterations in tumor 
tissue oxygenation upon hyperthermia, like 
changes in blood flow, are of particular importance 
when considering the sequencing and timing of 
multifraction heat therapy or of combination 
treatment with standard irradiation or anticancer 
drugs. 

In the normal subcutis of the rat, heat-induced 
increases in flow are accompanied by improve
ments of tissue oxygenation (see Fig. 8.3). During 
heating at 44°C, tissue p02 can reach values which 
are typical for arterial blood. This behavior is 
utilized in the monitoring of the arterial blood O2 
status in newborns (HUCH and HUCH 1985). In 
contrast, the application of large thermal doses in 
experimental tumor systems (isotransplanted 
rodent tumors and xenografted human malig
nancies in immune-deficient animals) which lead 
to flow declines are accompanied by increasing 
hypoxia (for a review of changes in tumor tissue 
oxygenation upon heating see VAUPEL 1990). 
Low thermal doses can, in some instances; 
increase tissue oxygenation provided that 'im
provements in tumor microcirculation occur 
under these conditions. 

The oxygenation of high-flow tumors may 
substantially ameliorate during heating. Upon 
43°C hyperthermia for 60 min, an increased 
median p02 value in human breast cancer and 
sarcoma xenografted into nude mice was observed 
(ROSZINSKI et al. 1991; WIEDEMANN et al. 1992). 
Higher median p02 values during heating were 
accompanied by smaller numbers of p02 readings 
in the lowest p02 class (0-5 mmHg). After heat
ing, median p02 values decreased, returning 
to baseline values 45 min after the end of heat
ing. Similar results were observed in small and 
medium-sized DS-sarcomas when the average 
tumor p02 was measured by miniaturized catheter 
electrodes (SroHRER et al. 1992). In these experi
ments, average p02 values in tumors with volumes 
less than 1 ml significantly increased during the 
first hour of heating (42.6°-44SC) and then 
declined, reaching initial p02 levels 2 h after 
commencement of heating. In tumors with 
volumes between 1 and 2 ml, average p02 values 
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were significantly higher for approximately 30 min 
upon heating. Afterwards they returned to values 
which were not significantly different from start
ing levels. In "bulky" tumors with volumes 
between 2 and 2.5 ml, biphasic changes were 
commonly seen, with a reduction of the average 
O2 tension to below starting levels after an initial 
increase. 

When considering the effects of hyperthermia 
(or other treatment modalities) on tissue oxy
genation, mean and/or median p02 values need 
to be treated with caution. Upon heating for 2 h at 
42.6°-44.5°C, the mean and median p02 values in 
DS-sarcomas changed only slightly (Fig. 8.5). 
In the same experiments, however, this hyper
thermia treatment led to a drastic increase in 
the (therapeutically relevant) fraction of p02 
readings in the range between 0 and 2.5 mmHg 
(MAYER et al. 1992). This finding may be explained 
by a heterogeneous flow response upon hyper
thermia with a decrease in perfusion in low-flow 
areas occurring together with a flow increase in 
the well-perfused tissue areas. 

The oxygen response in a mouse mammary 
adenocarcinoma at two different transplantation 
sites (leg and flank) was found to be remarkably 
different even though the tumor cure rate was 
identical for a given hyperthermia dose in terms 
of time and temperature (HETZEL et al. 1992). 
In leg tumors, all measured p02 values were 
~5 mmHg following doses leading to 10% or 60% 
tumor cures at 30 days. In flank tumors, tissue 
oxygenation improved after heating, reaching 
maximum values 1 day after treatment in the low-
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dose group, and 2 days after hyperthermia in the 
high-dose group. 

8.3 Glucose and Lactate Levels 
upon Hyperthermia 

The paramount parameter governing nutrient 
supply to solid tumors (and drainage of waste 
products) is the microcirculatory function. In 
the case of the substrates essential for growth, 
nutritive blood flow to cancer cells is the major 
factor as long as the supply is not compromised by 
a decrease in the respective arterial concentrations. 

8.3.1 Glucose Levels During Heat Treatment 

Glucose has become the most extensively studied 
"thermosensitizer" of experimental tumors. 
To assess the influence of hyperthermia on the 
glucose supply to tumors, glucose concentrations 
were determined in tumor tissue samples im
mediately after termination of treatment (44°C 
for 60 or 120 min). Data were compared with 
those obtained from skeletal muscle specimens of 
the same animals. During local hyperthermia, 
the temperature of the muscle tissue was ap
proximately 1°C lower than that of the tumors 
(42.7°-43SC) , thus closely resembling the 
clinical situation. Global glucose concentrations 
were compared with glucose microdistributions in 
representative tissue slices using single-photon 
counting and quantitative bioluminescence 

Hyperthermia 
(44°C/2 h) 

IN = 14 I 
n = 930 

mean p02 = 9 mmHg 
median p02 = 4 mmHg 

o~~~qn~~~~~~~ 
o 20 40 60 80 100 0 20 40 60 80 100 

Tissue p02 (mmHg) 

Fig. 8.5. Frequency distributions of measured intratumor 
O2 tensions (p02 histograms) in s.c. OS-sarcomas in the 
rat. Data obtained in sham-treated tumors are shown in 
the left panel, whereas the respective values measured 
immediately following hyperthermia at 44°C for 2 hare 

depicted in the right panel. The proportions of p02 read
ings falling into the lowest p02 class (0-2.5 mmHg) 
are marked by black columns. N, number of tumors 
investigated; n, number of p02 measurements performed. 
(From MAYER et at. 1992) 
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(SCHAEFER et al. 1993) since metabolite dis
tributions in malignant tumors can be quite 
heterogeneous (VAUPEL et al. 1989a), a prop
erty which cannot be detected when global 
concentrations are determined. 

Cellular energy depletion resulting from a 
reduced nutrient supply can sensitize tumor cells 
to hyperthermia. Because some experimental 
tumors exhibited decreased glucose (and glucose-
6-phosphate) levels after hyperthermic treatment 
(STREFFER and VAN BEUNINGEN 1987), it has been 
hypothesized that tumor cells may experience a 
thermal sensitization upon heat treatment in 
the sense of a positive feedback . However, 
these metabolic changes vary greatly between 
individual cell lines and are apparently closely 
related to heat-induced changes in blood flow and 
the development of an interstitial edema during 
heating. Glucose levels decreased in a mouse 
adenocarcinoma and in one melanoma xenograft 
line while they remained almost constant in two 
other melanoma cell lines (STREFFER 1988). In 
DS-sarcomas, global concentrations of glucose 
were found to decrease with enlarging tumor size 
(2.4 ± 0.2 to 1.4 ± 0.1 J.lmol/g) , with levels being 
higher in heat-treated tumors (44°C, 60 min), 
irrespective of tumor size (Fig. 8.6; KELLEHER et 
al. 1995) . Measurement of glucose microdis
tributions by single-photon imaging and quantita
tive bioluminescence confirmed these findings 
(Fig. 8.7). 

The higher intra tumor glucose concentrations 
upon heating may be the result of different 
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pathogenetic mechanisms: (a) an (at least tem
porarily) increased blood flow and a 20% higher 
glucose concentration in arterial blood (MAYER 
et al. 1992), which together result in a higher 
glucose availability to the tumor cells and a 
somewhat more homogeneous glucose distribu
tion (SCHAEFER et al. 1993); (b) an expansion of 
the interstitial compartment (where the glucose 
concentration is higher than within the cells) as a 
result of edema formation (increase in tissue 
water content of 4% w/w). 

During local heating of the tumor, the tem
perature of the adjacent muscle tissue was raised 
as already described. As was the case with tumor 
tissue, this elevated temperature in muscle was 
also accompanied by an increase in glucose levels. 
Since significant interstitial edema does not occur 
in skeletal muscle during heating (KRUGER et al. 
1993), this higher glucose level is most probably 
due to a substantial hyperemia in skeletal muscle 
upon heating (KRUGER et al. 1991). 

8.3.2 Lactate Levels During Heat Treatment 

In DS-sarcomas, global concentrations of lactate 
were found to increase with enlarging tumor 
size (9.4 ± 0.8 to 13.7 ± 0.9J.lmol/g). Upon 
therapeutic heating (44°C, 60min), tumor lactic 
acid concentrations increased significantly, with 
the differences between concentrations in control 
and heat-treated tumors increasing as a function 
of tumor size (Fig. 8.8) . The bioluminescence 

o control 

(26) • HT 144°C, 60 min 

(25) 
(22) 

0.7 - 1.0 1.1 - 1.8 2.0 - 2.5 

Fig. 8.6. Global glucose concentrations in control (left 
columns) and heat-treated (44°C/60min) tumors (right 
columns) of three different size ranges (DS-sarcomas 

tumor volume (ml) 

heated with water-filtered infrared-A radiation). Values 
are means ± SEM; the number of tumors investigated is 
shown in parentheses 
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Fig. 8.7. Representative color-coded distributions of glucose concentrations measured in cryosections of control and 
heat-treated (44°C/60min) DS-sarcomas (tumor volume"" 1 ml) 
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Fig. 8.8. Global lactate concentrations in control (left columns) and heated (44°C/60min) tumors (right columns) of 
three different size classes. For further details see legend to Fig. 8.6 

pictures in Fig. 8.9 showing the microregional 
lactate distribution confirmed these findings. The 
histogram for the lactate concentrations in the 
control tumors is left-shifted with a median of 
11 pmol/g (Fig. 8.10, left panel). Following 
hyperthermia, the lactate distribution curve 
becomes more or less Gaussian with a median 
lactate level of 19 pmol/g (Fig. 8.10, right panel). 

In normoxic tumor areas, lactic acid can be the 
catabolite of aerobic glycolysis and glutaminolysis. 
Lactate accumulation in tumors upon heating 
is the result of an intensified glycolytic break
down of glucose with an 18-times poorer ATP 
yield than that occurring with glucose oxidation 
(STREFFER 1990). The degradation of pyruvate to 
acetyl-CoA and the following oxidative pathway 

are impaired in hyperthermia (STREFFER 1984). 
These heat-induced metabolic changes lead to an 
enhanced production of lactic acid, p-hydro
xybutyric acid, and acetoacetic acid (STREFFER 
1982). From these latter acidic waste products, 
lactic acid is the paramount factor determining 
tumor tissue pH upon heat treatment (SCHAEFER 
et al. 1993). 

8.4 Tumor pH During Heat Treatment 

Low intracellular pH can increase the cellular 
sensitivity to heat by reducing the stability of 
proteins (DEWEY 1989). This has been shown 
in a series of experimental systems (GERWECK 
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Fig. 8.9. Representative color-coded distributions of lactate concentrations measured in cryosections of control (left 
panels) and heat-treated (44°C/60min) DS-sarcomas of three different volume ranges 

1988) and can be observed both with single heat 
treatment and during fractionated hyperthermia. 
Response to heat is decreased in cells that are 
adapted to low pH values. Acidosis in tumors 
may contribute to cell death even in the absence 
of therapy. Most probably, acidosis does not 
greatly contribute to radioresistance in hypoxic 
tumor areas. It may influence, at least under in 
vitro conditions, cellular uptake and activation of 
a series of anticancer drugs (WIKE-HoOLEY et al. 
1984). 

The notion of tissue acidosis in tumors is based 
on experiments with invasive pH electrodes 

(VAUPEL et al. 1989a, VAUPEL 1992). With this 
technique, measured pH values preferentially 
reflect the acid-base status of the extracellular 
space, which occupies approx. 50% of the total 
tissue volume in malignant tumors (VAUPEL and 
MULLER-KuESER 1983). This is in strong contrast 
to most normal tissues, where, on average, the 
extracellular compartment encompasses only 
15-25%. The pH values measured in experi
mental rodent and human malignancies with 
electrodes are shifted to more acidic values with 
respect to normal tissues (0.3-0.5 pH units; 
VAUPEL et al. 1989a; VAUPEL 1992). 
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Fig.S.IO. Frequencydistributionsoflactateconcentrations for 60min (right panel). tww, tumor wet weight; N, 
measured by quantitative bioluminescence in sham-treated number of cryosections investigated 
DS-sarcomas (left panel) and upon hyperthermia at 44°C 

pH measurements using 31 P-NMR spectroscopy 
yield quite a different picture. The data obtained 
mainly reflect intracellular pH values and appear 
to be very similar to those found in normal tissues 
(VAUPEL et al. 1989a; GRIFFITHS 1991; VAUPEL 
1992). This would suggest that tumor cells can 
maintain their internal pH (pHi) at a relatively 
constant level (pHi is near neutrality or slightly 
alkaline) despite a significant production of 
protons predominantly through glycolysis, A TP 
hydrolysis, and glutaminolysis (Fig. 8.11). At the 
very least, tumor cells keep their internal pH 
above the extracellular level over a considerable 
range of pHe values. When pHi values of murine 
tumors were measured using 31p_MRS, acid 
pHi values were found only in bulky, poorly 
oxygenated, energy- and nutrient-deprived 
tumors (e.g., in FSaII mouse sarcomas when 
tumor volumes exceeded 1.5% of body weight; 
VAUPEL et al. 1989b). 

The difference between intra- and extracellular 
pH is most probably due to the fact that tumor 
cells, like normal cells, have efficient mechanisms 
for intracellular pH homeostasis. These include 
intracellular buffer systems and several efficient 
mechanisms for exporting protons into the 
extracellular space and importing HC03" into 

mechanism contributing to intracellular pH 
homeostasis may be the formation of ammonium 
ions (NHt) from H+ and ammonia (NH3) , the 
latter being liberated during amino acid turnover. 

8.4.1 pH Measurements Using 31 P-MRS 
upon Hyperthermia 

Upon localized hyperthermia, pH values derived 
from the PCr-Pi chemical shift in 31p_MRS 
(pHNMR' nominal intracellular pH) drop in a 
dose-dependent manner as long as temperatures 
higher than 42°C and exposure times of 30 min or 
longer are employed (VAUPEL et al. 1990; for 
a recent review see VAUPEL 1990). Besides 
increasing the thermosensitivity of cancer cells 
(GERWECK et al. 1980; LYONS et al. 1992), lower
ing the (intracellular) pH of tumors is known to 
inhibit the development of thermotolerance (LIN 
et al. 1991) and the repair of thermal damage, and 
may influence the interaction between drugs and 
heat. 

Relevant pathogenetic mechanisms leading to 
acidification are: 

1. Accumulation of lactic acid, p-hydroxybutyric 
acid, and acetoacetic acid 

the intracellular compartment (TANNOCK and 2. 
ROTIN 1989; NEWELL and TANNOCK 1991). The 
subsequent inadequate removal of H+ ions from 

Changes in chemical equilibria of the intra
and extracellular buffer systems (L1pH/L1T = 
-0.016 pH unitsfC) 

the enlarged extracellular space in low-flow 3. 
areas may result in an extracellular acidosis, 
as has often been demonstrated by electrode 4. 
measurements in solid tumors. Another possible 

An intensified A TP hydrolysis during tissue 
heating 
An increase in CO2 partial pressures (V AUPEL 
1990) 
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glucose supply (Crabtree effect) 
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Fig. 8.11. Diagram showing parameters that are involved 
in intracellular pH homeostasis, mechanisms that can be 
modulated by intra- (pH;) and extracellular pH (pH., 
right part of the diagram), and the tissue compartments 

5. An inhibition of the N a + m+ antiport function 
in the cell membrane (Lm et al. 1992). 

On average, pHNMR in FSaII tumors was 
7.18 before treatment. Following hyperthermia 
at 43SC for 15 min, pHNMR declined only 
marginally during the first hour after heating 
(~pH = -0.14 pH units, NS) and recovered 
thereafter (Fig. 8.12). pHNMR returned to pre
heating values over the subsequent 6 h (VAUPEL et 
al. 1990). Upon hyperthermia for 30 min, the 
mean pHNMR significantly dropped during the 
first 90min following heating (~pH = -0.30 
pH units, 2P < 0.01) and partially recovered 
thereafter. Following heating for 60 min, pHNMR 
values declined and attained a steady state which 
was 0.43 pH units below baseline pH (2P < 
0.001). 

8.4.2 pH Measurements Using Invasive 
Electrodes upon Hyperthermia 

Dose-dependent changes in intratumor pH values 
have also been observed by HETZEL et al. (1989) 
with invasive pH-sensitive microelectrodes. 

H+ removal 
• blood flow 

[BB-) • interstitial fluid flow 

which are investigated by different techniques (pH elec
trode vs 3Ip_MRS). Lac-, lactate; BB-, buffer bases; 
RBC, red blood cell 
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Fig. 8.12. Changes in the mean pHNMR in FSaII tumors 
following heating at 43 SC for 15 min (triangles), 30 min 
(closed circles), and 60 min (squares). Heating as indicated 
by the vertical bar was completed at t = 0 min 

In these experiments, higher heat doses were 
associated with greater pH drops, longer time 
periods of intensified acidosis, and higher local 
cure rates. These findings further implicate 
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that the extracellular pH may also be related to 
hyperthermic sensitization, perhaps through 
indirect measures, but is most probably less 
important than pHi' One of these measures may 
be a decrease in the deformability of red blood 
cells and thus an increased viscous resistance to 
flow. Low extracellular pH, tissue hypoxia, and 
lactate accumulation together are known to cause 
this unfavorable condition (KAVANAGH et al. 1993). 

Only minor post-treatment changes in skeletal 
muscle pH were observed by HETZEL and CHOPP 
(1990). Unlike the response observed in tumors, 
no hyperthermia dose-dependency was observed 
in the muscle response. No heat-induced pH 
changes were seen in the rat subcutis following 
localized hyperthermia at 44°C for 60 min (pH = 
7.32 before heating vs 7.35 1 h after heating; 
KALLINOWSKI and VAUPEL 1989). 

Various other factors besides heat dose can 
modulate the acidification of tumor tissue upon 
localized hyperthermia. pH reduction may be 
dependent on tumor size, heating-up rates, the 
location within a given tumor, actual blood flow 
rate, glucose availability, and the extent of the 
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heat-induced interstitial edema (KALLINOWSKI 
and VAUPEL 1989). 

In contrast to many investigators who have 
demonstrated a pH drop in experimental tumors 
during and generally up to 1 day following hyper
thermia (Fig. 8.13; for a review see VAUPEL 
1990), ROSZINSKI et al. (1991) and WIEDEMANN et 
al. (1992) failed to show heat-induced decreases 
in tumor pH upon 43°C hyperthermia for 60 min 
in two xenografted human cell lines (breast 
cancer, sarcoma), which are characterized by 
a relatively high blood flow rate and thus a 
physiological oxygenation status. Under these 
conditions, one has to expect a significant flow 
increase upon heating with an improved clear
ance of acidic catabolites from the interstitial 
compartment. 

The significance of the baseline pH and changes 
occurring during hyperthermia in clinical studies 
remains unclear, since results obtained generally 
solely reflect the mandatory changes in physico
chemical equilibria which are instantly reversed 
upon cooling (VAN DE MERWE et al. 1990). Other 
mechanisms may therefore have contributed 
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Fig. 8.13. Frequency distributions of tissue pH 
values (pH histograms) of DS-sarcomas. Measure
ments in sham-treated (upper panel) and heated 
umors (lower panel) were performed immediately 
after termination of treatment using pH-sensitive 

7.5 electrodes. N, number of tumors investigated; n, 
number of pH values measured 
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to the remarkable pH drop (and tumor regres
sion) observed in some tumors, e.g., induced 
hypoperfusion or ischemia (V AN DER ZEE et al. 
1989). Although data are still fragmentary, clinical 
results strongly suggest that acutely induced pH 
drops can contribute to the effect of hyperthermia 
(VAN DEN BERG et al. 1991). This notion is not 
contradicted by the experimental finding that 
tumors with high intracellular pH values before 
treatment show a favorable response to combined 
radiotherapy and hyperthermia (VAN DEN BERG 
et al. 1989; DEWHIRST et al. 1991) since the 
therapeutic response may preferentially reflect 
the effect of radiotherapy on well-oxygenated 
tumors, which usually exhibit neutral or alkaline 
intracellular pH values (VAUPEL et al. 1989b). 

8.5 Bioenergetic Status 

Cellular ATP depletion (e.g., through a reduced 
substrate supply) is thought to sensitize tumor 
cells to hyperthermia (GERWECK et al. 1984, 1989; 
KOUTCHER et al. 1990), although in a recently 
published investigation, OSINSKY et al. (1993) 
found no correlation between preheating energy 
charge [(ATP + 0.5 ADP)/(AMP + ADP + 
ATP)] in the tumor and the extent of the an
titumor effect of hyperthermia (43°C, 60min). 

8.5.1 31 P-MRS in Tumors 

High-resolution 31p nuclear magnetic resonance 
spectroscopy e1p-MRS, 31p-NMR) allows for 
non-invasive, non-destructive, serial and painless 
monitoring of tumor metabolic status and intra
cellular pH. In recent years using in vivo 31p_ 
MRS, researchers have gained important and new 
insights into human and animal tumors, and have 
confirmed or rejected some postulated charac
teristics of tumors. Several comprehensive studies 
of the effect of therapeutic heating on tumor 
energy metabolism have been performed (for a 
review see VAUPEL 1990). The results of these 
investigations are qualitatively quite similar, with 
only small differences being found accountable to 
the heat dose, the heating technique, the tumor 
volumes employed, and the use or absence of 
general anesthesia. 

In vivo 31p_NMR spectroscopy was used 
to monitor the bioenergetic status, pHNMR, 
and membrane phospholipid turnover in sub-

cutaneously growing murine fibrosarcomas 
(FSaII) and mammary carcinomas (MCaIV) 
treated at 43SC for 15, 30, or 6Omin. Experi
ments were performed on conscious mice with 
biologically relevant tumor volumes (VAUPEL et 
al. 1990). The study focused on acute heat
induced bioenergetic changes (up to 7 h post
heating). 31p_NMR spectra of both murine 
tumors were characterized by relatively high 
pretreatment levels of phosphomonoesters 
(PME), inorganic phosphate (Pi), and nucleoside 
triphosphates (NTP) , and lower levels of phos
phodiesters (PDE), phosphocreatine (PCr) , and 
diphosphodiesters (DPDE) (Fig. 8.14). Following 
hyperthermia, NTP and PCr levels decreased 
(Figs. 8.15, 8.16). This drop was accompanied 
by a prompt and substantial increase in Pi. 
After heating for 15 min, the limited spectral 
changes observed for the high-energy phosphates 

FSall 
tumor volume = 220 mm' 

HT 43.5°C/30 min 

20 15 10 5 0 -5 -10 -15 
frequency (PPM) 

Fig. 8.14. Serial 31p_NMR spectra of a 220mm3 FSaIl 
tumor before (lower spectrum) and at different time 
intervals after hyperthermia (HT) at 43SC for 30min. 
The assignment of the resonances is in accordance with 
literature data 



Fig. 8.15. Mean relative concentrations of nucleoside 
triphosphate (NTP, in percentage of total tumor phosphate 
compounds) in FSalI tumors before and after hyper
thermia at 43,SOC for 15 min (triangles), 30 min (closed 
circles), and 60min (squares). Heating was completed at t 
= Omin 
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Fig. 8.16. Mean relative concentrations of inorganic 
phosphate (Pj , in percentage of total tumor phosphate 
compounds) in FSalI tumors before and after hyper
thermia at 43,SOC for 15, 30, and 60 min. For further 
explanation see legend to Fig. 8.15 

were nullified within 7 h, whereas Pi remained 
significantly elevated. Metabolic ratios (PCr/Pi 
and NTPlPi) decreased after heating and did not 
recover thereafter (Figs. 8.17, 8.18). Upon longer 
heat exposure times (30 and 60min) the high
energy phosphates, PCrlPj, and NTP/Pi all 
decreased in a dose-dependent manner and 
remained at the respective lower levels. 
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Fig. 8.17. Mean phosphocreatine/inorganic phosphate 
ratio (PCr/P;) in FSaII tumors before and after hyper
thermia at 43,SOC for 15, 30, and 60 min. For further 
explanation see legend to Fig. 8.15 
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Fig. 8.18. Mean nucleoside triphosphate/inorganic 
phosphate ratio (NTP/Pj ) in FSalI tumors before and after 
heating at 43,SOC for 15, 30, and 60 min. For further 
explanation see legend to Fig. 8.15 

The remammg NTP resonances after "sub
curative" heat doses had chemical shifts sug
gesting that high concentrations of nucleoside 
diphosphates (NDP) are present (VAUPEL et al. 
1990). Concomitantly PME levels often increase, 
consistent with the accumulation of glycolytic 
intermediates and perhaps of nucleoside mono
phosphates (NMP). As a rule, all of these changes 
can reverse within 24-36h after hyperthermia. 

No analysis has yet been undertaken to evaluate 
the adenylate kinase kinetics during the low-NTP/ 
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high-NOP state. This would be of great interest 
since it would help to clarify whether or not the 
pH sensitivity of hyperthermia may ultimately be 
due to pH-induced changes of the kinetics of the 
adenylate kinase reaction, e.g., heat-treated cells 
may be killed because A TP cannot be synthesized 
at the necessary pace. 

8.5.2. Analysis of Bioenergetic Status Using 
High-Pressure Liquid Chromatography 
and Acid Tissue Extracts 

In OS-sarcomas, global concentrations of ATP 
(HPLC) , inorganic phosphate, and phospho
creatine (enzymatic tests) were measured before 
and immediately after 44°C hyperthermia for 
60 min using water-filtered infrared-A radiation 
(VAUPEL et al. 1992) or saline-bath heating 
(KRUGER et al. 1991; SCHAEFER et al. 1993). 
Mean preheating A TP levels were found to range 
from 1.0 to 1.6/lmol/g. Upon hyperthermia, 
global A TP concentrations significantly de
creased, this change being accompanied by a 
significant increase in the fraction of tumor tissue 
exhibiting cellular damage (SCHAEFER et al. 1993). 
The extent of these heat-induced changes was not 
related to tumor size (Fig. 8.19). 

The A TP decline observed upon hyperthermia 
is most probably due to several mechanisms. 
Most relevant in this context are : 

1. An increased A TP turnover rate (intensified 
A TP hydrolysis) during heating 

2. A poorer ATP yield (on a molar basis) during 
hyperthermia because there is a shift from 
oxidative glucose breakdown to glycolysis 
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Fig. 8.19. Global ATP concentrations a.. 
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in control (left columns) and heated « 
(44°C/60 min) DS-sarcomas (right col- O 
umns) of three different volume clas-
ses. For further details see legend to 
Fig. 8.6 

3. A restriction of the microcirculatory function 
and thus of relevant substrates for energy 
metabolism (in some tumor lines) 

4. Hypothetically, an inhibition of the adenylate 
kinase reaction due to tissue acidosis (a so far 
unproven notion) 

As a result of an intensified ATP degradation, 
an accumulation of purine catabolites has to be 
expected together with a formation of protons at 
several stages during degradation to the final 
product uric acid. Proton formation in turn can 
contribute to the development of heat-induced 
acidosis. Furthermore, oxidation of hypoxanthine 
and xanthine may result in the formation of active 
oxygen species, which may lead to DNA damage, 
lipid peroxidation and protein denaturation, thus 
also contributing to heat -induced cytotoxicity. 
In hyperthermia experiments a tumor-size de
pendent, significant increase in the levels of the 
following catabolites has been demonstrated: 
I:[IMP + GMPJ, inosine, hypoxanthine, xanthine 
and uric acid , together with a drop in ATP and 
GTP levels (BUSSE and VAUPEL 1994). Thus, the 
formation of active oxygen species and protons 
during purine degradation may playa significant 
role in the antitumor effect of hyperthermia (see 
also SKIBBA et al. 1986; ANDERSTAM et al. 1992; 
YOSHIKAWA et al. 1993). 

Mean inorganic phosphate concentrations 
increased (from 6.S ± 0.9 to 9.9 ± 1.0/lmol/g) 
and phosphocreatine levels decreased (from 1.2 
± 0.1 to 0.2 ± O.I/lmol/g) with increasing tumor 
size. Upon hyperthermia, the former tended to 
increase and the latter to decrease. The extent of 
these heat-induced changes was not related to 
tumor size , a finding that was also observed with 
ATP. 

co ntrol 
HT 1440C, 60 min (22) 

(23) 
(27) 

p < 

0 .7 - 1.0 1.1 - 1.8 2.0 - 2.5 

tumor volume (m l) 
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ADP (0.4 ± 0.04,umol/g) and AMP levels 
(0.3 ± 0.04,umollg) and adenylate energy charge 
(0.75 ± 0.03) remained relatively constant with 
increasing tumor volume. Following hyper
thermia, energy charge decreased significantly, 
ADP slightly decreased, but no changes were 
observed in AMP concentrations. 

Traditionally, adenylate energy charge and 
other energy indices (e.g., phosphorylation 
potential) have been used to give an indication of 
the energy status under varying conditions. Pi and 
ADP levels measured using acid tissue extracts 
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of HPLC, however, yield total compound con
centrations, including free and bound substances. 
Such indices are only meaningful if calculated 
from concentrations of free compounds. 

8.5.3 Microregionai ATP Distribution 

In general, measurement of microregional A TP 
concentration distributions by single-photon 
imaging and quantitative bioluminescence con
firmed data described in Sect. 8.5.2. Mean ATP 

Fig. 8.20. Representative color-coded distributions of ATP concentrations measured in cryosections of sham-treated 
(left panels) and heat-treated (right panels) DS-sarcomas of three different volume ranges 
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levels in control tumors obtained with this tech
nique are approximately 1.0,umol/g (KRUGER et 
al. 1991; DELLIAN et al. 1993; SCHAEFER et al. 
1993). Following hyperthermia, an immediate, 
significant drop is observed in the tumor lines 
investigated with nadir A TP concentrations 12 h 
following treatment (DELLIAN et al. 1993). In 
contrast, in the latter study lowest values of blood 
flow were measured 3 h after treatment. Thus, no 
time-dependent correlation between the decrease 
in blood flow and ATP levels upon hyperthermia 
could be detected. 

Control tumors revealed a wide intertumor 
variability, with A TP levels falling mainly into the 
range from 0.1 to 3.5 ,umol/g (DELLIAN et al. 1993; 
SCHAEFER et al. 1993). In DS-sarcomas, ATP 
concentrations above 2.2,umol/g could no longer 
be detected upon heating. The heat-induced 
decrease in A TP levels was greatest in the larger 
tumors (Figs. 8.20,8.21). In amelanotic hamster 
melanomas (A-Mel-3) no values >1.0 ,umol/g 
could be found following water-bath hyper
thermia at 43.3°C for 30min. In the majority of 
control tumors a high degree of correlation 
between the microregional distribution of blood 
flow and A TP concentration was found. This 
relationship between these parameters was no 
longer evident following hyperthermia treatment 
(DELLIAN et al. 1993). In the latter study, blood 
flow and ATP levels in normal tissues (muscle, 
subcutaneous fat, skin) did not change significantly 
upon heat treatment, indicating that heat treat
ment can sensitize tumor cells (but not normal 
tissues) in the sense of a positive feedback. 

80 

8.6 Conclusions and Prospective View 

Thermal sensitivity has been shown to depend 
greatly on the efficacy of tumor blood flow 
and parameters defining the metabolic micro
environment, which is often characterized by 
hypoxia, acidosis, substrate restriction, accumula
tion of metabolic waste products, and energy 
depletion. If recent experimental data are critically 
evaluated, there is evidence that, besides micro
circulatory function, intracellular pH and the 
bioenergetic status may be the decisive factors 
ultimately modulating the thermosensitivity of 
cancer cells (Fig. 8.22). 

Results recently obtained from high-flow 
experimental tumors and patient malignancies 
suggest that therapeutically relevant changes 
in these physiological parameters may be quite 
different from those seen in fast-growing, 
low-flow rodent tumors upon heat treatment. 
Thus, biological principles that seem favorable 
in experimental rodent tumors may not hold in 
tumors with high perfusion rates or, at least, in 
well-perfused tumor regions. Further studies 
on small tumors with high flow rates may advance 
our knowledge of the pathophysiological mecha
nisms that may determine and/or modulate the 
sensitivity of malignant tumors to hyperthermia. 

A further understanding of the role of physi
ological factors may help to identify possible 
predictors of the heat sensitivity of individual 
tumors and may help to "fine-tune" (individualize) 
therapy. This individualization is urgently needed 
to overcome the pronounced heterogeneity 
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Fig. 8.22. Simplified diagram showing the role of phys
iological factors in heat-induced tumor cell destruction 
under in vivo conditions 

apparent between tumors even of the same grade 
and stage. In addition, the substantial hetero
geneity occurring within any given solid tumor 
may lead to a non-uniform response to heat treat
ment. As a result of this and other properties of 
tumor tissue, hyperthermia using therapeutically 
relevant temperatures is likely to be most effective 
when complementary treatment modalities are 
combined. Timing and sequencing of the latter 
needs further critical evaluation in clinically 
relevant tumor models. 

8.7 Summary 

• Rates of blood flow in human tumors exhibit 
pronounced heterogeneity and flow changes 
upon heating are unpredictable and variable 
both spatially and temporally. Flow increases 
in some experimental and human tumors may 
result in an improved heat dissipation to the 
extent that therapeutically relevant tempera
tures may not be achieved. 

• Changes in tumor oxygenation tend to reflect 
changes in blood flow during hyperthermia. An 
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increase in oxygenation followed by a return to 
baseline levels has been reported for some 
human and experimental tumors. 

• Changes in tumor glucose levels upon hyper
thermia vary greatly, but appear to be related 
to heat-induced changes in blood flow and the 
development of interstitial edema. 

• Lactate levels increase upon hyperthermia due 
to intensified glycolysis. 

• Both intra- and extracellular pH decrease upon 
hyperthermia. Subsequent recovery to baseline 
levels seems to depend on the dose of hyper
thermia delivered. 

• Tumor bioenergetic status worsens during HT, 
as seen by decreases in A TP and phospho
creatine and increases in inorganic phosphate 
levels. ATP hydrolysis results in an accumula
tion of purine catabolites and proton formation, 
which may in turn contribute to a heat-induced 
acidosis. Additionally, the formation of active 
oxygen species may contribute to heat-induced 
cytotoxicity. 

• Microcirculatory function, intracellular pH 
and bioenergetic status appear to be pivotal 
factors for the modulation of thermosensitivity 
in tumors. 
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9.1 Introduction 

Thermal sensitivity of tumors depends on a 
number of physiological parameters such as tumor 
pH and metabolic status. Therefore, efforts to 
improve the efficacy of hyperthermia treatments 
have led to attempts to manipulate these various 
physiological factors either directly or indirectly. 
The parameters most often studied have been 
tumor pH and tumor blood flow. Tumor blood 
flow will influence tumor temperatures achieved 
during the treatment, as well as oxygen and 
nutrient delivery to the tumor and waste by
product removal from the tumor that can ulti
mately impact on tumor pH. Thus, manipulation 
of tumor blood flow can affect many physiological 
parameters in the tumor. This chapter will cover 
some of the methods and results used to mani
pulate these physiological parameters. 

Murines with transplantable tumors have been 
used in the majority of in vivo studies investigating 
the manipulation of physiological parameters to 
enhance tumor thermal sensitivity. It is very 
important to remember the large step necessary 
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to get these experimental techniques which appear 
to work in rodents into the human cancer clinic. 
Although spontaneous tumors in privately owned 
dogs appear to be a useful intermediate animal 
model between murines and humans, the ultimate 
validation of the efficacy of any method must be 
achieved in the human clinic, and information 
from human studies is currently very limited to 
nonexistent. 

9.2 TumorpH 

In the mid 1970s, several investigators showed 
that decreasing extracellular pH enhanced cellular 
thermal sensitivity and inhibited thermotolerance 
development for in vitro preparations, particularly 
for pH values <7.0 (GERWECK and ROTI1NGER 
1976; GERWECK 1977; NIELSON and OVERGAARD 
1979). However, cells allowed to chronically 
adapt to the acidic extracellular pH are not as 
sensitive to hyperthermia as cells acutely exposed 
to low extracellular pH conditions (HAHN and 
SHIV 1986; CHU and DEWEY 1988; COOK and Fox 
1988). Cells chronically exposed to low extra
cellular pH conditions are able to adjust their 
intracellular pH back to a normal range (COOK 
and Fox 1988; CHU et al. 1990; GRIFFITHS 1991). 
Acute decreases in intracellular rather than extra
cellular pH are better at enhancing thermal re
sponses (HOFER and MIVECHI 1980; CHU et al. 
1990). Therefore, methods to acutely decrease 
tumor pH, and in particular intracellular pH, 
immediately before or during hyperthermia treat
ments have been investigated. These techniques 
include induction of hyperglycemia, use of various 
ion channel blockers, and inhibition of mito
chondrial respiration. Although partial or com
plete obstruction of blood flow will also result in 
acidification of tumors indirectly, this technique 
will be discussed in Sect. 9.3, addressing tumor 
blood flow. 
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9.2.1 Cellular pH Regulation 

The major mechanisms by which mammalian cells 
regulate intracellular pH are: (a) the sodium
hydrogen (Na + IH+) exchange system, (b) 
the Na + -dependent chloride-bicarbonate (Cl- I 
HC03-) exchange system, and (c) the Na+
independent CI-IHC03- exchange system (for 
reviews see Roos and BORON 1981; MAHNENSMITH 
and ARONSON 1985; TANNOCK and ROTIN 1989). 
The first two mechanisms involve primarily the 
removal of excess H+ in acid-loaded cells while 
the last mechanism participates in decreasing 
the intracellular pH in alkaline-loaded cells. The 
Na+/H+ exchanger uses the energy of the Na+ 
gradient that exists across the cell membrane to 
transport H+ out of the cells. The N a + -dependent 
Cl-/HC03- exchanger moves HC03- into the 
cell to prevent intracellular pH from severe 
acidification. The Na+ /H+ exchange system has 
been detected in every mammalian cell line 
examined but the activity of the Na + -dependent 
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CI-IHC03- exchanger differs considerably in 
different cell lines. The Na+ IH+ exchange system 
and the Cl- /HC03- exchange system clearly 
account for almost all the intracellular pH regu
lating ability in mammalian cells (Roos and 
BORON 1981). 

To acidify intracellular tumor pH, the mech
anisms by which a cell regulates its intracellular 
pH must be overcome. This may sound like an 
easy task but cells have a tremendous ability to 
maintain homeostasis (i.e., pH neutrality) in their 
environment. 

9.2.2 Hyperglycemia 

Since tumor cells have a high glycolytic capacity, 
stimulation of glycolysis with glucose admini
stration to increase production of acidic meta
bolites is one way of reducing pH in the tumor 
tissue. Therefore, hyperglycemia has been studied 
extensively to decrease tumor pH. Figure 9.1 is a 

---, 
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t lactic Acid ' ..... ________ -1 I TumorVenous ,- + Drainage 
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Glycolysis 

Fig. 9.1. Proposed mechanisms responsible for decreases in tumor blood flow and tumor pH following induction of 
hyperglycemia. (Modified from VAUPEL and OKUNIEFF 1988) 
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schematic of the various proposed local and 
systemic mechanisms associated with tumor 
acidification due to elevated blood glucose levels. 

Hyperglycemia has been induced by intra
peritoneal (Lp.), intravenous (Lv.), and oral 
administration of glucose and the effects of in
duced hyperglycemia on tumor pH have been 
reviewed elsewhere (WARD and JAIN 1988). The 
majority of the work using hyperglycemia in vivo 
has been done in murine systems where glucose 
leads to significant decreases in tumor pH (ranging 
from 0.3 to 1.1 pH units) following Lp. or Lv. 
administration (WARD and JAIN 1988). However, 
Lp. glucose administration in murines causes 
significant osmotic water shifts from the extra
cellular (primarily intravascular) compartment 
into the peritoneal cavity, resulting in hypo
volemic hemoconcentration (VAUPEL and 
OKUNIEFF 1988). Systemic effects have also been 
reported following Lv. glucose administration 
(DIPETTE et al. 1986). Therefore, tumor pH 
reductions associated with Lp. and Lv. admini
stration of glucose in murines appears to be 
primarily the result of systemic effects leading to 
reduction and redistribution of cardiac output 
(DIPETTE et al. 1986; WARD et al. 1991). Although 
local mechanisms (Fig. 9.1) were thought to be
the primary mode by which high blood glucose 
levels acidified tumors, it appears, at least in 
rodents, that systemic effects leading to a decrease 
in tumor blood flow are the primary mechanism. 
This has a large impact on the use of hyper
glycemia in a clinical situation. Will hyperglycemia 
induced in a clinically rational way result in tumor 
acidification similar in magnitude to the changes 
seen in rodent models? 

Intracellular and extracellular tumor pH 
was measured before and during glucose ad
ministration in dogs with spontaneous tumors 
(PRESCOTT et al. 1993). Hyperglycemia was in
duced with a bolus injection of 20% glucose 
(0.6mg/kg) and maintained with a drip infusion 
of 20% glucose (0.14-0.27mllkg/min) for ap
proximately 90 min. The extracellular and intra
cellular tumor pH were measured using interstitial 
pH microelectrodes and phosphorus-31 magnetic 
resonance spectroscopy e1p-MRS), respectively. 
Although blood glucose levels were increased to 
greater than 250 mg/dl in the dogs, no significant 
change was seen in extracellular (Table 9.1) or 
intracellular tumor pH (Fig. 9.2). 

A 0.6g/kg bolus of glucose was given Lv. 
to induce hyperglycemia in the dogs while the 
majority of studies evaluating the Lv. admini
stration of glucose in rodents used a dose of 
5.0-6.0g/kg (WARD and JAIN 1988). In rodents 
the rapid blood volume expansion resulting from 
a bolus injection ofthis magnitude likely results in 
deleterious cardiovascular systemic effects. In 
dogs, the glucose dose did not create any detec
table changes in systemic cardiovascular function 
(Le., heart rate, blood pressure) (PRESCOTT et al. 
1993). Therefore, the difference in cardiovascular 
effects created by the different doses used in 
canines and rodents probably accounts for the 
different response to hyperglycemia in the two 
species. 

In human cancer patients, Lv. glucose infusions 
have been used to raise and maintain blood 
glucose levels to 400 mg/dl for 3 h with no side
effects (KRAG et al. 1990). However, attempts to 
maintain blood glucose levels above 700 mg/dl 

Table 9.1. Mean tumor pHe during normo- and hyperglycemic conditions (from 
PRESCOTI et aI. 1993) 

Dog Treatment No. of positions Preglucose pHe GlucosepHe 
measured" mean (± SE) mean(± SE) 

BH Glucose 4/8 7.10 (± 0.02) 7.13 (± 0.03) 
BN Glucose 7/10 7.35 (± 0.01) 7.40 (± 0.02) 
OP Glucose 4/4 7.04 (± 0.03) 7.05 (± 0.02) 
PR Glucose 6/6 6.92(± 0.02) 6.87 (± 0.02) 
SB Glucose 8/8 7.33 (± 0.04) 7.29 (± 0.02) 
ID Control 5/5 7.18 (± 0.03) 7.21 (± 0.02) 
RC Control 4/4 6.83 (± 0.02) 6.78 (± 0.07) 
SS Control 5/5 7.33 (± 0.01) 7.29 (± 0.02) 

pHe, extracellular pH 

a Preglucose/glucose conditions 
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Fig. 9.2. Mean intracellular tumour pH (pHi) change 
from baseline values (preglucose pH;) measured with five 
consecutive 31p_MRS scans during control and hyper
glycemic conditions (glucose pH;-1 to 5). PREGL, baseline 
values; Gl, first 31p_MRS scan during hyperglycemia; 
G2, second 31p_MRS scan during hyperglycemia; G3, 
third 31p_MRS scan during hyperglycemia; G4, fourth 
31p-MRS scan during hyperglycemia; G5, fifth 31p_MRS 
scan during hyperglycemia. (From PRESCOTI et al. 1993) 

were unsuccessful in these patients because of a 
commensurate increase in the urinary glucose 
excretion. 

ASHBY et al. (1966) infused intravenously 
100 g glucose to nine patients with malignant 
melanomas and carcinomas. Tumor pH was 
measured with a 5-mm electrode. Of these pa
tients, one demonstrated a slight increase in tumor 
pH while eight developed decreases in tumor pH 
(range 0.08-0.56 pH units; mean = 0.2 pH units). 
TmsTLETHWAITE et aI. (1987) administered 100 g 
oral glucose to nine patients with metastatic or 
recurrent tumors and measured tumor pH for 
50-80 min with an interstitial electrode. Of these 
patients, one demonstrated no change in tumor 
pH, three developed increases in tumor pH 
(attributed to abnormal glucose responses), and 
five developed decreases in tumor pH ranging 
from 0.05 to 0.47 pH units (mean = 0.2 pH units). 
Although 13 of these 18 patients exhibited a 
decrease in tumor pH, only eight (44%) had a 
decrease of 0.2 pH units or greater. Tumor pH 
was measured at only one to two tumor sites per 
patient in these studies. Neither study had a 
control group. 

In a recent study, LEEPER et al. (1994) stratified 
25 patients into three groups based on their re
sponse to oral glucose (100 g) administration. 
These groups were: (a) transient hyperglycemic 
responders (blood glucose rises transiently to a 
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peak value less than 200mg/dl; n = 14 patients), 
(b) persistently hyperglycemic responders (blood 
glucose rises and persists above 200 mg/dl; n = 8 
patients), and (c) hypoglycemic responders (blood 
glucose it less than 6Omg/dl; n = 3 patients). 
Extracellular tumor pH decreased or remained 
stable in the transient hyperglycemic population 
and did not change or increased in the persistent 
hyperglycemic population. In the transient hyper
glycemic group, the greatest decrease in tumor 
pH occurred when there was the smallest change 
in blood glucose (Fig. 9.3). Of the 25 patients, 
only 5 of the 14 (36%) transient hyperglycemic 
responders had a decrease in extracellular tumor 
pH of 0.2 pH units or greater. Categorizing 
patients prior to therapy could increase the 
likelihood of selecting patients who will exhibit 
decreases in tumor pH when given oral glucose. 
Further work needs to be done to further charac
terize this relationship between oral glucose 
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-0.4 + o o T ..... 1ent Hyperglycemic 

• PenI8tent Hyperglycemic 
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Fig. 9.3. The maximum change in tumor extracellular pH 
is plotted for a given patient's maximum change in blood 
glucose. Although some tumor pH responses had not 
peaked since blood glucose was still rising at the end 
of observation, sufficient time had elapsed (at least 
35-40 min) for an estimate of effect. The line through both 
transient hyperglycemic and persistent hyperglycemic 
patients was calculated by least squares, 0.0017 ± 0.0005 
pH units/mg/dl (P < 0.0005, r = 0.55). In seven patients 
duplicate extracellular pH determinations were averaged. 
Vertical error bars indicate range between pH deter
minations, and horizontal error bars indicate range between 
blood glucose determinations on separate days (From 
LEEPER et al. 1994) 
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response and the effect on extracellular tumor 
pH. 

Are decreases in tumor pH of less than 0.2 pH 
units clinically significant in human tumors? How 
will decreases in extracellular tumor pH of 0.2 pH 
units impact on thermal sensitivity in the human 
clinic? With these small changes in extracellular 
tumor pH, will the intracellular tumor pH be 
maintained at normal values? How much of the 
tumor develops a decrease in pH? These are some 
of the questions which are unanswered currently 
and require further investigation. 

9.2.3 Ion Channel Blockers and Related Agents 

A miloride (3,5-diamino-6-chloro-N-( diamino
methylene) pyrazine carboxamide) is a diuretic 
agent known to inhibit the Na + IH+ transport 
protein on the plasma membrane surfaces of 

mammalian cells (MAHNENSMITH and ARONSON 
1985). Because amiloride and Na+ compete for 
the external transport site of the exchanger, when 
Na+ is at physiological levels, amiloride is not an 
effective inhibitor of Na + /H+ exchange unless 
relatively high concentrations of the drug are 
used. However, several analogs of amiloride have 
been found which are up to 100 times more potent 
than amiloride in inhibiting N a + /H+ exchange 
(VIGNE et al. 1984; ZHUANG et al. 1984). Since 
Na + IH+ exchange is one of the major mechanisms 
by which mammalian cells transport hydrogen out 
of the cells to regulate intracellular pH, manipula
tion of this ion channel with amiloride and its 
various analogs has received much attention in 
recent years. 

Other approaches to lowering intracellular pH 
are the use of DIDS (4,4-diisothiocyanatostilbene-
2,2'-disulfonic acid) or B-3(+) (R(+)-[(5,6-
dichloro, -2,3,9,9a-tetrahydro-3-oxo-9a-propyl-

Table 9.2. Effect of ion channel agents on thermosensitivity and tumor pH 

Reference Cell line Assay Agent Temp. eC) Results 

HAVEMAN (1979) M8013S CSF C 43 ~ Survival> at pHe 6.5 than 8.0 
HAVEMAN and HAHN HA-l CSF C 43 ~ Survival> at pHo 6.5 than 8.0 

(1981) 
KIM et al. (1984) HeLa CSF Q 41,42 ~ Survival: > at pHe 6.7 than 7.4; > 

at 42° than 41°C 
MIYAKOSHI et al. (1986) V-79 CSF A 42 ~ Survival> at pHe 6.6 than 7.3 
RUiFROK and KONINGS LM fibroblast CSF A 44 ~ Survival: = at pHe 6.8 and 7.4; > 

(1987) in TT cells than non-TT cells 
VARNES et al. (1989) CHO CSF N 42.1 ~ Survival> at pHe 6.4 than 7.4 
KIM et al. (1991) SCK CSF A 42,43 ~ Survival of thermotolerant cells> 

at6.6pHe than 7.2; pHi ~ approx. 
0.1 pH units with drug 

LYONS et al. (1992) SCK CSF A,D,N 43 A + D + N: pHi ~ byO.3 and 0.4 pH 
units at pHe 7.2 and 6.6, 
respectively; > thermosensitization 
at pHe 6.6 than 7.2; see text for 
results from other drug 
combinations 

LYONS et al. (1993) SCK TGD A,D 42.5,43.5 A + D: t TGD 4 days and survival 
2.5 days; >effect on hypoxic than 
oxic cells; ~ pHi 0.6 pH units; see 
text for results with A and D alone 

SONG et al. (1993a) SCK CSF E 43 >Thermosensitization and ~ pHi at 
pHe 6.6 than 7.2; 10 11M E = 
500 11M A for t 
thermosensitization and ~ pHi 

SONG et al. (1993b) SCK CSF H,B 43 H + B: > thermosensitization at pHe 
6.6 than 7.5; see text for results 

with Hand B alone 
SONG et al. (1994) SCK TGD H 42.5,43,43.5 t TGD 3-4 days; ~ pHi in vitro 0.15 

and 0.3 pH units at pHe 7.5 and 6.6, 
respectively 

CSF, clonogenic surviving fraction; TGD, tumor growth delay; C, CCCP; Q, quercetin; A, amiloride; N, nigericin; D, 
DIDS; E, EIPA; H, HMA; B, B-3(+); TT = thermotolerant; pHe, extracellular pH; pHi> intracellular pH 



182 

1H-fluoren-7-yl)oxy]acetic acid), both of which 
inhibit the Cl- IHCO]" exchanger. Nigericin, 
which is a K+ IH+ ionophore, carbonyl cyanide m
chlorophenylhydrazone (CCCP), which is a H+ 
ionophore, and quercetin, which inhibits lactate 
transport from the cell, are agents which have 
been explored for their ability to enhance thermal 
damage. The results with respect to these various 
ion channel blockers and related agents are sum
marized below and in Table 9.2. 

In studies designed to investigate the mech
anisms for hyperthermia-induced cell death, 
CCCP (10 11M) significantly increased thermo
sensitivity of normal and tumor cells in vitro 
(HAVEMAN 1979; HAVEMAN and HAHN 1981). This 
effect was greater when extracellular pH was 6.5 
compared to 8.0. In 1984, KIM et al. reported the 
effects of quercetin on HeLa cell survival fol
lowing hyperthermia. KIM et al. used both 41° and 
42°C treatments with the cell medium at pH 
6.7 and 7.4. Although the potentiating effect 
of quercetin on thermal-induced cell killing 
was present at 41°C and pH 7.4, the thermosen
sitization was far more pronounced at 42°C and 
pH 6.7 (KIM et al. 1984). VARNES et al. (1989) 
reported that nigericin enhanced thermal killing 
of CHO cells preferentially under acidic con
ditions. Cell survival following 30 min of heating 
at 42.1°C in the presence of nigericin (1.0I1g/ml) 
at extracellular pH 7.4, 6.8, 6.6, and 6.4 was 0.6, 
0.08,0.003, and 0.00003, respectively, relative to 
a survival of 1.0 for control cultures (Fig. 9.4) 
(VARNES et al. 1989). In the mid 1980s, amiloride 
was shown to enhance the thermal sensitivity of 
mammalian cells and to inhibit the development 
of thermo tolerance (MIYAKOSHI et al. 1986; 
RUIFROK and KONINGS 1987). None of these pre
vious studies measured the intracellular pH of the 
cells being studied, so the mechanism for the 
thermal enhancement could only be conjectured. 
Using SCK tumor cells, KIM et al. recently showed 
that the effect of amiloride on thermal sensitivity 
and thermotolerance is due at least partially to 
decreases in intracellular pH created by amiloride 
(KIM et al. 1991). 

In further in vitro studies, the thermosen
sitization by amiloride was enhanced by the addi
tion of nigericin and DIDS (Table 9.3) (LYONS et 
al. 1992). This enhanced thermal sensitization 
was more pronounced at an extracellular pH of 
6.6 rather than 7.2, suggesting that these drugs 
may preferentially thermosensitize tissues in an 
acidic environment (i.e., tumor versus normal 
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Fig. 9.4. Effect of nigericin on heat sensitivity of CHO 
cells at various extracellular pH (pHe) values. Log-phase 
monolayer cultures were incubated in Hanks' buffered 
saline solution containing 1.0 mg/ml nigericin during the 
time of heating and were plated for survival immediately 
after heating. 0, 8" 0, 0: control cells at pHe 7.4, 6.8, 
6.6, and 6.4, respectively; ., A, +, .: nigericin-treated 
cells at pHe 7.4, 6.8, 6.6, and 6.4, respectively Values 
represent averages of duplicate flasks from a representative 
experiment. (From VARNES et al. 1989) 

tissues). Figure 9.5 shows the linear relationship 
between the thermosensitivity of SCK cells (closed 
circles: extracellular pH = 6.6; opened circles: 
extracellular pH = 7.2) and the final intracel
lular pH achieved after various combinations of 
amiloride, DIDS, and nigericin (LYONS et al. 
1992). 

In 1993, LYONS et al. reported the effects of 
amiloride and DIDS alone and in combination on 
intracellular pH and thermal sensitivity of SCK 
tumors grown in vivo. Intracellular pH and energy 
status of the tumors were measured using 31p 

MRS. Tumor growth delay curves and cell survival 
curves from in vivo-in vitro excision assays were 
used to study the effects on tumor thermal sen
sitivity. The combination of amiloride (1Omg/kg) 
and DIDS (25mg/kg) with hyperthermia (60min 
at 43SC) resulted in an additional growth delay 
of approximately 4 days beyond that observed 
with heat alone. Figure 9.6 shows the effect 
of hyperthermia with amiloride and DIDS on 
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Table 9.3. Effects of drugs on sensitivity of SCK cells to heat (from LYONS et al. 1992) 

Drug conditions pHe 7.2 pHe6.6 

Do (min) DERa Do (min) DER pH ERb 

Control 32.6 ± 1.0 19.4 ± 0.3 1.68 
0.5 mM amiloride 30.2 ± 1.2 1.08 15.7 ± 0.7 1.22 1.91 
0.1mMDIDS 31.2 ± 1.4 1.04 17.4 ± 0.7 1.11 1.79 
0.1,ug/ml nigericin 28.7 ± 2.4 1.14 13.0 ± 0.4 1.49 2.21 
0.25 ,ug/ml nigericin 23.2 ± 2.3 1.40 12.0 ± 0.6 1.60 1.91 
1.0,ug/ml nigericin 22.9 ± 1.4 1.42 11.8 ± 0.6 1.63 1.93 
Amiloride + DIDS 23.6 ± 1.2 1.37 12.1 ± 0.3 1.61 1.97 
Amiloride + O.l,ug/ml nigericin 26.4 ± 1.4 1.23 12.5 ± 0.7 1.55 2.11 
Amiloride + 1.0 ,ug/ml nigericin 19.2 ± 0.7 1.69 9.8 ± 0.2 1.96 1.94 
Amiloride + DIDS + O.l,ug/ml nigericin 20.1 ± 1.6 1.62 11 .8 ± 0.5 1.64 1.70 
Amiloride + DIDS + 1.0,ug/ml nigericin 16.9 ± 1.3 1.93 7.3 ± 0.3 2.70 2.31 

aDER (drug enhancement ratio) = Do without drug(s)lDo with drug(s) 
bpH ER (pH enhancement ratio) = Do at pH 7.21Do at pH 6.6 
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Fig. 9.5. Relationship between thermosensitivity (Do) and 
final intracellular pH after heating at 43°C for 120 min. The 
open circles are from experiments performed at extra
cellular pH 7.2 and the closed circles are from experiments 
performed at extracellular pH 6.6. The number next to 
each symbol indicates the following drug conditions: 1 and 
9, control; 2 and 10,0.5 mM amiloride; 3 and 11,0.1 mM 
DIDS; 4 and 12, amiloride + DIDS; 5 and 13, 0.1 mg/ml 
nigericin; 6 and 14,1.0 mg/ml nigericin; 7 and 15, amiloride 
+ DIDS + 0.1 mg/ml nigericin; 8 and 16, amiloride + 
DIDS + 1.0mg/ml nigericin. (From LYONS et al. 1992) 

survival of clonogenic cells. The effect of amiloride 
and DIDS is greater on cells growing in both 
acidic and hypoxic conditions, as seen in Fig. 9.7. 
Hyperthermia (42SC for 1 h) alone significantly 

SCK Tumor 

(A) Control 

(8 ) 43.5'<: (60 min.) 

(CliO mJII:a Amilorid< • 4).5"<: (60 min.l 

(0) 2$ mJII:I DIDS • 43'e (60 min.) 

in AlJ mice 

(El 10 mJII:, Amdorid, • 2$ mJ/l<I DIDS • 43.5'C (60 m".) 

Fig. 9.6. Effect of hyperthermia treatment in combination 
with 10 mg/kg of amiloride and/or 25 mg/kg of DIDS on 
the number of clonogenic cells/gram tumor. (From LYONS 

et al. 1993) 

lowered intracellular pH (0.2 pH units) in vivo 
while the administration of amiloride (10 mg/kg) 
and DIDS (25 mg/kg) in combination at nor
mothermia did not change intracellular tumor pH 
from baseline values. However, when amiloride 
(25 mg/kg) and DIDS (25 mg/kg) were given 1 h 
before the heat treatment, intracellular pH 
decreased by 0.6 pH units (LYONS et al. 1993). 

Two analogs of amiloride which have been 
investigated as thermo sensitizers are EIP A (3-
amino-6-chloro-5-(N-ethyl-N-isopropylamino )-N
(diaminomethylene) pyrazine carboxamide) and 
HMA (3-amino-6-chloro-5-(1-homopiperidyl)-N
(diaminomethylene) pyrazine carboxamide). 
SONG et al. (1993a,b) have demonstrated that 
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Fig. 9.7. Effect of amiloride and/or DIDS com
bined with hyperthermia at 43°C for 90 min on SCK 
cells in vitro under oxygenated and hypoxic condi
tions. All cell survival data were normalized using 
the cell survival under oxygenated or hypoxic condi
tions without drugs as 100%. (From LYONS et al. 
1993) 

(0) O.S mM Amiloride + 0.1 mM DIDS 
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both EIP A and HMA are more powerful than 
amiloride at increasing the thermosensitivity of 
SCK tumor cells in vitro and EIP A is more potent 
than amiloride at decreasing intracellular pH. For 
both EIPA and HMA, a dose of lOpM was as 
effective as 500 pM amiloride at decreasing intra
cellular pH and increasing the thermal sensitivity 
of SCK cells grown in an acidic environment, 
indicating these analogs are at least 50-fold more 
potent than amiloride (SONG et al. 1993a,b). Just 
as the efficacy of amiloride was enhanced when it 
was used in combination with DIDS (LYONS et 
al. 1992, 1993), the thermosensitization of HMA 
was enhanced by an inhibitor of Cl-IHC03- ex
change, B-3(+) (SONG et al. 1993b). 

Recently, HMA was used to enhance the ther
mosensitivity of tumors in vivo (SONG et al. 1994). 
SCK tumors grown subcutaneously in the legs of 
A/J mice were heated at 42S or 43SC for 1 h 
with and without prior administration of HMA. 
The administration of HMA (0.1 mg/kg, i.v.) 
20min before heating the tumors at 43SC in
creased the tumor growth delay by 4 days as 
compared with heat alone. Using heat treatments 
of 42SC, HMA administration (1-10mg/kg) 
increased the tumor growth delay by approxi
mately 2-2.5 days. Amiloride (5 mg/kg, i.p.) 
given before heating at 43SC increased the 
tumor growth delay by only 2 days (LYONS et al. 
1993). Direct comparison of the tumor thermo
sensitization of amiloride and HMA in vivo from 
these two studies is not possible as different 
routes of drug administration were used. 

In vivo data on the use of various ion channel 
blockers during hyperthermia treatments are very 
limited. Although the few in vivo studies cited 
above are promising, as are the in vitro data, 
more in vivo information is needed. Use of the 
various drugs described above in clinical trials will 

depend largely on the safety of their administration 
to humans. Amiloride is currently used clinically 
as a diuretic agent in humans at an oral dose of 
5-20mg/day. However, amiloride's more potent 
analogs, EIPA and HMA, are not approved for 
use in humans and detailed information on their 
pharmacokinetics is unavailable. On the other 
hand, the pharmacokinetics of B-3( +) have been 
studied extensively and clinical trials are under
way to determine the usefulness of B-3( +) in 
reducing brain edema (CRAGOE 1987). 

9.2.4 Other Methods 

m-Iodobenzylguanidine (MIBG) is an inhibitor of 
mitochondrial respiration which has been used to 
increase the H+ ion activity in both transplanted 
rat tumors and human tumor xenografts (JAHDE 
et al. 1992). MIBG alone reduced the mean pH 
from 6.90 to 6.70 in a human mesothelioma 
xenograft 5 h after administration, and when 
MIBG was combined with a low-dose i.v. glucose 
infusion (plasma glucose concentration, 14 ± 
3 mM) the tumor pH was reduced by an addition 
0.5 pH units. However, the pH response to 
MIBG alone in the four tumors investigated 
was not uniform, with pH shifts of 0.05-0.30 
units (mean = 0.2 units). The acidosis induced 
by MIBG was tumor specific. The usefulness 
of MIBG during hyperthermia has yet to be 
demonstrated. 

9.3 Tumor Blood Flow 

Although decreasing tumor blood flow during 
hyperthermia is often attempted to decrease heat 
loss from the tumor and thereby increase tumor 
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temperatures, it can also lead to changes in other 
physiological parameters 'such as tumor pH (Fig, 
9,1). The effects of hyperglycemia on blood flow 
in tumor and normal tissues have been reviewed 
by WARD and JAIN (1991). In rodents, the size 
of the tumor blood flow reduction is greatly 
dependent on the route of administration, with 
the L p. route leading t6 greater reductions than 
the Lv. route (93% vs 72%, respectively: WARD et 
al. 1991). In dog tumor studies where tumor 
blood flow measurements were obtained using the 
laser Doppler flow probe, no significant change 
was observed during hyperglycemia (PRESCOTT et 
al. 1993). 

9.3.1 Hydralazine 

The use of vasoactive agents as a preferred method 
to decrease tumor blood flow has been discussed 
previously (JIRTLE 1988). Vasodilatory agents that 
act upon smooth muscle of normal blood vessel 
walls are relatively ineffective on tumor vessels 
because of their lack of smooth muscle (CHAN et 
al. 1984). Nevertheless, vasodilating agents could 
manipulate the distribution of blood flow between 
tumor and normal tissue by selectively dilating 
normal tissue vessels (VOORHEES and BABBS 1982). 
Using transplanted transmissible venereal tumors 
in canines, VOORHEES and BABBS were the first to 
demonstrate that hydralazine (0.5 mg/kg Lv.) 
resulted in a decrease in tumor blood flow and an 
increase in tumor temperatures during hyper
thermia. However, because of its prolonged 
action, the use of hydralazine at this dose in 
normotensive human patients can lead to side
effects such as postural hypotension, nausea, and 
headaches. To avoid these potential problems in 
human cancer patients, lower hydralazine doses 
(0.125mg/kg i.v.) were studied in normal dogs. 
The lower hydralazine dose effectively increased 
muscle blood flow, but blood pressure effects 
were not reported (ROEMER et al. 1988). 

Recently, Dewhirst et al. evaluated the effect 
of hydralazine on tumor temperature distributions 
in both human and canine patients receiving 
hyperthermia. Hydralazine at 0.125mg/kg i.v. 
resulted in a slight reduction in blood pressure in 
humans but was ineffective in increasing tumor 
temperatures. In canines, the same dose of hydra
lazine was effective in reducing blood pressure 
and increasing median tumor temperature by 
0.8°C. In addition, there was a direct relationship 

between the degree of hypotension and the 
magnitude of temperature elevation in the tumor 
(DEWHIRST et al. 1990). Therefore, investigation 
of other vasodilating agents, such as sodium 
nitroprusside (Nitropress, Abbott Laboratories, 
Pharmaceutical Product Division, North Chicago, 
IL 60064, USA) or calcitonin gene-related 
peptide, which have shorter half lives and tem
porally are more controllable, thus avoiding side 
effects of hydralazine, are currently underway. 

9.3.2 Nitroprusside 

Sodium nitropursside is an immediate acting 
hypotensive agent which causes peripheral 
vasodilation by direct action on vascular smooth 
muscle (WALKER and GENITON 1989). It is admini
stered as an intravenous infusion (1-10 ,ug/kg/min) 
to effect while monitoring arterial blood pressure. 
When the infusion is stopped, the hypotensive 
effect resolves within minutes. Although this drug 
can result in cyanide toxicity with prolonged con
tinuous use, administration of nitroprusside 
during hyperthermia treatments ranging from 30 
to 90 min should not result in toxicities if dosage 
directions are followed (SCHULZ 1984). 

Use of nitroprusside to create controlled 
reductions in systemic blood pressure with re
sultant increased tumor temperatures during 
hyperthermia has been proposed previously by 
von ARDENNE and co-workers (VON ARDENNE and 
KELL 1970; VON ARDENNE and REITNAUER 1980). 
Recently, PRESCOTT et al. (1992) demonstrated 
that nitroprusside-induced hypotension (60% of 
baseline) can be carried out safely and successfully 
during local hyperthermia in tumor-bearing dogs. 
Figure 9.8 shows a significant increase in the 
tumor temperature distribution when nitro
prusside was used during hyperthermia. The 
average tumor temperature increased by 1.6°C 
while the minimum tumor temperatures increased 
by an average of 0.9°C (Table 9.4). Although the 
maximum normal tissue temperatures increased 
significantly as well, no toxicities were noted in 
these dogs (PRESCOTT et al. 1992). These initial 
results on use of nitropursside to manipulate 
tumor temperatures during local hyperthermia 
appear very promising but further work needs 
to be done before use of nitroprusside during 
local hyperthermia is attempted in human 
patients. 
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Fig. 9.S. Mean integral temperature distribution for 
tumor tissue during the prenitroprusside (0) and nitro
prusside (e) periods in five tumor-bearing dogs. The 
horizontal bars are standard error of the mean for the 

Table 9.4. Mean change in T% descriptors due to nitro-
prusside (from PRESCOTI et al. 1992) 

T% Tumor tissue Normal tissue 

AT AT 
mean ± SE Pvalue mean ± SE Pvalue 

TIO 1.8 ± 0.2 0.001 1.8 ± 0.6 0.045 
T50 1.6 ± 0.3 0.009 1.2 ± 0.7 0.164 
T90 0.9 ± 0.4 0.114 0.4 ± 0.2 0.118 

9.3.3 Other Methods 

Calcitonin gene-related peptide is an endogenous 
neuropeptide which is the most potent vasodilator 
described in man (STRUTHERS et al. 1986). In 
humans the plasma and biological half-life of 
calcitonin gene-related peptide are 9 min and 
19 min, respectively (BURNEY et al. 1991). Using 
phosphorus MRS, BURNEY et al. (1991) evaluated 
the effects of calcitonin gene-related peptide on 
mean arterial pressure and tumor bioenergetics. 
Calcitonin gene-related peptide was given intra
venously in rats with a transplanted fibrosarcoma 
in the flank. As the dose of calcitonin gene-related 
peptide increased from 300 to 2000 pmol, mean 
arterial pressure decreased and the ratio of tumor 

estimated median temperatures (T50)' Vertical error 
bars are standard error of the mean % T > Tindex (From 
PRESCOTI et al. 1992) 

inorganic phosphorus to total phosphorus content 
increased. The changes in the phosphorus spectra 
indicate decreases in tumor blood flow, although 
no direct measurements of blood flow were made. 
When compared to hydralazine, calcitonin gene
related peptide was far more effective at de
creasing tumor blood flow, as measured by 
changes in tumor bioenergetics, at clinically ac
ceptable reductions in blood pressure. In later 
studies, a continuous infusion of calcitonin gene
related peptide resulted in a blood flow reduction 
to 30% of baseline with only a 15% - 20% decrease 
in systemic blood pressure (FIELD et al. 1994). 

9.4 Summary 

Manipulation of tumor pH and tumor blood flow 
during hyperthermia should enhance tumor ther
mosensitivity in human patients. Below are some 
major points summarized regarding physiologic 
manipulations which have been emphasized in 
this chapter: 

• Tumor pH and tumor blood flow are the 
physiologic parameters most often manipulated 
in an attempt to enhance thermal sensitivity. 

• The majority of in vivo studies investigating 
the manipulation of tumor physiology have 
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been done in murines with transplantable 
tumors. 

• Cells chronically exposed to low extracellular 
pH conditions are able to adjust their intra
cellular pH back to a normal range and acute 
decreases in intracellular pH are better at 
enhancing thermal responses than acute de
creases in extracellular pH. 

• Tumor pH reductions associated with i.p. and 
i. v. administration of glucose in murines 
appears to be primarily the result of systemic 
effects leading to reduction and redistribution 
of cardiac output. 

• Although oral glucose reduces extracellular 
tumor pH by ~O.2 pH units in a subpopulation 
of human patients, the effect of this treatment 
on intracellular pH has not been documented. 

• Several ion channel blockers have been inves
tigated for their effect on thermal response and 
development of thermotolerance. Recently, 
amiloride and its more potent analogs, 
HMA and EIP A, have been shown to enhance 
thermal sensitivity in vitro and in vivo and is 
due at least partially to decreases in intra
cellular pH. 

• Combinations of agents which affect different 
ion channels (such as amiloride and DIDS) 
enhance thermosensitization more than the 
single agents alone. 

• The enhanced thermal sensitization from the 
ion channel blockers is more pronounced at an 
acidic extracellular pH suggesting that these 
drugs may preferentially thermo sensitize 
tumor versus normal tissue. 

• Several vasoactive agents have been used to 
decrease tumor blood flow and increase tem
peratures during hyperthermia. However, the 
magnitude of tumor temperature elevation 
appears to be directly related to the degree of 
hypotension induced by some vasoactive agents 
such as hydralazine or nitroprusside. 

• Newer vasoactive agents such as calcitonin 
gene-related peptide may effectively increase 
tumor temperatures during hyperthermia with 
clinically acceptable reductions in blood 
pressure. 

• The ultimate validation of any tumor physio
logic manipulation must be obtained in human 
patients. 

Extending these manipulation studies into the 
human clinic is necessary but very difficult. Many 
of the drugs discussed in this chapter are not 

approved for use in humans. Extrapolating drug 
dosages from rodents to humans is complicated. 
Will the effects observed in rodents be seen in 
humans when safe drug doses are given? Will 
tumor heterogeneity complicate the therapeutic 
efficacy of these perturbations in the human clinic? 
Will nonuniform temperature distributions during 
hyperthermia treatments in human patients 
impact on the results of these perturbations? Will 
normal tissues be spared from enhanced thermal 
damage when these techniques are used? These 
are just a few of the quesions which can be asked 
when these techniques are moved into the human 
clinic. 
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10.1 Clinical Requirements 

The clinical studies done on superficial depth 
malignancies during the last two decades have 
highlighted the promise of hyperthermia as an 
effectively adjuvant treatment modality (KAPP 
and KApp 1993), as well as the need to improve 
the ability of heating devices to treat effectively 
the anatomically diverse diseased tissue sites 
encountered in clinical practice. 

Increasing the surface area that the devices are 
able to heat was found to be necessary. While 
some cancers are confined to small localized 
nodules, metastatic breast cancer can involve 
superficial depth regions encompassing the entire 
upper torso, including the arms and the head and 
neck. In addition, mathematical simulations have 
shown that in order to uniformly heat even small 
tumors, if the local blood perfusion rate is high it 
may be necessary to preheat the inflowing blood 
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at and beyond the tumor margins. If verified 
by clinical testing, this may require large area 
heating patterns even for small tumor nodules. 

Tumor-bearing tissue regions can also be 
highly heterogeneous both electrically and 
thermally, requiring that applicators have the 
ability to locally alter their power deposition 
pattern in real time in order to produce uniform 
temperatures. Compound curvature of the 
surface areas to be treated must also be accom
modated, especially in the head and neck, and 
in axillary regions III movement-impaired 
patients. 

Patient tolerance of the treatment and ther
mometry procedures also introduces heating 
system design constraints. Hyperthermia treat
ments usually involve heating intervals on the 
order of an hour, during which the applicator 
must remain accurately positioned on the patient. 
Because few patients can remain totally immo
bile for this period, the applicator system should 
not be excessively sensitive to patient move
ments. 

The limitations of current clinical thermometry 
systems must be accounted for in the design 
of applicator power control procedures. No 
commercially available high-resolution noninva
sive thermometry devices exist at this time. Both 
setup time constraints and patient tolerance 
preclude large numbers of invasive catheter 
insertions into the areas to be treated. 

Applicator designers have attempted to meet 
these challenges with a new generation of highly 
refined basic radiating elements as well as their 
integration into mechanically scanned, conformal 
array, and phased array heating devices. Site
specific applicators have been developed to heat 
sensitive or highly contoured body regions. 
This chapter is intended as a brief survey of the 
current state of electromagnetic superficial 
depth applicator development as well as a 
review of the current unsolved engineering and 
clinical problems. 
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10.2 Electromagnetic Properties 
of Biological Tissue 

The physical mechanisms responsible for the 
heating of biological tissue by electromagnetic 
waves have been dealt with extensively in previous 
literature (JOHNSON and GUY 1972; FOSTER 
and SCHEPPS 1981; DURNEY et al. 1986; HAND 
1990; ISKANDAR 1982). Only a summary will be 
presented here of the results relevant to the 
design of hyperthermia applicators. The important 
tissue parameters for the design of electromagnetic 
heating devices are the measured tissue dielectric 
constants and conductivities. A summary of these 
tissue parameters is given in Table 1O.l. 

The dielectric constant of the tissue determines 
the coefficient of reflection at tissue interfaces and 
the wavelength in tissue of the electromagnetic 
waves utilized for heating. The wavelength in 
tissue is important in that it determines the spatial 
resolution of the power control possible by 
manipulations of the applicator's amplitude 
or phase. The ratio of wavelength in tissue to 
applicator aperture size can also affect the depth 
of heating of a given antenna design independent 
of operating frequency effects. Effective penetra
tion depth was found to be compromised if the 
lateral dimension of the radiating aperture is less 
than one to two wavelengths in tissue (GUY 
1971b; HAND and HIND 1986). The maximum 

Table 10.1. Dielectric properties of biological tissue (data 
from JOHNSON and GUY 1972) 

Frequency e/ e" Conductivity -3dB 
(MHz) (S/W) penetration 

depth (cm) 

a) Electrical characteristics of high water content tissue 

27 113 399 0.602 5.0 
100 72 159 0.885 2.3 
200 57 90 1.00 1.7 
300 54 69 1.15 1.3 
433 53 49 1.18 1.2 
915 51 25 1.28 1.1 

2450 47 16 2.17 0.6 

b) Electrical characteristics of low water content tissue 

27 20 7.2-28.6 10.9-43.2 55 
100 7.5 3.4-13.6 19.1-75.9 21 
200 6.0 2.3-8.5 25.8-94.2 14 
300 5.7 1.9-6.4 31.6-107 11 
433 5.6 1.6-4.9 37.9-118 9.1 
915 5.6 1.1-2.9 55.6-147 6.1 

2450 5.5 0.7-1.6 96.4-213 3.9 
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(plane wave) penetration depth is calculable from 
the measured real and complex permittivities 
(Table 10.1). The attenuation mechanism in 
tissue is from ohmic losses resulting from the 
conduction of free charges or ions, as well as 
from the rotation of polar molecules at the 
frequency of the applied electric field (E Field). 
This molecular rotation or ionic motion is con
verted to heat due to the viscous losses in the 
dielectric. The strong dependence on frequency 
below 150 MHz arises from the dispersion 
associated with the intracellular membrane 
capacitance. The slight increase in attenuation 
with frequency from 200 MHz to 1 GHz is due 
to the progressive excitation of different polar 
intracellular macromolecules. There is a strong 
dispersion past 2 GHz associated with the excita
tion of molecular H20. The current consensus 
among applicator designers is to utilize frequencies 
below 1 GHz except for devices intended to treat 
very specialized sites (GUY and LEHMANN 1966; 
TURNER 1983; GUY 1990). 

Note from Fig. 10.1 that in the frequency 
range most often used for superficial depth 
hyperthermia, 300MHz to 1 GHz, the effec
tive penetration depth changes by only 20%. 
The wavelength in tissue, however, changes 
by a factor of 3. Stationary single-aperture ap
plicators are often designed to operate at the 
lowest practical frequency to maximize penetra
tion depth. In designing array and mechanically 
scanned applicators capable of local alterations in 
deposited power one must consider that small 
tissue regions such as scars can preferentially heat 
and act as power-limiting points. Operating at low 
frequencies, which enhances penetration depth, 
forces one to accept having large wavelengths, 
which results in very poor spatial resolution in the 
applicator's power control. Utilizing an applicator 
array with a very low operating frequency 
may result in a small high-conductivity or low
perfusion spot (i.e., scar), forcing the power 
down to subtherapeutic levels over very large 
surface areas. Since maximizing depth of penetra
tion requires decreasing the operating frequency 
and maximizing spatial resolution requires in
creasing the operating frequency, it is clear 
that the choice of operating frequency is a com
promise with optimization being dependent upon 
the degree of tissue heterogeneity in the treated 
regions. The weak dependence of penetration 
depth on changes in frequency between 300 MHz 
and 1 GHz would probably make operation at 



Electromagnetic Superficial Heating Technology 

Fig. 10.1. Plane wave penetration depth and 
wavelength in muscle, skin, and other high water 
content tissues. (Data from JOHNSON and GUY 

1972) 
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higher frequencies more likely to optimize this 
spatial resolution versus penetration trade-off. 

Tissue heterogeneity, in addition to affecting 
what temperatures are produced by a given SAR 
distribution, can also act to directly alter the 
qualitative shape of an applicator's power deposi
tion pattern in tissue. Specific examples of changes 
which can occur in an applicator's power deposi
tion pattern with changes in fat thickness, fre
quency, E-field orientation, and bolus type 
are given in SCOTT et al. (1986), CHOU et al. 
(1990a,b), and CHOU (1992). The most dramatic 
results in these studies of commercial waveguide 
applicators showed that small changes in the 
thickness of an overlying fat layer can cause 
a frequency-dependent shift from a centrally 
peaked distribution of power in tissue to a heating 
pattern with dual hot spots at the applicator edge. 
Tests in layered inhomogeneous cylindrical 
phantoms showed hot spot production at inter-

200 400 600 800 1000 

frequency in MHz 

faces at depth that varied in relative magnitude 
with each other with changes in E-field orienta
tion. Different applicators were shown to have 
different changes in their heating patterns with 
changes in the geometry and composition of the 
heating target. The thermometry probes placed in 
the heating field have also been shown to alter 
applicator power deposition patterns (CHAN et al. 
1988). 

10.3 A Survey of Major Antenna Types 

The 300-MHz to 1-GHz frequency range over 
which most sup~rficial depth hyperthermia ap
plicators operate is normally defined as being in 
the VHF/UHF portion of the electromagnetic 
spectrum. The biological tissues into which hyper
thermia applicators radiate have a dielectric 
constant in the range of 5-60 which reduces the 
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wavelength such that antennas and techniques 
more typically utilized in microwave engineering 
are employed, hence the common reference to 
superficial EM applicators as microwave devices 
despite the actual frequency of operation. 

10.3.1 Waveguides 

The design theory for waveguide applicators is 
well established and will not be repeated in detail 
here . As a short summary of the general charac
teristics of waveguide hyperthermia applicators, 
this class of radiator is constructed from a section 
of a hollow rectangular or circular waveguide 
transmission line, open at one end, excited with a 
coupling antenna consisting of a loop or a linear 
short extension of the coax feed line into the 
cavity. The distance from the feed point to the 
closed end of the waveguide is chosen to optimize 
the impedance match of the coupling antenna. 
The minimum physical dimensions of these 
waveguide applicators are constrained by opera
tion in the TEM 1,0 mode, with dielectric loading 
and the placement of ridges in the cavity utilized 
to reduce the dimensions of the applicator so that 
physical placement of the applicator on a patient 
is more clinically practical. The output power 
deposition pattern has a theoretical cos2 cross
section for a uniformly loaded waveguide cavity. 
Waveguide applicators in general have the 
advantage over other radiator types in more 
easily producing high ratios of parallel versus 
perpendicular E fields near the radiating aperture. 

Proper bolusing or air gap spacing is still re-
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quired. Tests of experimental and commercial 
designs for waveguide hyperthermia applicators 
used in direct contact with tissue or phantom have 
been found to produce localized hot spots near 
the edges of the aperture (GUY 1971a,b; SCOTT et 
al. 1986; CHOU et al. 1990a). 

Waveguide applicators have been the most 
extensively utilized design for performing clinical 
oncological hyperthermia. There have been large 
amounts of work done to optimize waveguide 
applicators for bandwidth, penetration depth, 
efficiency, SAR pattern size, and symmetry. 
Examples of some widely utilized commercial 
devices are shown in Fig. 10.2. 

The frequency of operation for which hyper
thermia waveguide applicators have been designed 
to operate has ranged from 27 MHz (STERZER 
et al. 1980; PAGLIONE 1982) to 2450 MHz. The 
requirement that hyperthermia applicators be 
as small and light as possible, both for ease of 
clinical setup and for potential assembling of the 
waveguides into applicator arrays, has stimulated 
much work into miniaturizing these applicators 
while retaining penetration depth and near-field 
quality. Common engineering methods used 
alone and in combination to alter and optimize 
the performance of these devices have included 
dielectric loading of the waveguide cavity, recon
figuring the geometry of the cavity by the addition 
of ridges, tapering the cavity, utilizing multiple 
feeds, the incorporation of electromagnetic lens
ing structures, and the utilization of special 
coupling boluses (KANTOR 1981; VAGUINE et al. 
1982; KANTOR and WITTERS 1983; TURNER 1983; 
NUSSBAUM and LEYBOVICH 1984; REBOLLAR and 

Fig. 10.2. Small and large treatment area waveguide 
hyperthermia applicators. Photograph, from left: MA-151 
620- to 1000-MHz water-coupled applicator, MA-120 680-
and 915-MHz (optional 434 MHz tuning available) air- or 
water-coupled applicator, MA-lOO 600- and 915-MHz air
or water-coupled applicator. Power deposition graphs in 
phantom from top: MA-151, MA-l00, MA-120. Actual 
power deposition patterns in tissue will vary with operating 
frequency, bolusing, tissue type, and surface geometry. 
Sample SAR patterns are shown to illustrate the changes 
in heating pattern size possible within a given frequency 
range by innovative applicator design. All applicators 
manufactured by BSD Medical Corporation, Salt Lake 
City, Utah, USA. (Photograph and applicator data by 
courtesy of BSD Medical Corporation) 
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ENCINAR 1984; LOVISOLO et al. 1984; NIKAWA et 
al. 1986a,b; MATSUDA et al. 1990; LEYBOVICH et 
al. 1991) . 

The primary drawback to the majority of 
waveguide applicator designs, because of the 
minimum cut-off frequency associated with 
aperture dimensions, has been the small effective 
heating pattern diameter compared with the 
physical size and weight of the applicator. 

10.3.2 Horn Applicators 

Hyperthermia applicators referred to as horns in 
the literature (TURNER 1983; LOVISOLO et al. 
1984), while having superficially similar external 
contours, may have significantly different design 
origins. The most common type is the "waveguide 
horn," which is an applicator utilizing a loop or 
short linear probe driving a section of waveguide 
open at one end. The waveguide, however, is 
tapered, expanding in dimensions towards its 
radiating aperture, usually with the intent of 
obtaining a superior radiative impedance match 
with the tissue to be heated. This design has been 
utilized in both liquid-coupled and air-coupled 
applicators and from a design standpoint is a 
variation of the standard waveguide applicator. 

A second type of horn applicator of funda
mentally different design is represented by 
the MA-201 applicator manufactured by BSD 
Medical Corporation (Fig. 10.3). This applicator 
is based upon a tapered, centrally dielectrically 
loaded, directly excited, parallel plate transmis
sion line with no electrical connection between 
the two conducting strips past the coaxial con
nector feed point. Since there is no conductive 
material between the conductive strips it can 
operate in the TEM mode with no lower cut-off 
frequency, making it an extremely versatile wide
band applicator. The MA-201 has been used 
clinically both as a superficial depth applicator 
operating in the 200- to 400-MHz range and as a 
deep heating device when operated near 90 MHz 
as part of a coherent two-element phased array. 

The water-filled Lucite Cone Applicator 
(RIETVELD and VAN RHOON 1992; VAN RHOON et 
al. 1992) is a horn-configured applicator designed 
for use in applicator arrays which has charac
teristics of both the waveguide horn and the MA-
201, and in addition utilizes variable dielectric 
loading to shape and increase the effective heating 
area. This applicator design launches its field 
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Fig. 10.3. MA-201 dual-horn hyperthermia applicator 
manufactured by BSD Medical Corporation. The horn 
applicators can be dismounted from the array configura
tion and used individually (MA-200). Recommended 
operating frequencies are 87 MHz to 95 MHz low range 
and 175 MHz to 190 MHz high range. A 4-cm to 5-cm-thick 
deionized water coupling bolus (not shown) is used as the 
patient coupling interface. (Photograph by courtesy of 
BSD Medical Corporation) 

from a standard TEM 1,0 rectangular guide excited 
by an inserted probe. The flared horn section 
differs from conventional designs in that the walls 
parallel to the direction of the E-field are a 
nonconductive dielectric rather than metal. The 
applicator is dielectrically loaded using deionized 
water. Within the horn, immersed in the deionized 
water, is a polyvinylchloride (PVC) cone posi
tioned centrally in the aperture. This combination 
of water loading, nonconductive side walls, and a 
central conical dielectric insert has been shown to 
significantly increase the heating pattern area 
over a conventional waveguide horn of the same 
physical size. 

10.3.3 Dipoles 

The use of dipole radiating elements to heat tissue 
therapeutically dates back to early diathermy 
devices (GUY 1990). These early devices were 
typically reflector-backed air-coupled high
frequency (2450 MHz) radiators. More recent 
experimental devices utilize lower operating 
frequencies and fluid dielectric coupling. TURNER 
et al. (1989) describe a large surface area ap-
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plicator consisting of an array of coaxial dipole 
antennas commonly utilized for interstitial hyper
thermia, mounted parallel to each other on 
the back of a transparent water bolus. Inter
element cross-talk is suppressed by optimizing the 
proximity of the element to the patient and 
operating in coherent mode, matching the inter
element spacing to the frequency of operation. 
LEE et al. (1988) describe an applicator utilizing 
an array of eight reflector-backed coaxial dipole 
antennas, mechanically scanned in parallel tubes 
built within a body conformal coupling bolus. The 
applicator operated in noncoherent mode with 
interelement cross-talk suppressed by the internal 
reflectors. The power to each of the scanned 
dipoles could be controlled individually as a func
tion of scan position to locally alter the SAR 
pattern. The utilization of coaxial dipoles as 
surface applicator antenna elements requires 
careful design to minimize cross-talk between 
adjacent antennas and variations in the longi
tudinal SAR pattern of the coaxial dipole with 
insertion distance into the coupling bolus. 

10.3.4 Microstrip Antennas 

Microstrip antenna applicators encompass that 
class of applicator in which the radiating element 
is constructed from a planar dielectric on which 
are etched or attached conductive metallic pat
terns designed to radiate electromagnetic waves. 
This definition is general because of the large 
varieties of microstrip antenna types in the litera
ture intended for use in hyperthermia applicators 
(Fig. 10.4). Microstrip patch antennas, consisting 
of a resonant rectangular, circular, or elliptical 
metallic pattern backed by a continuous metallic 
back plane, were among the earliest and most 
studied types of microstrip radiators (JOHNSON 
et al. 1984; AUDONE et al. 1985; SANDHU and 
KOLOZSVARY 1985; JAMES et al. 1986; UNDERWOOD 
and MAGIN 1988; UNDERWOOD et al. 1989, 
1992; MONTECCHIA 1992). Other microstrip con
figurations studied included multiple dipoles 
(MENDECKI et al. 1979; STERZER et al. 1980), 
microstrip-microslot (CHIVE et al. 1984), loop 
(BAHL et al. 1982; Au DONE et al. 1985), dual-arm 
spiral (TUMEH et al. 1989; DE LEO et al. 1989), 
and single-arm spiral (TANABE et al. 1983, 1985; 
KApp et al. 1988; SAMULSKI et al. 1990; RYAN and 
COUGHLIN 1992; LEE et al. 1992; MONTECCHIA 
1992). Early suggested approaches to utilizing 
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Fig. 10.4. A partial sample of the microstrip antenna 
patterns fabricated and tested by Varian Associates 
(Varian Associates, Palo Alto, Calif., USA) in collabora
tion with Stanford University Medical Center for potential 
use in hyperthermia applicators. Top row, microstrip 
spiral antennas; second row, microstrip slot antennas; third 
row, multiarm microstrip antennas; fourth row, microstrip 
loop antennas; bottom row, microstrip patch antennas. 
The Archimedean spiral microstrip antenna (top row 
center) proved to have the best balance of bandwidth, 
efficiency, and SAR pattern quality of the patterns tested, 
and was used in subsequently designed mechanically 
scanned antenna and conformal antenna array applicators. 
One potential disadvantage of the microstrip spiral antenna, 
however, is circular polarization, which makes its utiliza
tion as an array element in focused phased arrays more 
difficult than with linearly polarized antennas 

microstrip antennas attempted to maximize their 
compactness by using them in direct contact with 
the tissue to be treated. This produced problems 
due to the intense quasi-static nonradiative electric 
fields near the edges of the conductive microstrip 
patterns. The near fields were often irregular in 
shape and contained large perpendicular E-field 
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components which can cause overheating in 
superficial fat. Utilizing microstrips in direct 
contact with tissue also limits the power which 
can be applied to the antenna element since the 
dielectric losses will heat the antenna element 
and hence, the skin by direct conduction. The 
beam pattern in the near field can also be highly 
divergent (LEE et al. 1992), reducing the effec
tive penetration depth. The early simple patch 
antennas also had problems with low efficiency. 
Refinements in microstrip antenna applicator 
design have subsequently solved these problems. 
The ratio of the normal versus tangential com
ponent of the near field has been found to vary 
with microstrip design (UNDERWOOD et al. 1992), 
implying that high near-field perpendicular 
E-field components are not intrinsic to the 
technology and that optimization of microstrip 
geometry to maximize the tangential E-field 
components is possible. The most important 
design concept was to sacrifice some compactness 
and efficiency with existing antenna designs to 
obtain an electric field distribution at the patient 
with more desirable characteristics by interposing 
a liquid coupling bolus of adequate thickness 
between the microstrip antenna and the tissue to 
be heated. Attenuation of the normal E-field 
component in microstrip patch and spiral antennas 
operating in the 400-900 MHz range to levels low 
enough for clinical use has been found experi
mentally to require at least a 2-cm to 3-cm bolus 
thickness (JOHNSON et al. 1984; HENDERSON et al. 
1985; UNDERWOOD et al. 1992; SANDHU and 
KOLOZSVARY 1985; SAMULSKI et al. 1990). SANDHU 
and KOLOZSVARY (198S) and HAND (1987) also 
pointed out that the presence of an external 
coupling bolus has the benefit of reducing the 
effect of changes in the external loading on the 
resonance frequency of the microstrip antenna. 
By circulating the coupling fluid, usually deionized 
water, through a heat exchanger, conductive 
heating or cooling of the skin surface can be 
utilized to help optimize the effective depth of 
heating. The circulating liquid also acts as a heat 
sink for the antenna element, allowing sustained 
operation at high power. Some microstrip designs 
actually utilize deionized water as the microstrip 
dielectric (MONTECCHIA 1992; KOBAYASHI et al. 
1989). It was found that the radiative efficiency 
of microstrip antennas could. be enhanced by 
reducing the impedance mismatch between the 
solid dielectric-metallic strip microstrip antennas 
and the deionized water coupling bolus by the 
addition of a dielectric cover layer, or superstrate, 
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between the microstrip pattern and the coupling 
bolus (JOHNSON et al. 1984; JAMES et al. 1986; 
UNDERWOOD and MAGIN 1988; UNDERWOOD et al. 
1992; LEE et al. 1992). Appropriate designs utiliz
ing these techniques have been demonstrated 
to be capable of producing clinically proven 
antennas with a wide bandwidth impedance 
match to a SO-ohm power amplifier system without 
external matching components (TANABE et al. 
1985; SAMULSKI et al. 1990; LEE et al. 1992). 

10.3.5 Magnetically Coupled Applicators 

Magnetic fields in themselves are not useful for 
tissue heating since the magnetic permeability of 
the human body is approximately that of free 
space. However, Maxwell's equations state that a 
changing magnetic field gives rise to an associated 
electric field which can dissipate energy in tissue. 
Flat Magnetic induction coils tuned for opera
tion at the 13.S6-MHz and 27.12-MHz ISM 
frequencies, which generate a magnetic dipole 
perpendicular to the body surface, have long been 
used for medical diathermy (LERCH and KOHN 
1983; HAND et al. 1982; GUY 1990). Due to a 
theoretical power deposition null in the center of 
simple single-turn coils and an irregular near field 
for multiturn coils (HAND and TER HAAR 1981; 
HAND et al. 1982), the heating patterns are far 
from optimal for superficial depth clinical hyper
thermia, where temperatures must be more 
precisely controlled. These devices have seen 
little use in current superficial depth hyperthermic 
clinical practice. However, CORRY and BARLOGIE 
(1982) have described the effective use of a dual 
solenoidal magnetic induction system for bulky 
deep tumors. 

More recent devices utilizing magnetic induc
tive coupling (BACH ANDERSEN et al. 1984; 
FRANCONI et al. 1986; HAND 1990; JOHNSON et al. 
1990; LUMORI et al. 1990; GOPAL et al. 1992) 
generate the magnetic dipole parallel to the body 
surface with a current sheet produced by a wide 
conductive rectangular loop or loops with the 
long axis running parallel to the surface to be 
treated (Fig. 10.S). The power deposition pat
terns produced by these devices have a centrally 
peaked Gaussian shape similar to those produced 
by waveguides. Unlike waveguide applicators, 
resonant current sheet applicators have no in
trinsic cut-off frequency associated with applica
tor physical dimensions. In principle the capacitive 
load on the flat current sheet conducting coil can 
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Feed cable 

Resonant loop 
capacitor plates 

Fig. 10.5. Current sheet applicator (after JOHNSON et al. 
1987; HAND 1990). A "U"-shaped high-conductivity 
metallic strip in series with a flat plate capacitor form a 
resonant loop, excited with a capacitively coupled split 
disc. The loop design and construction of the screening 
box concentrate the radiated field towards the base of the 
applicator. By changing the number of resonant loop 
capacitor plates or the plate spacing, the frequency of 

be tuned to resonate the coil at any specified 
frequency. This technology can potentially be 
used to design applicators with very large ratios 
of heating pattern size versus applicator size 
(JOHNSON et al. 1987). Engineering problems 
associated with these devices are very narrow 
theoretical bandwidths with center frequencies 
which shift with loading, and residual quasi-static 
near-field hot spots caused by near-field effects 
associated with the electric field components of 
the current loop (BACH ANDERSEN et al. 1984). 
Nevertheless, careful design has produced com
pact magnetically coupled applicators reliable 
and practical enough for routine clinical use 
(JOHNSON et al. 1987; GOPAL et al. 1992). 

10.4 Techniques for Heating Large Surface Areas 

Milignancies can occur in any region of the body 
and often involve surface areas of hundreds of 
square centimeters or more. Since patchwork 
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the applicator can be changed while retaining the same 
loop dimensions. This applicator design has no cut-off 
frequency associated with applicator dimensions, making 
possible very large ratios of heating pattern size versus 
applicator size. Fine tuning of frequency can be im
plemented by altering the spacing between the split disc 
capacitive feed plates and the corresponding resonant loop 
half plates 

treatment regimes requiring dozens of heat fields 
for a single patient are clinically impractical in 
many combined modality protocols, much effort 
has gone into developing techniques to enable 
electromagnetic applicators to treat large surface 
areas. 

10.4.1 Single Large Aperture Devices 

One conceptually simple approach to synthesizing 
large heating areas is to scale the applicator 
design to operate at lower frequencies, increasing 
the wavelength and hence the size of the heating 
pattern. It is also possible at a given fixed fre
quency range through appropriate design tech
niques to enlarge an applicator's effective heating 
area (Fig. 10.2). However, there are several 
problems associated with this simple approach to 
increasing effective heating pattern size. 

The most basic problem encountered in clinical 
practice is that tissue electrical and thermal 
heterogeneities and the complex external con-
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tours of the human body act to produce dif
ferential heating within the treated volume. The 
larger the heated area, the more likely that there 
will be a tissue region included in the heated 
volume that will limit applied power due to pain 
or local high temperatures. Large volumes of 
tissue can thereby be fixed at subtherapeutic 
temperatures by a single hot point. 

The power deposition contours of single aper
ture devices typically have a centrally peaked 
cos2 or Gaussian cross-section. The tumor/ 
normal tissue boundary at the tumor periphery, 
however, has been observed to have the highest 
blood perfusion, indicating that a centrally 
peaked non alterable power deposition pattern is 
geometrically suboptimal in that it will underheat 
the rapidly growing outer portions of the tumor 
as compared with the center. Single-aperture 
devices scaled to operate at low frequencies also 
tend to be large and heavy, making clinical setups 
difficult, particularly near areas such as the head 
and neck where physical access is limited. 

Despite these potential disadvantages, the 
practical utility of well-designed stationary single
aperture applicators should not be minimized. 
Relatively homogeneous tissue regions containing 
tumors with low perfusion rates can and have 
been successfully heated by large-field single
aperture devices. Because of the intrinsic pene
tration depth-wavelength characteristics of 
propagating electromagnetic waves in tissue, even 
sophisticated phased arrays and scanning antenna 
applicators will not be able to compensate fully 
for the measured temperature variations en
countered in practice. The low system cost 
and simplicity of utilization of single-aperture 
stationary heating devices are positive factors 
which should not be overlooked in selecting 
heating systems for sites and tumor types where 
more complex devices may not be needed. 

10.4.2 Antenna Array Applicators 

One approach to the problem of generating large 
heating patterns that also has some potential for 
accommodating tissue heterogeneity is to utilize 
arrays of standard single-source radiators. 
Advantages in the use of array applicators over 
that of single-source applicators are the potential 
to controllably vary the power deposition pattern 
in real time and to shape and enlarge the area of 
the heating pattern by simply adding additional 
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antenna elements. Also some designs for hyper
thermia applicator arrays were constructed with 
sufficient mechanical flexibility to be able to 
conform to body curvature. 

Most of the hyperthermia engineering litera
ture on applicator arrays refers to theoretical 
studies and computer models. The following 
summary lists only those tests in which actual 
hardware was constructed or evaluated. Tests of 
microstrip patch applicator arrays are reported by 
SANDHU and KOLOZSVARY (1985), UNDERWOOD 
et al. (1989), and GEE et al. (1984). Tests in 
phantom and clinical use of micros trip spiral 
arrays are described by TANABE et al. (1983), 
TANABE (1985), WILSEY et al. (1988), KApp et al. 
(1989), TUMEH et al. (1989), SAMULSKI et al. 
(1990), LEE et al. (1992; Fig. 10.6), and RYAN and 
COUGHLIN (1992). 

Testing and use of arrays of waveguide ap
plicators have been described by LOANE et al. 
(1986), WYSLOUZIL et al. (1987), and DIEDERICH 
and STAUFFER (1992). An example of a com
mercially available 915-MHz waveguide array 
applicator hyperthermia system is shown in Fig. 
10.7. 

Other antenna array types intended for large
area superficial depth heating which have 
been constructed and tested have been based 
on: microstrip dipoles (STERZER et al. 1980; 
MENDECKI et al. 1979), dielectrically loaded 
parallel plate horns (TURNER 1983; Fig. 10.3), 
microstrip-slot (CHIVE et al. 1984), helical 
antennas (KAWABATA et al. 1984), coaxial dipole 
antennas (LEE et al. 1988; TURNER et al. 1989), 
concentric ring antennas (STAUFFER and DIEDERICH 
1993), Lucite-cone wave guide applicators 
(RIETVELD and VAN RHOON 1992; VAN RHOON et 
al. 1992; Fig. 10.8), and current sheet devices 
(HAND 1990; LUMORI et al. 1990; GOPAL et al. 
1992; Fig. 10.9). Single-cavity applicators which 
have local power deposition control are described 
in LEYBOVICH et al. (1991), where the applicator 
design consists of a shortened waveguide cavity 
with multiple-probe antennas capable of generat
ing locally controllable power deposition patterns 
with a large ratio of heating area to aperture size. 
RApPAPORT and MORGENTHALER (1986) describe 
the theory and engineering design behind a leaky
wave troughguide applicator capable of local 
power control. 

Constructing a clinically usable antenna array 
applicator involves more than simply adjoining 
multiple antennas. The problems which must 
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Fig. 10.6. Body conformal microstrip spiral antenna 
array applicator. This design for a large surface area 
applicator operates noncoherently at 915 MHz with 
circularly polarized microstrip antenna elements. Mount
ing the antenna elements on independent plastic support 
frames which are attached at their base to a flexible sheet 
of open cell fluid permeable filter foam allows the array 
to conform to convex surfaces while maintaining for 

be addressed are: the combining of individual 
antenna radiation patterns to form a uniform net 
power deposition pattern, minimization of inter
antenna cross-talk, proper phasing for coherent 
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each antenna a constant spacing from the heated tissue, 
and a constant illuminated surface area. This structure 
is sealed in transparent plastic through which is circulated 
temperature-controlled deionized water. This type of 
applicator has been constructed with 6, 12, 16, and 25 
antenna elements (LEE et al. 1992) . Top: 25-element array 
in place during a patient treatment; bottom: applicator 
design details 

arrays, allowing conformation to body contours 
while retaining predictable SAR patterns, 
and economically powering, monitoring, and 
individually controlling large numbers of elements. 



204 

Fig. 10.7. Microtherm 1000, 915-MHz superficial depth 
hyperthermia treatment system, manufactured by 
Labthermics Technologies (Champaign Ill., USA) . This 
treatment system is designed to power 4- and 16-element 
planar waveguide arrays at up to 60 W per antenna with an 
independent solid state amplifier for each array element. 
The arrays operate in noncoherent mode with an upgrade 
to operation as a coherent phased array (Microtherm 

Fig. 10.S. Five-element Lucite Cone applicator array in 
place on a patient under treatment (RIETVELD and VAN 
RHOON 1992; VAN RHOON et al. 1992). Each applicator can 
be independently positioned and power controlled. A 

Combining the SAR patterns of stationary 
antennas together to obtain a uniform heating 
pattern without cold regions between antenna 
elements requires that the radiating elements 
comprising the array have heating patterns that 
are large compared with their physical outlines. 
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2000) undergoing laboratory testing. The basic radiating 
antenna in these applicator arrays is a 3.8cm by 3.8cm 
aperture dielectrically loaded waveguide antenna . The 
electromagnetic energy is coupled through a temperature
controlled deionized water bolus. Power to each array 
element can be independently varied under computer 
control or operator manual control. (Photograph by 
courtesy of Labthermics Technologies, Inc.) 

temperature-controlled water coupling bolus is used as 
the patient to applicator array interface. (Photograph by 
courtesy by G.c. van Rhoon, Dr. Daniel den Hoed 
Cancer Center, Rotterdam) 

LEE et al. (1992) performed a two-dimensional 
summation of Gaussian SAR patterns for a 
simulated 25-element noncoherent close packed 
array for different interelement spacings and 
concluded that in order to obtain less than 10% 
drops in power deposition between antenna 
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Fig. 10.9. Current sheet applicator array in place on a 
patient. This array is operated in noncoherent mode by 
two independent, multiplexed 434-MHz generators (HAND 
et al. 1992). The individual array elements are jointed to 
each other with thin, flexible polyethylene pins to maintain 

elements, the -3 dB diameter must be greater 
than the center to center inter-antenna element 
spacing. This was confirmed by the construction 
of prototype arrays with different interelement 
spacings. GOPAL et al. (1992), similarly describe 
theoretical and experimental work done with a 
four-element coherent current sheet applicator 
array demonstrating that coherent operation can 
produce an enhanced uniformity of the power 
deposition pattern over noncoherent operation 
when the interelement spacing does not allow this 
- 3 dB radius condition to be met. An alternative 
to antenna miniaturization has been described by 
RYAN and COUGHLIN (1993), who demonstrated a 
successful technique for physically overlapping 
simultaneously radiating spiral microstrip antenna 
patterns, with the spiral elements retaining their 
ability to be independently powered. 

Coherent operation of applicator arrays offers 
the advantage, as previously mentioned, of 
allowing greater interelement separation for an 
equivalent degree of power deposition uniformity. 
It was also demonstrated by theoretical analysis 
(HAND et al. 1986; HAND and HIND 1986; MAGIN 
and PETERSON 1989) and tests in phantoms (GEE 
et al. 1984; LOANE et al. 1986; FENN et al. 1993) 
that planar coherent arrays can be phased to 
produce a convergent beam, yielding a local 
enhancement in penetration depth. Anatomical 
considerations and limitations in current sensor 
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constant interelement spacing while allowing conforma
tion to body curvature. A 2-cm-thick water bolus contain
ing low-density plastic foam is used to couple the antenna 
elements to the patient. (Photograph by courtesy of J. W. 
Hand, Hammersmith Hospital, London) 

technology, however, may make this potential 
advantage in penetration depth difficult in clinical 
practice to actually utilize. Metastatic breast 
cancer, for instance, can involve the tissue from 
the skin surface down to a depth of 2-3 cm over 
an area which can extend over hundreds of square 
centimeters. The area at depth is nearly equal to 
the area at the surface, hence tissue geometry 
does not allow for a power deposition gain at 
depth by phased focusing without sacrificing 
heating efficacy in the tissue outside the converg
ing beam. The differences in the dielectric con
stants of high and low water content tissue are 
sufficiently large that calculations of the proper 
drive phase for each array element require precise 
knowledge of the anatomy of the treated region. 
At the frequencies commonly used for superficial 
depth heating, phase shifts caused by alterations 
in tissue geometry are not negligible. At 915 MHz 
in high water content tissue, a 1-cm change in 
effective path length will cause an 80° phase shift. 
Reflections from multiple tissue interfaces, 
refraction, and scattering in the direct beam 
paths, as well as changes in the path lengths 
caused by motions of the patient, make direct 
calculation of the proper amplitudes and phases 
difficult. In addition to the lengths of the effective 
beam paths, differential heating of the near
surface tissue through which the beams pass must 
be taken into account in.. calculating the overall 
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drive phases and amplitudes. While obtaining 
proper phasing for heating a single point at depth 
has been demonstrated in phantoms, what is 
required for performing clinical hyperthermia 
treatments is optimization of heating at all points 
throughout a volume. Until breakthroughs 
are made in sensor technology or combined 
electromagnetic and thermal modeling, it is 
unlikely that heating systems based on radiative 
electromagnetic phased arrays can operate at 
their full theoretical potential in heterogeneous 
living tissue. 

Noncoherent operation of arrays, while inferior 
to coherent operation in degrees of freedom for 
shaping the power deposition pattern, can offer 
several practical advantages. HAND et al. (1992) 
reported theoretical and experimental results 
which showed that noncoherent operation of an 
applicator array can result in larger effective 
heating patterns than the operation of the same 
array in coherent mode. 

It is far easier with the limited thermometry 
available with current technology hyperthermia 
systems to implement control algorithms for 
noncoherent arrays. The SAR pattern of a 
noncoherent array is the linear sum of amplitudes 
of the SAR patterns of the individual elements. 
The absence of wave interference effects with 
adjacent antennas makes predicting the resultant 
changes in local power deposition in nonhomo
geneous tissue after changes are made in the drive 
amplitudes of the antenna elements far less 
complicated. Noncoherent operation precludes, 
for instance, the possibility of a decrease in 
amplitude of one element, causing a local in
crease in the deposited power near a neighboring 
element by a reduction of local E-field cancella
tion. This monotonic overall power deposition 
response is especially important when attempting 
to respond to complaints of pain by reducing 
power locally by trial and error to individual 
elements. As a consequence of this lack of need 
to calculate relative phase between adjacent 
elements, the complication of controlling a body 
conformal noncoherent applicator array is less 
than with a coherent conformal array. A flexible 
body conformal applicator with movable pivoting 
antenna elements, if implemented with coherent 
array technology, will require the proper initial 
setting and real time readjustment of drive phase 
for antennas whose relative physical orientation 
will vary between treatment sites and during 
a given treatment if the patient moves. As men-
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tioned previously, knowledge of relative path 
lengths accurate to 1 cm or less may be required, 
depending upon the operating frequency. While 
adjustment of phase by retrofocusing has been 
demonstrated in an inhomogeneous phantom for 
optimizing heating at a single point at depth 
(LOANE et al. 1986), optimizing the heating 
throughout a large surface area treatment field 
will require more invasive sensing points than 
current clinical practice and sensor technology 
allow. 

10.4.3 Mechanically Scanned 
Antenna Applicators 

Generating a large effective electromagnetic field 
by physically moving a directional antenna is a 
very old practice in radio and radar technology. 
Physically moving a radiative energy device 
(usually ultrasound) over a region to be heated 
has long been standard practice in physical 
diathermy. It was expected, then, that moving 
antenna techniques would eventually find use 
in generating large-area heating patterns with 
electromagnetic hyperthermia applicators. 

There are multiple engineering advantages 
to generating large-area heating patterns by 
mechanically scanning individual or groups of 
antennas. Antennas utilized in mechanically 
scanned systems, unlike those intended for use 
in static arrays, are not required to have heat
ing patterns large compared with their physical 
outline in order to be usable for producing a 
uniform power deposition pattern. Analyses by 
GUY (1971b) and HAND and HIND (1986) show 
that reduction of the aperture size to a width of 
less than approximately 1 to 2 wavelengths in 
tissue impairs the penetration depth of radiative 
electromagnetic applicators. In mechanically 
static arrays, apertures large compared with their 
wavelength in tissue will yield cold interelement 
zones. In scanning antenna systems, however, 
varying the scan line spacing in principle can 
produce a uniform power deposition. pattern with 
any applicator power deposition half-width 
diameter. Scanned antenna applicators utilizing 
machine-controlled positioning can, by varying 
duration over each point, or power as a function 
of position, controllably customize the distribu
tion of energy delivered to tissue in real time. 
Finally, the uniformity of the antenna's power 
deposition pattern is less critical in scanned 
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antenna systems than in mechanically static 
arrays. The averaging over the scan path of small 
singular cold or hot regions within an applicator's 
near field can eliminate the local nulls or hot 
points which in a stationary device would cause 
unacceptable local heating heterogeneities (HAND 
and TER HAAR 1981). 

Moving applicator diathermy treatments were 
implemented by scanning the applicator by hand 
with patient feedback of the resultant heating 
sensations determining the relative duration over 
a point and the overall power level. The greater 
precision required in oncological hyperthermia 
in quantifying the energy deposition and the 
resultant temperatures produced has placed the 
emphasis on designing systems with machine
controlled mechanical scanning of the applicator 
antennas with multipoint thermometry providing 
power control information. The experimental 
systems mentioned in the literature vary greatly 
in their degree of sophistication. In their review 
of heating techniques, HAND and TER HAAR 
(1981) describe a mathematical simulation of a 
mechanically scanned "pancake coil" magnetic 
induction applicator where the central null 
common to flat coil applicators was eliminated. 
PALIWAL et al. (1985) describe a system tested in 
animals and phantom utilizing an air-coupled 
waveguide applicator mounted on a pivoting 
arm, scanned in an arc with the motion of the 
arm actuated by a cammed variable speed motor. 
SAMULSKI et al. (1990) reported on the experi
mental and clinical use of applicators comprising 
an integral water bolus and a computer-controlled 
stepper motor scanning a single- or dual-element 
microstrip spiral antenna in a fixed reciprocating 
circular path over the internal water bolus. These 
scanning microstrip spiral applicators have the 
ability to control applied power as a function of 
antenna position (Fig. 10.10). LEE et al. (1988) 
describe an applicator array consisting of coaxial 
dipole antennas, mechanically scanned in parallel 
tubes embedded in a conformal, water-filled 
plastic foam and metal reflector structure. Power 
could be controlled as a function of linear scan 
position for each of the eight scanned coaxial 
antennas. The eight-element array has been 
tested only in phantom. A two-element scanned 
coaxial antenna array has been tested for a site
specific application on one patient in a location 
that conventional applicators could not physically 
access. Scanning antenna heating systems utiliz
ing antennas moved by robotic arms are described 
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in STERZER et al. (1985, 1986), LEE et al. (1986), 
and TENNANT et al. (1990). Only the system 
described by STERZER et al. (1985, 1986) had been 
tested on humans (Fig. 10.11). At the time of 
this writing none of these experimental robotic 
applicators is in use treating patients. 

10.5 Site-Specific Applicators 

Tissue heterogeneity and highly contoured 
surfaces can produce difficult to heat regions 
requiring applicators custom designed for these 
specific body areas. An example of an applicator 
intended specifically to accommodate extreme 
cylindrical curvature is the Varian designed spiral 
(microstrip antenna) arm cuff applicator. This 
two- by eight-element array is flexible enough 
in one dimension to be able to fit around the 
circumference of a limb of radius greater than 
8cm in diameter (WILSEY et al. 1988). Conversely, 
body regions with extreme negative (concave) 
curvature such as the axilla on patients with an 
impaired range of arm movement require an 
applicator able to radiate a nearly cylindrical 
outwardly propagating power deposition pat
tern. Such an applicator, utilizing coaxial dipole 
antennas longitudinally scanned in tubes mounted 
in a deionized water-saturated plastic foam-filled 
coupling bolus, contoured to fit against the axilla, 
was designed and clinically tested (LEE et al. 
1988). 

An applicator constructed to treat superficial 
disease over the facial region near the eyes and 
the bridge of the nose had to be designed to solve 
multiple engineering problems not normally 
encountered in applicators intended to treat 
extremities and chest walls. Electromagnetic 
applicators tend to preferentially heat structures 
proximal to the radiating aperture. Tests in a 
facial contour phantom showed preferential 
power deposition in the nose with conventional 
applicators. The proximity of the eyes is an 
important factor in designing heating devices for 
this particular treatment site because of the risk of 
microwave-induced cataracts. An applicator was 
designed for this task utilizing ten independently 
powered 915-MHz microstrip spiral antenna 
elements mounted on a semirigid water permeable 
foam base, contoured to the outlines of the 
central facial area. The eyes were protected 
by a separate pair of l-cm-thick local conformal 
boluses circulating cooled isotonic saline. This 
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printed circuit board on which are etched two 7.5-cm
diameter center driven Archimedean spiral, antenna 
patterns . This two-element rectangular microstrip antenna 
array is scanned in a reciprocating circular path with the 
radii of rotation of the antennas at 2.Scm and 5.Scm. 
Power to each antenna is controlled synchronously with 
the stepper motor position. The applicator operating 
software allows control of output amplitude independently 
to each antenna at 45° scan intervals. The antennas are 
operated noncoherently at 390 MHz. Over a thousand 
treatments have been performed at Stanford University 
Medical Center with this scanning antenna applicator design 
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Fig. 10.11. Experimental robotic arm hyperthermia 
applicator developed at RCA Laboratories (STERZER 
et al. 1986). The applicator is air coupled, operating at 
2450 MHz. The applicator head contains a compressed air 
fitting for blowing cold air to cool the skin surface when 
needed, and an infrared noncontacting thermometer 
to provide data for real time feedback power control. 
Mechanical proximity sensors protect the patient from 
accidental contact with the scanning robotic arm. Lead 
through programming is used to input the scan path into 
the five-axis arm. The automatic power control system is 
capable of acquiring a temperature value and altering the 
applied power in less than a second, allowing continuous 
contouring of the applied power along the scan path. 
(Photograph by courtesy of F. Sterzer) 

secondary bolus, placed over the eyes, absorbed 
microwave energy and cooled the eyes by conduc
tion without perturbing the field patterns of the 
antennas as would metal introduced into the field . 
Successful heating was accomplished with this 
device of the patient for whom it was designed 
and constructed (KAPP et al. 1989). 

Other applicators conversely were designed to 
treat malignancies of the eye itself (FINGER et al. 
1983; LAGENDIJK 1982a; SCHIPPER and LAGENDIJK 

209 

1986; STAUFFER et al. 1988). The applicator 
described by FINGER et al. is hemispherical and 
contoured to fit against the outer surface of the 
eye . A microstrip antenna consisting of a spiral 
wound, flat strip transmission line shorted at 
the end is etched into the inner surface of the 
applicator and tuned for operation at 5.8 GHz. 

The ophthalmic applicator designed by J.J. W. 
Lagendijk is constructed of flexible silicone 
rubber which conforms to the eye and can form 
a liquid-tight seal allowing the circulation of 
cooling water against the surface of the cornea. 
The radiating element is a single-turn stripline 
antenna built into this silicone rubber structure, 
tuned to operate at 2450 MHz. An ultrasound 
ranging transducer is built into the body of the 
applicator for positive indexing of position. 

The applicator described in STAUFFER et al. 
(1988) utilizes a 2450-MHz ring antenna. This 
ring antenna is constructed from copper tubing 
through which temperature-controlled fluid 
can be circulated to conductively regulate the 
surface temperature of the treated tissue. This 
temperature-controlled antenna is built into a 
plaque applicator into which radioactive seeds 
can be placed. This allows for simultaneous 
heating and irradiation with a single device. 

10.6 Thermometry and Control 

Successful design of hardware and software 
for controlling the power to hyperthermia ap
plicators, particularly for those applicators 
capable of real time local alterations of their 
power deposition patterns, is dependent upon 
being able to characterize accurately in real time 
the temperatures induced in the object one wishes 
to heat controllably. The complexity of the 
system required to perform this task adequately 
varies greatly with the degree of heterogeneity in 
the heated object. As extreme examples, a 
homogeneous heating target, such as a well
characterized phantom, can have its temperature 
distribution pattern under certain microwave 
irradiation predicted by mathematical simulations 
without any applied thermometry. A large surface 
area radiation therapy treatment field containing 
normal tissue, multiple discrete nodules, surgical 
scars, and necrotic regions, on a body region such 
as the head and neck which has surface contours 
that change with patient motion, may require 
subcentimeter real time temperature monitoring 
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to map out the resultant variations in temperatures 
when undergoing external heating. 

The magnitudes of the variation in heating 
caused by blood perfusion and tissue heterogeneity 
has been the topic of both mathematical simula
tions (ROEMER 1991) and clinical thermometry 
studies. LAGENDlJK (1982b), LAGENDlJK et al. 
(1984), and CREEZE and LAGENDDK (1992) describe 
research utilizing computer models and experi
mental work done with perfused gel and tissue 
phantoms to establish the magnitude of local 
cooling caused by the presence of large vessels in 
the heated tissue. Using the assumptions of 
homogeneous tissue with uniform energy deposi
tion, temperature drops on the order of 4°C per 
cm were predicted near large vessels. GIBBS et al. 
(1985) and OLESON et al. (1985) presented high
resolution linear temperature maps taken in 
tumor and normal tissue in human patients 
heated by both local and regional electromagnetic 
hyperthermia devices. These measurements 
showed temperature gradients that in extreme 
cases exceeded 7°C per cm in tissue heated by 
superficial external microwave applicators (Fig. 
10.12). These variations were interpreted by 
the authors to be caused by variations in tissue 
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properties, blood perfusion, and reflections from 
tissue interfaces. Even with electromagnetic 
regional heating devices, measured temperature 
gradients on the order of 4-5°C per cm were 
recorded with absolute temperature variations 
within treated tissue of up to lOoC. These varia
tions manifested themselves as local maxima as 
well as minima. The spatial frequency of these 
observed variations were rapid enough in extreme 
cases that power deposition resolution on the 
order of 1 cm or less would be required to com
pensate. CREEZE and LAGENDDK (1992) predicted 
on the basis of their modeling and experimental 
testing that subcentimeter power deposition 
control resolution is needed to compensate for 
temperature variations caused by perfusion 
differentials. 

There are currently no thermometry systems 
available for routine clinical treatments which can 
provide real time subcentimeter spatial resolution 
throughout realistic treatment volumes. Research 
into techniques which in theory can be used 
to perform high-resolution noninvasive ther
mometry, however, is ongoing (BOLOMEY and 
HAWLEY 1990). In addition, subcentimeter spatial 
power resolution in tissue would require applicator 
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plicator was the heating device. b Temperature maps 
taken at Duke University Medical Center during three 
successive chest wall treatments. The heating device was a 
waveguide applicator. The catheter remained in place for 
all three treatments. (From OLESON et al. 1985) 
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operating frequencies in excess of 5 GHz. Opera
tion in this frequency range is not clinically feasible 
due to the excessive loss in penetration depth. If 
the goal of superficial depth hyperthermia is to 
uniformly heat the upper 2-3 cm of large surface 
area diseased tissue, the physics of propagating 
electromagnetic waves in tissue combined with 
the theoretical and observed scale of tissue 
heterogeneity prevents radiative electromagnetic 
applicators from being able to accomplish this 
task reliably even if knowledge of temperature 
at every tissue point were available. Because 
the spatial resolution of the ability to deposit 
energy is larger by an order of magnitude than the 
currently measured dimensional scale of phys
iological caused heating variations, successful 
heating depends as much upon favorable blood 
flow rates and tissue electrical properties as upon 
the capabilities of the heating device. Still, the 
higher the spatial resolution, the better. This 
treatment methodology, where one deposits 
energy and hopes that the tissue properties allow 
for effective heating, has been termed "reliance 
on thermal opportunism" (ROEMER 1990), and 
more derisively as "dump and pray" (STROHBEHN 
1984). Questions concerning the quality of 
heating actually required in combined modality 
therapy to yield a significant clinical gain and the 
possible physiological manipulations suggested to 
enhance uniformity of heating are beyond the 
scope of this presentation. 

Current superficial depth electromagnetic 
hyperthermia systems suffer, then, from both 
incomplete thermometry and inadequate spatial 
resolution of power control. Taking both of these 
factors into account, the optimization goal for 
power control can be more realistically redefined 
from achieving a uniform specified temperature 
throughout the treatment volume to maximizing 
the amount of applied power from each array 
element, or scan path segment, without causing 
unacceptable amounts of treatment-related 
complications. This will maximize the thermal 
dose that can be safely administered to the 
diseased tissue despite the limitations in spatial 
power resolution. This only requires knowledge 
of the highest temperature point in each control 
zone, as opposed to complete knowledge of 
all temperatures, since it is the time averaged 
T max which has been shown to correlate with 
heat related complications (KAPP et al. 1992). 
Orthogonal placement of multiple invasive 
temperature-mapping catheters through the 

211 

center of the treatment field where the Gaussian 
shaped power deposition pattern has its maximum 
amplitude can give treatment systems utilizing 
single aperture devices an excellent chance of 
sampling the maximum induced temperature. 

Optimized control of large surface area array 
or scanning antenna applicators is more difficult 
and is currently an unsolved problem. The treat
ment areas can extend over hundreds of square 
centimeters, with current systems having up to 
25 degrees of freedom for local power control. 
Inserting sufficient catheters to produce an inter
stitial thermometry density comparable to that 
utilized during treatments with small single
aperture applicators would not be tolerated by 
most patients. If continuous thermal mapping 
(GIBBS 1983) is utilized, the few interstitial sensors 
that are inserted cannot be utilized as data sources 
for power control due to inadequate retrace time. 

One reported clinical power control protocol 
(LEE et al. 1992) for a 25-element noncoherent 
array utilizes probes placed on the skin surface as 
the primary source of control information. These 
skin surface sensors are placed in locations such 
as scars, discrete nodules, and necrotic regions 
that are likely to preferentially heat. At least 
one sensor must be under each array element 
regardless of anatomy. Two interstitial catheters 
with automatically mapped single junction sensors 
are placed at depth between 0.5 and 2.0cm within 
the tumor-bearing region, primarily for the 
purpose of assessing heating efficacy. These 
sensors are used for control only if temperatures 
in excess of 50°C are sensed, in which case thermal 
mapping is stopped at the hot spot and array 
power is reallocated. Reports by the patient of 
pain in the heating field are assumed to be caused 
by unmeasured high temperatures, and power is 
locally or globally reduced to stay below the 
patient's pain tolerance. No analgesic agents are 
employed for the purpose of masking treatment
related pain. Despite the use of up to 40 ther
mometry probes in the treatment field, 74% of 
the treatments produced pain, not correlated with 
measured high temperatures, which required 
reductions in applied power. Power control is 
done manually with mouse-controlled graphical 
interfaces for both the thermometry and power 
control computers. An automated power control 
interface has been developed and tested suc
cessfully in dynamic perfused phantoms but 
has not yet been proven clinically (ZHOU and 
FESSENDEN 1993). 
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This type of control scheme is common in 
practice for large surface area devices but has 
significant shortcomings. There is no way to 
assure that the skin surface sensors are actually at 
the local highest temperature points at the skin 
surface or that higher temperatures are not being 
produced at depth. The existence of unmeasured 
high temperature points is strongly implied by the 
high incidence of pain during treatment and the 
lesser occurrences of post-treatment blisters. The 
temperatures measured by the skin surface 
thermometry sensors may not be accurate. There 
is evidence that temperatures measured by 
sensors placed between the skin and a temperature
regulated coupling bolus may be skewed away 
from the true skin temperature towards the 
temperature of the circulating bolus fluid (LEE 
et al. 1994). Also, regulating power by maintain
ing the patient at the edge of the patient's pain 
threshold for the duration of the treatment in 
order to maximize thermal dose is psychologically 
stressful on both the patient and the medical staff. 
In addition, the temperature pain threshold has 
been experimentally found to vary between 
individuals and vary with time within the same 
individual (JAMES et al. 1988). The requirement 
that the patient be able to inform the operator of 
unmeasured hot spots precludes utilizing general 
or local anesthesia. This again illustrates that 
optimized clinical use and control of hyper
thermia applicators will not be achieved until 
some form of practical high-resolution noninvasive 
thermometry is developed. 

10.7 Conclusion 

The basic engineering aspects of radiative 
electromagnetic hyperthermia applicators have 
progressed considerably since the initial days of 
oncological hYPl!rthermia, where adaptations of 
physical diathermy heating devices were used. 
Large amounts of basic research into waveguide, 
horn, dipole, microstrip, and magnetic inductive 
radiating elements have produced clinically tested 
basic building blocks for advanced heating systems. 

Numerous research institutions have reported 
assembling these antennas into array applicators 
and mechanically scanned antenna systems. 
Clinically operational arrays utilized primarily for 
large surface area chest wall treatments have 
been assembled from waveguide, microstrip, and 
current sheet radiating elements. Far less work 
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has gone into mechanically scanned antenna 
applicators, though a design for a scanning micro
strip spiral antenna applicator has been extensively 
clinically utilized and a robotic arm applicator has 
undergone limited clinical testing. 

Lack of adequate thermometry is a serious 
problem that is currently handicapping treat
ments performed with hyperthermia applicators 
in general and applicators with multiple power 
control degrees of freedom in particular. 

Developments are being made in the field of 
noninvasive thermometry that have the theoretical 
potential to produce subcentimeter spatial resolu
tion thermometry with temperature resolution in 
tenths of degrees. The potential problems here 
are as much economic as technical, particularly 
for the magnetic resonance imaging thermometry 
methods. No solution is probably possible for the 
mismatch between the available power deposition 
spatial resolution and the observed scale of tissue 
heating heterogeneities. Subcentimeter control 
over power deposition is not possible with radia
tive electromagnetic heating devices if penetra
tion depths of more than a few millimeters are 
required. Without external manipulations of 
perfusion, body baseline temperature, and tissue 
conductivity, it is generally not possible for radia
tive electromagnetic heating modalities even in 
theory to reliably raise all tumor points to the 
therapeutic range given the theoretical and 
observed temperature variations in tumors and 
normal tissue. 

Despite these limitations of current and future 
equipment, a randomized and retrospective 
comparison of radiation versus radiation plus 
hyperthermia studies showed an enhancement of 
response rate by a factor of 2 (KAPP and KApp 

1993). One surprising aspect of these data (Fig. 
10.13) is the similarity of response rates among 
institutions with large variations in the type 
and sophistication of heating equipment. It will 
require further clinical studies to determine 
where the point of diminishing returns sets in for 
the trade-off between clinical efficacy versus 
hyperthermia system complexity in combined 
modality treatments and which hyperthermia 
applicator performance parameters and utiliza
tion protocols correlate with tumor response. For 
instance, it has been suggested that cold spots 
caused solely by local high blood perfusion, and 
not by lack of deposited power, are not important 
in combined radiation plus hyperthermia therapy 
because the enhancement in local radiation effect 
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Fig. 10.13. Randomized and retrospective comparison studies of local response rates for radiation alone versus radiation 
plus hyperthermia therapies for local-regional breast cancer. (From KAPP and KAPP 1993) 

by the increased oxygenation compensates for the 
reduced thermal dose. This is speculative, but if 
true would make the ability of an applicator to 
locally enhance power deposition over small areas 
a less important design parameter. Conversely, 
some clinical groups view localized burns as 
an acceptable consequence of a hyperthermia 
treatment, e.g., "If there is no choice, it would 
be more beneficial for the patient to have an 
effective treatment with a few blisters rather than 
a safe but ineffective treatment. It is easier to 
treat the burns than the cancer." (CHOU 1992). 

Following this aggressive treatment philosophy, 
the ability to locally reduce an applicator's de
posited power is potentially counterproductive if 
the applicator power control cannot resolve down 
to the local hot spot size, since reduction of 
power to the region near a small hot spot may 
compromise the thermal dose administered to the 
diseased tissue surrounding that localized hot 
spot. Most current clinicians, however, will not 
knowingly and deliberately allow a burn to be 
produced in the course of a routine treatment and 
will try to perform as effective a treatment 
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as possible commensurate with zero intended 
complications. 

These examples emphasize that the design of 
clinical equipment should not be undertaken by 
engineers without imput from practicing clinicians 
and radio biologists. The type of enhancements 
in the capabilities of future heating devices, 
along with the resultant higher level of cost and 
complexity, must be matched to actual clinical 
needs and the magnitude of the anticipated 
improvements in tumor response. 

10.8 Summary 

• There exist a large body of theory, experi
mental studies and clinical data on radiative 
electromagnetic devices intended for heating 
shallow depth diseased tissue. The basic 
technology is fairly mature. 

• Advanced applicators capable of local power 
control have been constructed and clinically 
tested. Both array and mechanically scanned 
antenna applicators have been utilized on a 
routine basis for clinical treatments. 

• Currently available thermometry systems are 
inadequate for providing sufficient information 
to properly control power steerable applicators. 

• The maximum theoretical resolution of spatial 
power control for radiative electromagnetic 
applicators is too large by a factor of ten 
to compensate for the currently measured 
thermal variations in human patients undergo
ing hyperthermia treatments. Because of this, 
there may be a limit on the efficacy of heating 
possible with applicators based on radiative 
electromagnetic devices. 

• What optimized design means for advanced 
radiative electromagnetic applicators depends 
strongly upon radiobiological factors and 
medical treatment protocols. Seriously sub
optimal heating systems can result from 
attempts to design applicators without this 
source of input. 

References 

Audone B, Bolla L, Marone G, Gabriele P (1985) Hyper
thermic thermology by waveguide and microstrip appli
cators. In: Overgaard J (ed) Hyperthermic oncology 
1984, vol 1. Taylor and Francis, London, pp 655-658 

Bahl 11, Stuchly SS, Lagendijk JJW, Stuchly MA (1982) 
Microstrip loop radiators for medical applications. 
IEEE Trans Microwave Theory Tech 30: 1090-1093 

Bach Andersen J, Baurn A, Harmark K, Heinzl L, 

E.R. Lee 

Raskmark P, Overgaard J (1984) A hyperthermia 
system utilizing a new type of inductive applicator. 
IEEE Trans Biomed Eng 31: 21-27 

Bolomey JC, Hawley MS (1990) Noninvasive control 
of hyperthermia. In: Bautherie H (ed) Methods of 
hyperthermia control. Springer, Berlin Heidelberg New 
York, pp 35-111 

Chan KW, Chou CK, McDougall JA, Luk KH (1988) 
Changes in heating patterns due to perturbations by 
thermometer probes at 915 and 434 MHz. Int J Hyper
thermia 4: 447-456 

Chive M, Plancot M, Giaux G, Prevost B (1984) Microwave 
hyperthermia controlled by microwave radiometry: 
technical aspects and first clinical results. J Microw 
Power 19: 233-241 

Chou CK (1992) Evaluation of microwave applicators. 
Bioelectromagnetics 13: 581-597 

Chou CK, McDougall JA, Chan KW, Luk KH (1990a) 
Evaluation of captive bolus applicators. Med Phys 17: 
705-709 

Chou CK, McDougall JA, Chan KW, Luk KH (1990b) 
Effects of fat thickness on heating patterns of the micro
wave applicator MA-150 at 631 and 915 MHz. Int J 
Radiat Oncol Bioi Phys 19: 1067-1070 

Chou CK, McDougall JA, Chan KW, Luk KH (1991) 
Heating patterns of microwave applicators in inhomo
geneous arm and thigh phantoms. Med Phys 18: 1164-
1170 

Corry PM, Barlogie B (1982) Clinical application of high 
frequency methods for local hyperthermia. In: Nussbaum 
G (ed) Physical aspects of hyperthermia. AAPM Press, 
New York, pp 307-328 

Crezee J, Lagendijk JJW (1992) Temperature uniformity 
during hyperthermia: the impact of large vessels. Phys 
Med Bioi 37: 1321-1337 

De Leo R, Cerri G, Moglie F (1989) Microstrip patch 
applicators. IEEE 1989 International Symposium on 
Antennas and Propagation. IEEE, New York, pp 
524-527 

Diederich CJ, Stauffer PR (1993) Pre-clinical evaluation of 
a microwave planar array applicator for superficial 
hyperthermia. Int J Hyperthermia 9: 227-246 

Durney CH, Massoudi H, Iskandar MF (1986) Radiofre
quency radiation dosimetry handbook 4th edn. US 
Government publication National Technical Information 
Service, pp 4.1-4.22 

Fenn AJ, Diederich CJ, Stauffer PR (1993) Experimental 
evaluation of an adaptive focusing algorithm for a 
microwave planar phased-array hyperthermia system at 
UCSF. Technical report 977, Lincoln Laboratory, 
Massachusetts Institute of Technology 

Finger PT, Packer S, Svitra P, Paglione RW, Albert 
DM, Chess J (1983) A 5.8GHz optithalmic microwave 
applicator for treatment of choroidal melanoma 1983 
IEEE MTT -S International Microwave Symposium 
Digest. IEEE, New York, pp 177-179 

Foster KR, Schepps JL (1981) Dielectric properties of 
tumor and normal tissues at radio through microwave 
frequencies. J Microwave Power 16: 107-119 

Franconi C, Tiberio CA, Raganella L, Begnozzi L (1986) 
Low-frequency twin-dipole applicator for intermediate 
depth hyperthermia. IEEE Trans Microwave Theory 
Tech 34: 612-619 

Gee W, Lee SW, Bong NK, Cain CA, Mittra R, Magin 
RL (1984) Focused array hyperthermia applicator: 
theory and experiment. IEEE Trans Biomed Eng 31: 
38-46 



Electromagnetic Superficial Heating Technology 

Gibbs FA Jr (1983) "Thermal mapping" in experimental 
cancer treatment with hyperthermia: description and 
use of a semi-automatic system. Int J Radiat Oncol BioI 
Phys 9: 1057-1063 

Gibbs FA Jr, Sapozink MD, Stewart JR (1985) Clinical 
thermal dosimetry: why and how. In: Overgaard J (ed) 
Hyperthermic oncology 1984, vol 2. Taylor and Francis, 
London, pp 155-167 

Gopal MK, Hand JW, Lumori MLD, Alkhairi S, Paulsen 
KD, Cetas TC (1992) Current sheet applicator arrays 
for superficial hyperthermia of chest wall lesions. Int J 
Hyperthermia 8: 227-240 

Guy A W (1971a) Analysis of electromagnetic fields induced 
in biological tissues by thermographic studies on equiva
lent phantom models. IEEE Trans Microwave Theory 
Tech 19: 205-214 

Guy AW (1971b) Electromagnetic fields and relative 
heating patterns due to a rectangular aperture source in 
direct contact with bilayered biological tissue. IEEE 
Trans Microwave Theory Tech 19: 214-223 

Guy A W (1990) Biophysics of high-frequency currents 
and electromagnetic radiation. In: Lehmann JF (ed) 
Therapeutic heat and cold, 4th edn. William & Wilkins, 
Baltimore, pp 179-361 

Guy AW, Lehmann JF (1966) On the determination of an 
optimum microwave diathermy frequency for a direct 
contact applicator. IEEE Trans Biomed Eng 13: 76-87 

Hand JW (1987) Electromagnetic applicators for non
invasive local hyperthermia. In: Field SB, Franconi C 
(eds) Physics and technology of hyperthermia. Martinus 
Nijhoff, Dordrecht, pp 189-210 

Hand JW (1990) Biophysics and technology of electro
magnetic hyperthermia. In: Gautherie M (ed) Methods 
of external hyperthermic heating. Springer Berlin 
Heidelbery New York, pp 1-59 

Hand JW, ter Haar G (1981) Heating techniques in hyper
thermia. Br J Radiol 54: 443-466 

Hand JW, Hind AJ (1986) A review of microwave and RF 
applicators for localized hyperthermia. In: Hand JW, 
James JR (eds) Physical techniques in clinical hyper
thermia. Research Studies Press, Letchworth, Herts., 
England, pp 98-140 

Hand JW, Ledda JL, Evans NTS (1982) Considerations of 
radiofrequency induction heating for localized hyper
thermia. Phys Med Bioi 27: 1-16 

Hand JW, Cheetham JL, Hind AJ (1986) Absorbed 
power distributions from coherent microwave arrays for 
localized hyperthermia. IEEE Trans Microwave Theory 
Tech 34: 484-489 

Hand JW, Vernon CC, Prior MV, Forse GR (1992) Cur
rent sheet applicator arrays for superficial hyperthermia. 
In: Gerner EW (ed) Hyperthermic oncology 1992, vol 2. 
Arizona Board of Regents 

Henderson A, James JR (1985) Near-field power transfer 
effects in small electromagnetic applicators for inducing 
hyperthermia. lEE Proc 132: 189-197 

Iskandar MF (1982) Physical aspects and methods of 
hyperthermia production by rf currents and microwaves. 
In: Nussbaum GH (ed) Physical aspects of hyperthermia. 
American Institute of Physics, New York, pp 151-191 

James JR, Henderson A, Johnson RH (1986) Compact 
electromagnetic applicators. In: Hand JW, James JR 
(eds) Physical techniques in clinical hyperthermia. 
Research Studies Press, Letchworth Herts., England, 
pp 149-207 

James RD, Williams P, Jones A, Nelis P, Farrow N, 
Lukka H, Pye DW (1988) Determination of human skin 

215 

pain threshold using 27 MHz radiofrequency heating 
(correspondence). Br J Radiol61: 344-345 

Johnson CC, Guy A W (1972) Nonionizing electromagnetic 
wave effects in biological materials and systems. Proc 
IEEE 60: 692-718 

Johnson RH, James JR, Hand JW, Hopewell JW, Dunlop 
PRC, Dickinson RJ (1984) New low-profile applicators 
for local heating of tissue. IEEE Trans Biomed Eng 31: 
28-37 

Johnson RH, Preece A W, Hand JW, James JR (1987) A 
new type of lightweight low-frequency electromagnetic 
hyperthermia applicator. IEEE Trans Microwave Theory 
Tech 35: 1317-1321 

Johnson RH, Preece AW, Green JL (1990) Theoretical 
and experimental comparison of three types of electro
magnetic hyperthermia applicator. Phys Med BioI 35: 
761-779 

Kantor G (1981) Evaluation and survey of microwave and 
radiofrequency applicators. J Microw Power 16: 135-150 

Kantor G, Witters DM (1983) The performance of a new 
915 MHz direct contact applicator with reduced leakage. 
J Microw Power 18: 133-142 

Kapp DS, Fessenden P, Samulski TV et al. (1988) Stanford 
University institutional report. Phase I evaluation of 
equipment for hyperthermia treatment of cancer. Int J 
Hyperthermia 4: 75-115 

Kapp DS, Lee ER, Tarczy-Hornoch P, Fessenden P 
(1989) Specially designed applicators for hyperthermia 
(HT) treatment of facial tumors (Abstract Ad-2). In: 
Abstracts of the 9th NAHG Meeting, Seattle, 
Washington, March 1989. Radiation Research Society, 
Philadelphia, p 8 

Kapp DS, Cox RS, Fessenden PF, Meyer JL, Prionas SD, 
Lee ER, Bagshaw MA (1992) Parameters predictive for 
complications of treatments with combined hyperthermia 
and radiation therapy. Int J Radiat Oncol BioI Phys 22: 
999-1008 

Kapp KS, Kapp DS (1993) Hyperthermia's emerging role 
in cancer therapy. Contemp OncoI3(6): 19-30 

Kawabata K, Jo S, Hiroka M, Nohara H, Takahashi M, 
Abe M (1984) A helical array applicator system of a 
microwave for the extension of the homogeneous heat 
area. In: Matsuda T, Kikuchi M (eds) Hyperthermic 
oncology. Proceedings of the Sixth Annual Meeting 
of Hyperthermia Group of Japan. Japan Society of 
Hyperthermic Oncology, Tokyo, pp 96-97 

Kobayashi H, Nikawa Y, Okada F, Mori S (1989) Flexible 
microstrip patch antenna for hyperthermia. IEEE 1989 
International Symposium on Antennas and Propagation, 
IEEE, New York, pp 536-539 

Lagendijk JJW (1982a) Microwave applicator for hyper
thermic treatment of retinoblastoma. In: Dethlefsen 
LA, Dewey WC (eds) Third international symposium: 
cancer therapy by hyperthermia, drugs, and radiation. 
National Institute of Health Publication No. 82-2437 
Bethesda, Maryland, pp 469-471 

Lagendijk JJW (1982b) The influence of blood flow in 
large vessels on the temperature distribution in hyper
thermia. Phys Med Bioi 27: 17-23 

Lagendijk JJW, Schellenkens M, Schipper J, van der 
Linden PM (1984) A three-dimensional description of 
heating patterns in vascularised tissue during hyper
thermia treatment. Phys Med BioI 29: 495-507 

Lagendijk JJW, Hofman P, Schipper J (1985) A computer
controlled microwave hyperthermia system. In: 
Overgaard J (ed) Hyperthermic oncology 1984, vol 1. 
Taylor and Francis, London, pp 699-702 



216 

Lee ER, Samulski TV, Fessenden P (1986) Controlled 
scan surface heating (Abstract Ce-6). In: Abstract of 
Papers for the 34th Annual Meeting of the Radiation 
Research Society, April 1986. Radiation Research 
Society, Philadelphia, p 31 

Lee ER, Tarczy-Hornoch P, Fessenden P, Kapp DS, 
Prionas S (1988) Scanning dipole antenna array appli
cator (abstract Bc-6). In: Abstracts of the 8th NAHG 
meeting, April 1988. Radiation Research Society, 
Philadelphia, p 15 

Lee ER, Wilsey TR, Tarczy-Hornoch P, Kapp DS, 
Fessenden P, Lohrbach A, Prionas SD (1992) Body 
conformable 915 MHz microstrip array applicators for 
large surface area hyperthermia. IEEE Trans Biomed 
Eng 39: 470-483 

Lee ER, Kapp DS, Lohrbach AW, Sokol J (1994) The 
influence of water bolus temperature on measured skin 
surface and intradermal temperatures. Int J Hyper
thermia 10(1): 59-72 

Lerch lA, Kohn S (1983) Radiofrequency hyperthermia: 
the design of coil transducers for local heating. Int J 
Radiat Oncol Bioi Phys 9: 939-948 

Leybovich LB, Nussbaum GH, Straube WL, Emami BN 
(1991) Theory and design of "shortened" multiantenna 
microwave applicators with controllable SAR patterns. 
Med Phys 18: 178-183 

Loane J, Ling H, Wang BF, Lee SW (1986) Experimental 
Investigation of a Retro-Focusing Microwave Hyper
thermia Applicator. Conjugate-Field Matching 
Scheme. IEEE Trans Microwave Theory Tech 34(5): 
490-494 

Lovisolo GA, Adami M, Arcangeli G, Borrani A, Calamai 
G, Cividalli A, Mauro F (1984) A multifrequency water
filled waveguide applicator: thermal dosimetry in vivo. 
IEEE Trans Microwave Theory Tech 32: 893-896 

Lumori MLD, Hand JW, Gopal MK, Cetas TC (1990) Use 
of Gaussian beam model in predicting SAR distributions 
from current sheet applicators. Phys Med Bioi 35: 
387-397 

Magin RL, Peterson AF (1989) Invited review noninvasive 
microwave phased arrays for local hyperthermia: a 
review. Int J Hyperthermia 5: 429-450 

Matsuda T, Takasuka S, Nikawa Y, Kikuchi M (1990) 
Heating characteristics of a 430 MHz microwave heating 
system with a lens applicator in phantoms and miniature 
pigs. Int J Hyperthermia 6: 685-696 

Mendecki J, Friedenthal E, Botstein C, Sterzer F, 
Paglione R (1979) Therapeutic potential of conformal 
applicators for induction of hyperthermia. J Microw 
Power 14: 139-144 

Montecchia F (1992) Microstrip antenna design for hyper
thermia treatment of superficial tumors. IEEE Trans 
Biomed Eng 39: 580-588 

Nikawa Y, Watanabe H, Kikuchi M, Mori S (1986a) A 
direct-contact microwave lens applicator with a com
puter-controlled heating system for local hyperthermia. 
IEEE Trans Microwave Theory Tech 34: 626-630 

Nikawa Y, Katsumata T, Kikuchi M, Mori S (1986b) An 
electric field converging applicator with heating pattern 
controller for microwave hyperthermia. IEEE Trans 
Microwave Theory Tech 34: 631-635 

Nussbaum GH, Leybovich LB (1984) Multiple-antenna 
applicators for microwave-induced local hyperthermia 
(Abstract Aa-8). In: Abstracts of Papers for the 32nd 
Annual Meeting of the Radiation Research Society, 
March 1984. Radiation Research Society, Philadelphia, 
p4 

E.R. Lee 

Oleson JR, Dewhirst MW, Duncan D, Engler M, Thrall D 
(1985) Temperature gradients: prognostic and dosimetric 
implications. In: Proceedings of the 7th Annual Con
ference of the IEEE Engineering in Medicine and 
Biology Society, Chicago, September 1985, vol 1. IEEE, 
New York, pp 355-360 

Paglione RW (1982) Power deposition with microwaves. 
In: Nussbaum GH (ed) Physical aspects of hyperthermia. 
American Institute of Physics, New York, pp 192-208 

Paliwal B, Higgins P, Steeves R, Sandhu T, Severson 
S (1985) A moving microwave beam hyperthermia 
induction system. In: Overgaard J (ed) Hyperthermic 
oncology 1984, vol 1. Taylor and Francis, London, pp 
723-726 

Rappaport CM, Morgenthaler FR (1986) Localized hyper
thermia with electromagnetic arrays and the leaky-wave 
troughguide applicator. IEEE Trans Microwave Theory 
Tech 34: 636-643 

Rebollar JM, Encinar JA (1984) Design and optimization 
of multi-stepped applicators for medical applications. J 
Microw Power 19: 259-267 

Rietveld P JM, van Rhoon GC (1992) Coherent and 
non-coherent 2/4 array applications of the 433 MHz 
water filled lucite-cone applicator. In: Gerner EW (ed) 
Hyperthermic oncology 1992, vol 1. Arizona Board of 
Regents, p 330 

Roemer RB (1990) Thermal dosimetry. In: Gautherie 
M (ed) Thermal dosimetry and treatment planning. 
Springer, Berlin Heidelberg New York, pp 119-216 

Roemer RB (1991) Optimal power deposition in hyper
thermia. I. The treatment goal: the ideal temperature 
distribution: the role of large blood vessels. Int J Hyper
thermia 7: 317-341 

Ryan TP, Coughlin CT (1993) Non-moving microstrip 
applicators to conform to large superficial treatment 
areas with 433 MHz microwave hyperthermia (Abstract 
P-03-12). In: Abstracts of the 13th NAHG meeting, 
March 1993. Radiation Research Society, Philadelphia, 
p13 

Samulski TV, Fessenden P, Lee ER, Kapp DS, Tanabe 
E, McEuen A (1990) Spiral microstrip hyperthermia 
applicators: technical details and clinical performance. 
Int J Radiat Oncol Bioi Phys 18: 233-242 

Sandhu TJ, Kolozsvary AJ (1985) Conformal hyperthermia 
applicators. In: Overgaard J (ed) Hyperthermic oncology 
1984, vol 1. Taylor and Francis, London, pp 675-678 

Schipper J, Lagendijk JJW (1986) The treatment of retino
blastoma by fractionated radiotherapy combined 
with hyperthermia. In: Anghileri LJ, Robert J (eds) 
Hyperthermia in cancer therapy, vol III. CRC Press, 
Boca Raton, Florida, pp 79-87 

Scott RS, Chou CK, McCumber M, McDougall, J, Luk 
KH (1986) Complications resulting from spurious 
fields produced by a microwave applicator used for 
hyperthermia. Int J Radiat Oncol Bioi Phys 12: 1883-
1886 

Stauffer PR, Diederich CJ (1992) 915 MHz conformal 
array microwave applicator (abstract P-03-11). In: 
Abstracts of the 13th NAHG meeting, March 1993. 
Radiation Research Society, Philadelphia, p 13 

Stauffer PR, Swift PS, Sneed PK, Char DH, Phillips TL 
(1988) Temperature controlled microwave ring radiator 
for hyperthermia therapy. IEEE Eng Med Bioi Soc 10th 
Annual Int Conference, pp 1273-1274 

Sterzer F, Paglione RW, Mendecki J, Friedenthal E, 
Botstein C (1980) RF therapy for malignancy. IEEE 
Spectrum, December 1980, pp 32-37 



Electromagnetic Superficial Heating Technology 

Sterzer F, Paglione RW, Friedenthal E, Mendecki J (1985) 
A microwave apparatus for producing uniform hyper
thermic temperatures over large surfaces. 1985 IEEE 
MTT-S International Microwave Symposium Digest, 
IEEE, New York, pp 90-92 

Sterzer F, Paglione RW, Wozniak FJ, Friedenthal E, 
Mendecki J (1986) A robot-operated microwave hyper
thermia system for treating large malignant surface 
lesions. Microw J 29: 7: 147-151 

Strohbehn JS (1984) Summary of physical and technical 
studies. In: Overgaard J (ed) Hyperthermic oncology 
1984, vol 2. Review Lectures, Symposium Summaries 
and Workshop Summaries. Taylor and Francis, London, 
pp 353-369 

Tanabe E, McEuen AH, Norris CS, Fessenden P, Samulski 
TV (1983) A multielement microstrip antenna for local 
hyperthermia. In: IEEE MTT-S 1983 International 
Microwave Symposium Digest. IEEE New York, pp 
183-185 

Tanabe E, Harris S, McEuen A, Samulski T, Fessenden 
P (1985) Microstrip antenna applicators - design and 
clinical experience. In: Abe M, Takahashi M, Sugahara 
T (eds) Hyperthermia in cancer therapy. Proceedings of 
the First Annual Meeting of the Japanese Society of 
Hyperthermic Oncology November 19-20, 1984, Mag 
Bros, Tokyo, pp 151-153 

Tennant A, Conway J, Anderson AP (1990) A robot
controlled microwave antenna system for uniform 
hyperthermia treatment of superficial tumours with 
arbitrary shape. Int J Hyperthermia 6: 193-202 

Tumeh AM, Turner PF, Schaefermeyer TN, Nguyen T 
(1989) Variable frequency spiral applicator for EM 
hyperthermia (Abstract Cr-1). In: Abstracts of the 
9th NAHG meeting, April 1989. Radiation Research 
Society, Philadelphia, p 15 

Turner PF (1983) Electromagnetic hyperthermia devices 
and methods. MS Thesis, University of Utah, Salt Lake 
City 

Turner PF, Tumeh AM, Schaefermeyer TN, Nguyen T 
(1989) Interstitial antenna arrays with central destruc
tive interference (Abstract Bg-l). In: Abstracts of the 

217 

9th NAHG meeting, April 1989. Radiation Research 
Society, Philadelphia, p 47 

Underwood HR, Magin RL (1988) Rectangular microstrip 
radiator for a multielement local hyperthermia ap
plicator. Proc IEEE Engineering in Medicine & Biology 
Society 10th Annual International Conference, IEEE, 
New York, pp 864-865 

Underwood HR, Petersen AF, Magin RL (1989) Analysis 
and measurement of a microstrip array applicator 
for hyperthermia therapy. Proc IEEE Engineering in 
Medicine & Biology Society 11th Annual International 
Conference, IEEE, New York, pp 1145-1146 

Underwood HR, Petersen AF, Magin RL (1992) Electric 
field distribution near rectangular microstrip radiators 
for hyperthermia heating: theory versus experiment in 
water. IEEE Trans Biomed Eng 39: 146-153 

Vaguine V A, Tanabe E, Giebeler RH, McEuen AH, 
Hahn GM (1982) Microwave direct-contact applicator 
system for hyperthermia therapy research. In: Dethlefsen 
LA, Dewey WC (eds) Third International Symposium: 
Cancer therapy by hyperthermia, drugs, and radiation. 
National Institute of Health Publication No. 82-2437 
Bethesda Maryland, pp 461-464 

van Rhoon GC, Rietveld PJM, Broekmeyer-Reurink MP, 
Verloop-van't Hof EM, van den Berg AP, van der Ploeg 
SK, van der Zee J (1992) A 433 MHz waveguide ap
plicator system with an improved effective field size for 
hyperthermia treatment of superficial tumors on the 
chest wall. In: Gerner EW (ed) Hyperthermic oncology 
1992, vol 2. Arizona Board of Regents 

Wilsey TR, McEuen AH, Fessenden P, Lee ER, Tanabe 
E, Nelson LV, Schlitter RC, Kapp DS (1988) Arm cuff 
microwave microstrip array applicator (abstract bc-5). 
In: Abstracts of the 8th NAHG meeting, April 1988. 
Radiation Research Society, Philadelphia, p 15 

Wyslouzil W, Kashyap S, Daien DM (1987) Heating 
patterns for an array of 915 MHz Rectangular waveguide 
applicators. J Microw Power 22: 213-220 

Zhou L, Fessenden P (1993) Automation of temperature 
control for large-array microwave surface applicators. 
Int J Hyperthermia 9: 479-490 



11 Electromagnetic Deep Heating Technology 

P. WUST, M. SEEBASS, J. NADOBNY, and R. FELIX 

CONTENTS 

11.1 Physical Considerations. . . . . . . . . . . . . .. .. .. 219 
11.2 Design of Existing Systems 

for Electromagnetic Deep Heating . . . . . . . .. 222 
11.2.1 Components ofa Hyperthermia System ..... 222 
11.2.2 Applicators for Deep Heating Systems. . . . .. 223 
11.3 Evaluation of Technical Efficacy 

of Current Systems. . . . . . . . . . . . . . . . . . . . . .. 226 
11.3.1 Introduction............................ 226 
11.3.2 Methods of Evaluation ................... 227 
11.3.3 Antennas and Frequency-Dependent Effects 229 
11.3.4 Prediction and Control of SAR Distributions 

in Two-Dimensional Phantoms. . . . . . . . . . .. 231 
11.3.5 Clinical Evaluation. . . . . . . . . . . . . . . . . . . . . .. 235 
11.4 Schemes for Further Development 

of Current Radiofrequency Technique. . . . .. 241 
11.4.1 Introduction ............................ 241 
11.4.2 Patient-Specific Hyperthermia Planning. . . .. 241 
11.4.3 Online Control. . . . . . . . .. . . . . . . . . . . . . .. .. 244 
11.4.4 Improving the Application 

in Radiofrequency Hyperthermia.. .. . . .. .. 245 
11.5 Summary. . . . . . . . . . . . . . . . . .. .. .. .. . . .. .. 247 

References ............................. 248 

11.1 Physical Considerations 

Deep heating represents an attempt to achieve 
effective temperatures in and around large 
extended tumors of the pelvis and abdomen. The 
term regional hyperthermia is used for heat treat
ments of such extensive volumes. It is important to 
realize that tumor lesions considered for regional 
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hyperthermia are typically nonresectable, i.e., 
they infiltrate surrounding tissues, are not clearly 
delimited, and are adherent to neighboring tissues 
and organs such as bone and bladder wall. Con
sequently, an effective heat treatment should 
generously cover a larger volume (known as the 
biological or clinical target volume in radio
therapy) containing a macroscopic tumor and 
tumor boundaries as well as parts of the suspicious 
vicinity. The target volume can also include dif
ferent types of tissues, e.g., tumor, infiltrated 
fatty tissue, and infiltrated bone. Typical depths 
of tumors (absorption lengths) as derived from 
human cross-sections are in the range of 10-15 cm. 
Disagreement persists as to whether electromag
netic radiation is suitable for heating deep-seated 
tumors. Several issues will be discussed in this 
chapter. 

Every kind of electromagnetic heating tech
nology generates an alternating electric field of 
amplitude ~ in human tissue. The initial assump
tion is that the excitation of frequency ill is time
harmonic, i.e., sinusoidal. In this case ~ can be 
represented as a phasor, i.e., vector with length 
and direction (indicated by a bold letter) and a 
complex number (indicated by underlining) 
contributing a phase ¢ with respect to a reference 
point (e.g., the exciting generator). One specific 
feature of this representation is the additivity of 
~j at every point if several sources j with a fixed 
phase relation generate ~j. That means that the 
final electric field is simply ~ = I:~j. The electric 
field (Vim) deposits a power density measured in 
mW/g in the exposed tissue, the so-called specific 
absorption rate, SAR = (aI2p)E2. Here, a is the 
electrical conductivity of the absorbing tissue in 
S/m, which together with the relative dielectric 
constant Gr determines the absorption and wave
length of electromagnetic waves, and p in g/cm3 is 
the density. The dielectric distribution of (a, Gr) in 
the human body is only approximately known. 
A quick estimation of heating capabilities is 
obtained by differentiating between high water 
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content tissue (er = 70-80, (1 = 0.6-0.8 S/m) 
and low water content tissue (er = 5-10, (1 = 
0.05S/m, at a frequency around 100 MHz). A 
2/3-conductivity of (1 = 0.55 S/m is a reasonable 
estimate when averaging the electrical behavior 
of patient cross-sections in the abdomen or pelvis. 
Two-dimensional calculations support this. In the 
interesting frequency range from 30 to 100 MHz 
(see below) a slight decrease in er as well as a 
slight increase in (1 with increasing frequency has 
been established. 

The very first investigations into applying 
electromagnetic waves for deep heating examined 
the penetration of a plane wave of given fre
quency illuminating a homogeneous lossy medium 
with the propagation direction perpendicular to 
the medium boundary. We call this the one
dimensional electromagnetic problem of radiofre
quency hyperthermia. The E field in the medium 
is an attenuated harmonic wave of the form 
exp( -lZ) in the propagation direction zoo The 
propagation constant 1 = a + jp is derived from 
the attenuation constant a and the phase constant 
P which depends on frequency and electrical con
stants according to the formulas in Table 11.1, 
The 50% depth d1l2 is defined as the depth where 
the SAR is reduced to 50% (normalized to the 
maximum at zero depth), and is equal to 0.346/a. 

P. Wust et al. 

According to Table 11.1, values of «(1, er ), the 
clinical 50% depth for muscle «(1 = 0.8 S/m) are 
limited, with d1l2 = 3.2 ... 6.7 cm ifthe frequency 
decreases from 100 ... 30 MHz. For a medium 
with lower 2/3-conductivity «(1 = 0.55 S/m), the 
50% depth increases slightly up to d1l2 = 3.7 ... 
7.8cm (same frequency range). The wavelength A. 
in the medium under consideration is derived from 
P and ranges from about 30cm (for 100MHz) to 
80cm (for 30 MHz), thus indicating the required 
dimensions of the applicators, which should be 
on the order of several }. (but at least ).12) for 
appropriate radiation into the medium. 

Obviously, illuminating a lossy medium from 
several directions to create an interference pattern 
in the interior should improve penetration depth 
as well as steering capabilities (BACH ANDERSEN 
1985). Thus the concept of annular phased arrays 
(A PAs) came into being very early (TURNER 
1984b). The APA principle deals with a suitable 
arrangement of applicators/antennas controlled 
in phase and power around the volume to be 
heated. Several technical implementations of this 
concept are introduced and discussed in the next 
section. 

It is interesting to inspect the best case of an 
SAR distribution which is physically possible for 
idealized cases of homogeneous media with given 

Table 11.1. Physical behavior of a plane wave with frequency f incident perpendicularly on an infinitely extended lossy 
medium a, er • This is called the one-dimensional electromagnetic problem of hyperthermia 

er = 80, a = 0.8 Sim 

f[MHz] a [11m] p[l/m] 

100 10.9 21.6 
70 8.7 15.8 
50 7.1 11.7 
30 5.1 7.6 

~~ 1800 a a [11m] = 0.0148fve. 1 + ---;:t - 1 

~~ 1800 a p[l/m] = 0.0148fve.1 + ---;:t + 1 

r = a + jp 
r [11m] = (1.910-7 e/f + 62.2~P)1!4 
A = 2nlp 

d1/2 = 0.346/a 

i!r = 80, a = 0.55 Sim 

d1!2 [cm] A [cm] a [11m] p[lIm] 

3.2 29 9.3 10.9 
4 40 7.5 15.1 
4.9 54 6.2 11.2 
6.7 83 4.5 7.2 

attenuation constant 

phase constant 

propagation constant 

wavelength 

50% depth (for SAR/2) 

f [MHz] frequency, a [S/m] electrical conductivity, i!r relative dielectric constant 

d1!2 [cm] A [cm] 

3.7 30 
4.5 42 
5.6 56 
7.8 88 
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(J, Gr' This problem has been solved in a closed 
form for a conducting cylinder of infinite length 
and radius R (BREzoVIcH et al. 1982) as well as for 
a conducting sphere of radius R (KLODT 1990). 
The highest SAR maximum in the center of a 
cylinder is achieved by exciting the ground mode 
in a cylindrical cavity. In this case the differential 
equation for E(p), where p is the distance from 
the cylinder axis, results in a ratio of Bessel func
tions of zero order Jo(kp). Similarly, the highest 
SAR in the center of the sphere is obtained by the 
ground mode in a spherical resonator yielding an 
Eo! spherical wave. Such calculations are useful 
because they permit a quick estimation of the 
most favorable E field or SAR which can ever be 
achieved in the center of a cylinder or sphere of 
given radius R and electrical properties (J, Gr using 
a harmonic excitation of frequency w. (J and R 
in particular prove to be critical for the SAR 
achieved in the center relative to the surface - and 
a particularly critical dependency lies just within 
the range of typical anatomical dimensions and 
the estimated electrical parameters of tissues. An 
optimum frequency for a given radius and elec
trical conductivity exists where the power deposi
tion in the center and the peripheral load are 
balanced (e.g., 70MHz for R = 14cm and (J = 
0.55 Slm, BREzoVIcH et al. 1982). Lowering the 
frequency further compromises the steering capa
bilities more than it enhances the SAR. Higher 
frequencies rapidly increase the load in the peri
phery of the cross-section. The preconditions for 
electromagnetic heating are considerably better 
for smaller radii of around 10 cm, as are common 
in pediatrics. Such problems can be referred to 
as an idealized two-dimensional electromagnetic 
problem of hyperthermia, since all directions in a 
plane are used for the incident electromagnetic 
radiation. The basic ideas can be generalized to 
apply to elliptical cross-sections as well as to 
arbitrary inhomogeneous two-dimensional cross
sections without compromising the validity of the 
conclusions. 

In contrast to one-dimensional estimations 
(Table 11.1), achieved power deposition patterns 
in homogeneous cross-sections show a pronounced 
dependency on conductivity (Fig. 11.1). For a 
typical elliptical cross-section (major axis 38 cm, 
minor axis 24cm) a deterioration of central power 
deposition from 70% to 30% is seen, if con
ductivity is increased from (J = 0.55 Sim (2/3-
conductivity) to (J = 0.8 Sim (muscle equivalent). 
Since the electrical parameters of heterogeneous 

o 
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Fig. 11.1. Best-case estimations for the two-dimensional 
hyperthermia problem two-dimensional TM calculations 
(integral equation method) of iso-SAR lines in homo
geneous cross-sections with typical dimensions (24 x 
38cm2). SAR is generated by eight antennas with equal 
phase and am-plitude, spaced equidistantly on a circle of 
diameter 60cm (like in the SIGMA applicator). A strong 
dependency on electrical conductivity (J is shown: (J = 
O.55S/m (2/3-conductivity), (J = O.8S/m (muscle equiva
lent). Other parameters: er = 78, frequency 105 MHz 

tissues are only approximately known, a con
siderable uncertainty exists. However, a quite 
favorable SAR distribution is predicted for (J = 
0.55 Slm, the averaged conductivity of human 
cross-sections. 

In the case of spherical focusing in a homo
geneous medium, i.e., if more spatial directions 
are exploited, the physical prerequisites for creat
ing a focus are even better. This is referred to as 
an idealized three-dimensional electromagnetic 
problem for hyperthermia which necessarily yields 
even more optimistic predictions regarding appli
cation of electromagnetic radiation for controlled 
heating. However, because of tissue hetero
geneities and nonspherical shapes the real elec-
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tromagnetic problem (in clinical practice) is much 
more complicated, as will be discussed later. 

Basic physics of electromagnetic radiation with 
consideration to hyperthermia have been re
viewed by NUSSBAUM (1982), HAND and JAMES 
(1986), FIELD and FRANCONI (1987), and HAND 
(1990). However the implications of threedimen
sional structuration and heterogeneity of human 
tissues as well as its physiological behavior have 
not been discussed extensively by these authors. 

11.2 Design of Existing Systems 
for Electromagnetic Deep Heating 

11.2.1 Components of a Hyperthermia System 

The most important components of a hyper
thermia system and their linkage are shown in 
Fig. 11.2. The critical part of such a system is the 
applicator, which is a device.for positioning a 
patient, arranging antennas in a suitable manner 
around the patient, and applying power to certain 
anatomical regions of the patient. Technical 
implementations of various applicators are de
scribed in this section; typical problems and 
phenomena are outlined in the next section. 

It is important to note that the whole setup 
before the applicator, i.e., the line from the syn
thesizer generating a time-harmonic excitation to 
i = 1 ... n power cables providing high-frequency 
output of amplitudes Pi=l ... n and phases cPi=l ... n, 

is a standard problem of measuring and control 

IEEE·bus 
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engineering based on common components of 
high-frequency engineering. The actual hyper
thermia-specific parts of commercially available 
hyperthermia systems are the thermometry 
equipment, applicator, and the particular E field 
sensors. 

Controlling such a number of different elec
tronic parts as are outlined in Fig. 11.2 requires a 
universal standard bus such as the IEEE bus. 
Synthesizer (frequency and level), phase shifter 
(phase), and voltage-controlled amplifier (ampli
tude) are adjusted by a computer. Only a gyrator 
circuit is suitable for a continuous phase control 
by a DC voltage in the low power block. Phase 
detectors (in the low power part) and bidirectional 
couplers with a power meter (behind the power 
amplifiers) can be used to detect the phase and 
power in each channel. DC voltage levels are 
combined in a multiplexer and digitized; a non
linear calibration curve, preferably stored in a 
microprocessor, is required to obtain absolute 
values. 

All components shown in Fig. 11.2 are stan
dardized and commercially available. The most 
costly parts are preamplifiers and power amplifiers 
which are required for every channel. Assuming 
an input level ofOdBm at 500 (1.0mW), a typical 
value in the low power part of the system, the 
preamplifier (including the preamplifier driver) 
must attain a total amplification of 40 dB in order 
to supply an input level of 10 W to the power 
amplifier. For a maximum power of 500 W the 
output amplifier needs a gain factor of 17 dB. In 

power muhiplexer 
detector 

>-===---.... ·D .... · ~ applicator 1 

phase shiller IM11llifier prearI1)liIier power amplWier matching 

synthesizer r 
'-+ applicalor n 

blll1Ch box: n channels rel8IIII1C8 phase 

Fig. 11.2. Standard setup of a hyperthermia system with Phase and amplitude are also detected and evaluated by 
independent phase and amplitude control of n channels. the treatment software 
All channels are fed by a time-harmonic synthesizer signal. 
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the case of the BSD-2000 system (BSD Medical 
Corp., Salt Lake City, Utah, USA), a broadband 
tube amplifier with a frequency range of 300 kHz 
to 220 MHz is used for the output amplifier and a 
broadband transistor amplifier with a frequency 
range of 10 kHz to 500 MHz for the preamplifier. 
Broadband behavior and maximum power largely 
determine the price per channel, which can be 
considerably reduced by reducing the frequency 
range and increasing the number of channels (see 
Sect. 11.4). Note that transistor amplifiers with 
interface control are commercially available. 

Various companies specialize in engineering 
and supply system solutions with individual 
components and data protocols specified by the 
user such as are shown on Fig. 11.2. Furthermore, 
user-friendly software packages are offered which 
permit a configuration of arbitrary components 
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adapted to a standard bus such as the IEEE bus. 
Further progress in computer technology and soft
ware engineering will increase the chance of 
finding moderately priced commercial hardware 
and software packages which, even though they 
are not hyperthermia-specific, are already ade
quate or can be adapted for hyperthermia applic
ations (at least for an initial prototype). In the fol
lowing sections, we will focus on the most critical 
part of a hyperthermia system, the applicator. 

11.2.2 Applicators for Deep Heating Systems 

Various principles and applicators have been 
designed and evaluated theoretically and experi
mentally, as summarized in Fig. 11.3. The 
following section gives a short description and 

10·30MHz 
inductive applicator 

10 · 30 MHz 
capacitive applicalOr 

Fig. 11.3. Deep-heating devices in clinical use 
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estimation; for further details see HAND (1990) 
and the literature specified. Evaluation of equip
ment for hyperthermia which also includes devices 
for deep heating are given by KApp et al. (1988), 
SAPOZINK et al. (1988), and CORRY et al. (1988). 
Quasi-static devices (i.e., with frequencies less 
than 30MHz) transport power via either capa
citances or inductances to a lossy medium (Fig. 
11.3). Matching the 50n output of the amplifier 
is straightforward in this frequency range. The 
inductive or capacitive applicator is integrated 
into a resonance circuit of the desired frequency 
using lumped circuit elements. Also a voltage 
transformation is required from the low 50 n 
coaxial line to the high voltage occurring at the 
capacitance of the resonance circuit. 

In inductive applicators an E field is created 
proportional to the time rate of change of mag
netic flux enclosed within the azimuth around the 
flux direction as per Maxwell's second equation. 
Specifically in the interior of the coil the E field 
is primarily directed toward the azimuth with 
respect to the coil axis and is roughly proportional 
to the radial distance from this axis. Therefore, 
deposited power in the coil center is equal to 
zero. Furthermore, outside the coil the magnetic 
field rapidly decreases, as does E or SAR, respec
tively. Homogeneity of the magnetic field is 
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improved between a pair of Helmholtz coils if the 
distance between coils and their diameter are of 
the same order. Such an arrangement of coaxial 
coils is principally suitable to cover the part of the 
body located between the coils since quasi-static 
magnetic fields are nearly inert with respect to 
human tissues. Application has even been at
tempted in the case of endothoracic tumors 
(CORRY and BARLOGIE 1982). However, clinical 
results were disappointing and intratumoral tem
peratures above 42.5°C were achieved only for a 
small percentage of relatively superficial tumors 
(OLESON et al. 1983; Table 11.2). 

Another inductive method uses a large con
centric electrode around the cross-section, called 
the Magnetrode (STORM et al. 1981). It has been 
shown clinically as well as theoretically that this 
device is not suitable for heating deep-seated 
tumors efficiently for the same reason (zero power 
deposition in the center), particularly when com
pared with annular phased array systems (OLESON 
et al. 1986; PAULSEN 1990). One particular 
problem with this heating method is the inherent 
inhomogeneity of the SAR distribution even in a 
homogeneous medium, which causes severe local 
problems that limit power (OLESON et al. 1983). 
Obviously, electrical heterogeneities aggravate 
these local problems, even if the dominant E field 

Table 11.2. Clinical efficiency of current systems in terms of satisfactory heat 
treatments (Le., ;a:42°C in the tumor) 

Device Reference Patients/ Maximum intra tumoral 
treatments temperatures 

Antenna arrays 
SIGMA-6O ISSELS et al. 1991 65/426 ;a:42°Cin 74% 

FELDMANN et al. 1993 371176 ;a:42°Cin64% 
WUST et al. 1995a 43/205 ;a:42°Cin 66% 

APAS HOWARD et al. 1986 20/63 ;a:42°Cin 78% 
SAPOZINK et al. 1986 431175 ;a:42°Cin 73% 

TEM DE LEEUW 1993 -/56 ;a:42°Cin46% 
MPA GONZALEZ-GONZALEZ 156/601 ;a:42°Cin48% 

et al. 1992; updated 
by van Dijk 1993 

Capacitive 
Thermotron HIRAOKA et al. 1987 60/307 ;a:42°Cin64% 

HISHIMURA et al. 1992 35/169 ;a:42°Cin53% 

Inductive 
Magnetrode OLESON et al. 1986 11/- ;a:42°Cin 7% 
Concentric OLESON et al. 1983 31/- ;a:42.5°C in 19% 
coils 

Ultrasonic 
Sonotherm 6500 HAND et al. 1992 9/26 ;a:42°Cin22% 
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direction is tangential with respect to superficial 
tissue boundaries such as fat layers. The potential 
of this technique is considerably enhanced if mag
netic materials can be administered into the tumor 
or surroundings which absorb power directly from 
the primary magnetic field (BREZOVICH et al. 1984; 
JORDAN et al. 1993). 

Capacitive applicators (Fig. 11.3) create E 
fields predominantly perpendicular to the body 
surface, i.e., particu.larly to the electrical boun
dary between subcutaneous fat and muscle. This 
E field orientation is evidently not optimal; 
indeed, it is possibly most unfavorable. Con
sequently, this technique is restricted to slim 
patients (thickness of fat layer less than 2 cm) and 
specific anatomical sites. Nevertheless, investi
gators using an 8-MHz or 13.56-MHz capacitive 
heating device achieved intratumoral tempera
tures of greater than or equal to 42°C in 
50% -60% of sessions, which is comparable to 
other systems (HIRAOKA et al. 1987; NISIDMURA et 
al. 1992); see also Table 11.2. 

All other deep-heating devices (Fig. 11.3) are 
based on the APA principle (Sect. 11.1) and 
generate an E field directed primarily along the 
patient axis (z-axis). The TEM applicator or 
APAS (Fig. 11.3) behave in principle like broad
band resonators. The Q value is significantly 
decreased by the lossy medium of the patient. 

In the case of the TEM applicator (DE LEEUW 
and LAGENDIJK 1987) the dominant E field occurs 
between the inner and outer conductor of a 
coaxial air line, forming on a ring a variable 
distance between 8 and 45 cm as aperture size (as 
indicated on Fig. 11.3). Matching conditions can 
be achieved by a tuner from 10 to 80 MHz. The 
operating frequency is typically 70 MHz. Coupling 
to the patient inside the inner conductor is carried 
out by tap water filling. A broad focus (for 
70 MHz) is located in the center. SAR control in
side a cross-section is possible by changing patient 
position in the transverse plane (DE LEEUW et al. 
1991). Other degrees of freedom for modifying 
power deposition patterns are the water level in 
the applicator and the aperture size (DE LEEUW 
et al. 1990). 

The ring applicator of the APAS (annular 
phased array system) BSD-JOOO (BSD Medical 
Corp., Salt Lake City, Utah, USA) consists of 16-
horn (eight double-horn) applicators arranged on 
two octagonal rings which are fed synchronously 
by a power amplifier (TURNER 1984; GIBBS et al. 
1984). Usually frequencies less than or equal 
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to 70 MHz are applied which generate centrally 
peaked SAR distributions in homogeneous cylin
drical or elliptical phantoms. Ideally, constructive 
interference of all radiated waves creates a relative 
maximum in the center. However, imbalances 
sensitive to frequency have been described, i.e., 
SAR maximums shifting to the top or bottom of 
the applicator (GIBBS 1987). Early clinical reports 
were quite optimistic in comparison to the quasi
static methods (SAPOZINK et al. 1986; HOWARD 
et al. 1986; Table 11.2): 70%-80% of heat treat
ments were considered satisfactory, i.e., tem
peratures greater than or equal to 42°C were 
achieved at least one intratumoral measurement 
point. For a larger group of 353 patients with 
abdominal and pelvic tumors, reported thermal 
data are less favorable, with clinically relevant 
thermal doses achieved in only 57% ofthe patients 
(PETROVICH et al. 1989). Other pilot studies were 
published by SHIMM et al. (1988) and PILEPICH et 
al. (1987). Clinical evaluation of the APA system 
BSD-lOOO revealed two disadvantages: limited 
SAR control and suboptimum coupling by large 
and bothersome water boluses. Delayed access 
to the patient in the nontransparent overfilled 
ring applicator has been regarded as an additional 
clinical disadvantage. 

To overcome these problems a second
generation system for deep regional hyperthermia 
has been developed: the BSD-2000 with the ring 
applicator SIGMA (TURNER and SCHAEFERMEYER 
1989, BSD Medical Corp.). Besides several 
mechanical improvements such as transparency, 
integrated bolus, and more convenient position
ing, its most important innovation is independent 
phase and amplitude control of four antenna pairs 
(Fig. 11.3). These eight dipole antennas 46cm in 
length are arranged equidistantly in a circle inside 
a Lucite cylinder. A two-dimensional theoretical 
and experimental approach (see Sect. 11.3) has 
supplied a strong rationale for this system design. 
However, thermal parameters of the SIGMA 
applicator are not in every case superior to the 
earlier version of the APAS applicator. For cen
trally located tumors ( cervical cancer) SAPOZINK 
et al. (1990) found more satisfactory heat treat
ments with the AP AS (77% ) in comparison to the 
SIGMA (59%). Similarly, FELDMANN et al. (1993) 
report advantages of the AP AS applicator in 
heating presacral rectal cancer. 

This surprising inferiority of the more advanced 
SIGMA applicator in specific cases is caused by 
severe limitations of the SIGMA applicator with 
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regard to coupling and three-dimensional electro
magnetic phenomena (see Sect. 11.3). On the 
other hand, benefit of phase steering, i.e., moving 
a focus to a given location, has been demonstrated 
(SAMULSKI et al. 1987a). Furthermore, several 
investigators have successfully used the BSD-2000 
system for a larger number of patients (ISSELS et 
al. 1990, 1991; FELDMANN et al. 1993; WUST et al. 
1995a; VAN DER PLOEG et al. 1993) with a relatively 
high percentage of satisfactory heat treatments 
(Table 11.2). 

The four-waveguide applicator "MPA, matched 
phased array" (VAN DIJK et al. 1989) is based on 
a similar annular phased array principle as the 
SIGMA applicator and is now commercially 
available as VARIPHASE 5000 (Lund Science, 
Lund, Sweden). Reported temperatures are a bit 
lower than with the SIGMA or APAS, for which 
several reasons may be supposed (see below). 
However, system comparisons using an LED 
phantom (SCHNEIDER and VAN DUK 1991) have 
shown all ring applicators (SIGMA, APAS, TEM, 
MPA) to have an equal ability to create a central 
focus (SCHNEIDER et al. 1994). 

The capacitive ring applicator is another ap
plicator with a longitudinally polarized E field 
(VAN RHOON et al. 1988) which has been tested by 
phantom measurements for different frequencies 
from 30 to 70 MHz. Some SAR control is possible 
using different feeding points on the ring elec
trodes (VAN RHOON et al. 1993). However, no 
clinical application has been carried out until now, 
and therefore a comparison with other applicators 
is problematic. 

Table 11.2 is difficult to interpret in attempting 
to estimate the efficacy of available techniques. 
Clearly, reference to the number of satisfactory 
heat treatments is a very rough criterion. Sophi
sticated methods of thermal dosimetry and analy
sis have been worked out, and there is strong 
evidence of correlation between these deduced 
thermal parameters and clinical results (OLESON 
et al. 1989, 1993). However, as long as clinicians 
in practice are glad to achieve 42°C in a tumor, it 
is somewhat academic to inspect such complex 
variables for evaluation of efficacy. 

It can be concluded from Table 11.2 that induc
tive methods without additives (e.g., ferromag
netic seeds or magnetic fluids) are unsuitable to 
heat deep-seated tumors for fundamental physical 
reasons. Capacitive methods appear to achieve 
intra tumoral temperatures almost comparable 
to those yielded by APA systems. However, a 
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strong selection of patients as well as tumor loca
lizations must be assumed for every technique. 
For example, in the case of capacitive devices, 
patients with subcutaneous fat layers of thickness 
greater than or equal to 2 cm are excluded. In the 
case of ultrasound (US) hyperthermia, superficial 
and pelvic tumors are usually mixed (HARARI et 
al. 1991). If only pelvic tumors are considered 
(HAND et al. 1992), temperatures achieved with 
US are less favorable in comparison to RF sys
tems. For US hyperthermia an additional selection 
with respect to the ultrasound entrance window 
is performed. Clearly, supportive therapy of 
patients, especially analgesic and sedative pre
medication, has a supplementary impact on the 
achieved temperatures such as "analgosedation", 
which was introduced by ISSELS et al. (1990). 

In summary, comparison of thermal para
meters alone is not suitable for the evaluation of 
current technologies for deep heating. Speci
fically, thermal data must be related to anatomical 
localization of tumors and various other clinical 
variables. A combined approach involving ana
lyses from clinical and experimental measure
ments and modeling considerations is given in the 
next section. 

11.3 Evaluation of Technical Efficacy 
of Current Systems 

11.3.1 Introduction 

Only the E field oriented systems consisting of 
radiator groups or antenna arrays (SIGMA appli
cators, four-waveguide applicators) or structures 
similar to cavity resonators (TEM applicator, 
APAS) can create an SAR focus by constructive 
interference (see Sect. 11.2). With a two
dimensional evaluation method, using a homo
geneous elliptical LED (light emitting diodes) 
phantom, SCHNEIDER et al. (1994) did not detect 
any significant differences between the systems 
mentioned above in creating and steering an SAR 
focus. Consequently, refined measurement tech
niques and numerical simulations have been 
employed and evaluations of the clinical data have 
been included in order to analyze the available 
hyperthermia technology as thoroughly as possible 
and to classify it accordingly. 

The BSD-2000 hyperthermia system with the 
SIGMA applicators is the most common one in 
clinical use. Whereas its design is the most flexible 
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and expandable, it appears to be the most com
plicated of all the systems. It is extremely suitable 
for use as a model system because many high
frequency effects can be demonstrated on it. 
Consequently, the measurements and simulation 
studies described below are based on the SIGMA-
60 applicator. 

In historical terms, two-dimensional studies 
(STROHBEHN et al. 1989; WUST et al. 1991a) have 
laid the groundwork for the radiofrequency hyper
thermia technology in use today. The model cal
culations demonstrated significant advantages of 
amplitude and phase selection with respect to 
SAR steering, and thus hopefully the attained 
temperature distributions. However, it was not 
possible to reproduce these optimistic results in 
clinical practice (WUST et al. 1993b, 1995a). This 
discrepancy between theoretical prediction and 
practical experience is explained below on the basis 
of coupling effects and specific three-dimensional 
electromagnetic boundary phenomena. 

Only a consistent understanding of all in
fluences and principles limiting the effectiveness 
of today's clinical regional hyperthermia will per
mit working toward to a technological culmination 
in the development of these systems. 

11.3.2 Methods of Evaluation 

As indicated in Table 11.3, measurement tech
niques (phantoms in particular) and numerical 
procedures as well as information derived from 
clinical data are available for analyzing radio
frequency hyperthermia systems. 

Network analysis is a standardized measuring 
technique in high-frequency engineering. This 
permits recording of the complex input impedance 
or admhtance diagrams of Smith charts of 
antennas (the pa!h of input reflection coefficients 
at the base point of the antenna in the complex 
plane parameterized by the frequency). Coupling 
coefficients between antennas have also been 
measured, whereby the complete information on 
the coupling is contained in the S matrix of an 
antenna ensemble (WUST et al. 1991b; LEYBOVITCH 
et al. 1991; RASKMARK et al. 1994). 

Originally, SAR distributions were determined 
in elliptical phantoms performing time-consuming 
measurements according to the gradient of tem
perature rise method (ALLEN et al. 1988; MYERSON 
et al. 1981). An important step toward quickly 
registering power deposition patterns was taken 
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Table 11.3. Methods of evaluation for RF deep heating 
systems and basic references 

Measurement methods 
Coaxial line methods (MARSLAND and EVANS 1987; GRANT 

et al. 1989) 
Network analysis (WUST et al. 1991b; LEYBOVICH et al. 

1991; RASKMARK et al. 1994) 
Visualizing phantoms (SCHNEIDER et al. 1991; WUST et al. 

1994a) 
Phantoms for E field scans (SCHNEIDER et al. 1992; 

PAULSEN and Ross 1990) 
Electro-optical E field sensor (MEIER et al. 1992, 1994; 

WUST et al. 1995b) 

Modelling tools 
Volume surface integral equation method (VSIE) (WUST 

et al. 1993a, NADOBNY 1993) 
Finite elements method (FE) (LYNCH et al. 1985; 

STROHBEHN et al. 1986) 
Finite integration theory method (FIT) (WEILAND 1984, 

1986; DOHLUS 1992) 
Finite difference time domain method (FDTD) (SULLIVAN 

et al. 1987, 1993; SULLIVAN 1990,1991; SEEBASS et al. 
1993b; HORNSLETH 1993) 

In vivo evaluation 
(ROEMER 1990a,b; SAMULSKI et al. 1987b; FELDMANN et al. 

1992; WUST et al. 1995a) 
Temperature/time curves 
Temperature/position curves 
E field sensor measurements 
CTscans 
Clinical observables 

with the development of visualizing phantoms 
(SCHNEIDER et al. 1991; WUST et al. 1994a, 1995c; 
Chap. 17 in this volume). To recreate the clinical 
situation free of artifacts, materials with defined 
electrical and mechanical properties had to be 
developed ((J, en durability, resistance to water, 
mechanical working properties, elasticity, hard
ness, surface behavior, etc.). This was possible 
using polyester resins or epoxy resins with appro
priate additives (WUST et al. 1994a). A further 
problem was developing sensor arrays for visua
lizing the power deposition patterns. This can be 
accomplished either with light-emitting diodes 
(LEDs) or with suitable miniature lamps. Such 
visualized patterns are shown in Figs. 11.6 and 
11.8. In open elliptical phantoms which are ac
cessible from the outside additional measuring 
options are available such as mechanical scans 
with E field sensors (SCHNEIDER et al. 1992; WUST 
et al. 1994a, 1995b). 

E field sensors can be made from visualizing 
sensors where the quantity of light is determined 
via a fiberoptic link using a photoresistor or an 
optical power meter. In addition to this, E field 
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sensors with high-resistance leads were developed 
by several working groups (BASSEN and SMITH 
1983), as well as being available commercially 
together with the BSD system (E field sensors 
EP-400 and EP-500, BSD Medical Corporation, 
Salt Lake City, Utah). Defined SAR profiles can 
be measured with single sensors for direct com
parison with model calculations (see Fig. 11.7). 

The development of an electro-optical E field 
sensor (MEIER et al. 1992, 1994), which can 
measure the phase and amplitude of the electric 
field, represents a further refinement in E field 
measuring technology. In this type of sensor, 
polarized light from a laser diode is conducted 
through a fiber that retains the polarization into a 
lithium niobate crystal where it is split. An appro
priate electrode structure causes the electric field 
to act along the split path, causing phase shifts in 
the light. After the light paths are joined, the 
amplitude-modulated light signal will characterize 
the amplitude and phase of the modulating electric 
field. The signal to noise ratio of the E field 
measurement (in phase and amplitude) can be 
increased by applying the lock-in principle. Here, 
the antenna and laser diode are modulated with 
a synchronized but slightly offset operating fre
quency (such as 90 MHz, 90 MHz + 1 kHz) where 
the beat signal with the difference frequency 
(1 kHz) is then evaluated at the lock-in amplifier. 
The required reference signal for the lock-in 
amplifier is supplied by an electrical mixer. 

Such a novel electro-optical E field sensor 
permits drawing conclusions about the E field 
distribution or SAR distribution in the interior of 
a medium (such as a patient) by recording E fields 
outside this medium (WUST et al. 1995b). To 
test this, a special two-chambered phantom was 
developed for the SIGMA-60 applicator. With a 

antenna background medium 
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suitable scanning system, the interior of the ellip
tical phantom (filled with 0.55 Sim saline solution) 
is accessible as well as part of the space between 
the antennas and phantom wall from the outside. 
Here, the original bolus of the SIGMA applicator 
is temporally forced outside by a substitute bolus. 
Conducting E field scans in this substitute bolus 
necessitated procuring and appropriately pro
gramming a complicated four-axis steering system 
(Isel system, Isert-Elektronik, 36132 Eiterfeld, 
FRG). The substitute bolus contains either de
ionized water or tap water. The complicated 
mechanical guidance system for the electro-optical 
sensor was made of a nearly water-equivalent 
material (er = 50, (J = 0.02 S/m). 

Model calculations can also provide valuable 
insights into the function of radiofrequency hyper
thermia systems (see Chap. 18 in this volume). 
The very first three-dimensional calculations for 
hyperthermia purposes were performed by 
PAULSEN et al. (1988), though for a homogeneous 
body. The initial theoretical framework had to be 
increasingly refined to achieve agreement between 
measurements and theoretical calculations. A 
total of four methods are available for calculating 
E fields (Table 11.3). 

The VSIE method was developed by our group 
(WUST et al. 1993a; NADOBNY 1993). It has the 
advantage of physical transparency as described 
for the integral equation (IE) method in general 
by MULLER (1969). The calculation proceeds from 
the incident field of the respective antenna or 
applicator (Fig. 11.4). The scatter effect in the 
heterogeneous medium and at the boundaries 
in particular is represented by so-called volume 
currents and polarization charges. Calculation of 
the E field at electrical boundaries is particularly 
precise in comparison to difference methods (see 

J impressed sources: 
incident field 

~ 

electrical boundaries 

feeding point E 

l 
induced sources: 
induced field 

Fig. 11.4. Schematic representation of the electro
magnetic problem in the theoretical framework of 
the VSIE method. The electric field has three parts: 
incident field, scattered field, and induced field. 
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below}. Consequently, the calculation is con
ducted using tetrahedron grids, which can simulate 
boundaries better than cubic grids. The back
scattering in the heterogeneous medium produces 
a change in the antenna currents. So-called 
induced sources on the antenna lead to modifi
cation of the E field to ensure the boundary 
condition on the metal surfaces of the antenna. 
However, depending on the excitation model of 
the antenna either the E field or current at the 
feeding point of the antenna (Fig. 11.4) can be 
used as a fixed input parameter for E field cal
culation. A different algorithm based on the IE 
method has been developed by ZWAMBORN and 
VAN DEN BERG (1992). 

The finite element (FE) method is widely used 
(PAULSEN 1990). A two-dimensional FE code was 
developed in our group for calculating E fields 
(SEEBASS et al. 1992; NADOBNY et al. 1992). The 
FE method requires a complete boundary con
dition for the solution in the interior. This condi
tion is not easily determined in the case of open 
electromagnetic problems. The hybrid method as 
developed by PAULSEN et al. (1988a) is an ap
proach to provide boundary conditions for open 
problems. However, where a complete boundary 
condition is present the FE method is significantly 
more efficient than the VSIE method, particularly 
since it works with sparse matrices. This is under
standable since an electromagnetic problem is 
better specified by stipulating a closed boundary 
condition (FE method) than by the input para
meters of the antennas (IE method). Further
more, for FE methods working on triangular 
or tetrahedron grids highly efficient numerical 
solvers were developed based on locally adaptive 
grid refining procedures (DEUFLHARD et al. 1989; 
BORNEMANN 1991, 1992). 

The finite integration theory (FIT) method is a 
finite volume method (DOHLUS 1992; WEILAND 
1986) that was originally developed for beam 
guiding problems encountered in constructing 
particle accelerators. The method works on 
regular grids that can also be locally modified and 
subdivided to adapt them to special geometries. 
Although at boundaries averaging over the ad
jacent finite volume elements is performed, in test 
cases this method produces results equivalent to 
those of the VSIE method (see WUST et al. 1993a). 
A particular advantage of this method is its 
numerical efficiency, allowing both the antennas 
and the outside area to be included in electro
magnetic problems. Fast methods of calculating 
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electromagnetic problems in radiofrequency 
hyperthermia are finite differences methods 
(SULLIVAN 1990, 1991). The finite difference time 
domain (FDTD) method carries out its cal
culations on a regular grid. This alone produces 
different results from methods that utilize tetra
hedron grids. 

Important progress in understanding hyper
thermia systems has resulted from the systematic 
analysis of clinical data. The temperature time 
curves recorded at measuring points specified by 
computerized tomography (CT) contain the most 
important information (ROEMER et al. 1985; 
ROEMER 1990a,b). The SAR can be determined 
from the rise when switching on power and the 
fall when switching it off, as illustrated in Fig. 
11.5. Dividing this SAR by the total power 
radiated in yields the relative SAR. At both the 
beginning and the end of therapy the effective 
perfusion, which accounts for both perfusion and 
conduction, can be determined from the transition 
from the temperature time curve to the plateau. 
The evaluation method is described in detail in 
WUST et al. (1995a). Temperature position curves 
are routinely recorded during hyperthermia with 
the aid of a stepping motor system. Each mea
suring point is then specified in the CT scans 
routinely conducted with the catheter in place. In 
this manner SAR or E field measurements can be 
assigned to certain geometric configurations in 
patients (such as bone shielding, proximity to 
bony structures, or other boundary areas). Precise 
evaluation of observable clinical data, particularly 
the analysis of power limiting factors, provided 
further information about the function of the 
systems (see Table 11.7). 

11.3.3 Antennas 
and Frequency-Dependent Effects 

The four antenna pairs of the SIGMA applicator 
(Fig. 11.3) are formed by biconical flat dipoles. 
The antennas are fastened to the inside of a 
Plexiglas cylinder, and on the side facing the 
interior they are covered by an extremely thin 
layer of silicon which is part of the bolus material. 
In a homogeneous medium the best frequency for 
operating such a dipole is the frequency corre
sponding to the )./2 resonance, i.e., when the 
antenna length for the frequency in question is 
exactly half of the wavelength. The biconical 
shape produces an additional bandwidth around 
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Fig. 11.S. Analysis of time/temperature curves. SAR is 
deduced from the gradient at the start (power on) and end 
(power off) of the treatment (ROEMER 1990). Effective 
perfusion causes a bending of the temperature curve 
from the straight line and can be calculated from the 

the resonance frequency. On SIGMA applicators 
two antennas each are fed via a T-connector by 
the 50-n coaxial cable of a power amplifier. In 
consequence, ideal antenna matching and radia
tion conditions are achieved for the characteristic 
base point impedance of 100 n. This type of cir
cuitry gives the entire antenna system a broader 
bandwidth. 

The idealized view of such flat dipole antennas 
(antenna length 46cm) at the air/water boundary 
in model calculations (e.g., the VSIE method) 
indicates that they have a )..12 resonance at about 
90 MHz. The current distribution on the antenna 
is then calculated as approximately co sinusoidal. 
The same radiation behavior is achieved if a 
homogeneous medium of an effective density eT ,.. 

9 is assumed as surrounding medium (unpublished 
results). 

Both measurements of the Smith charts and 
the reflection curves in WUST et al. (1991b) and 
documentation of the manufacturer (BSD Medical 
corp.) confirm that the antenna is optimally 
matched at 90 MHz. However, fluctuations in 
these admittance or impedance curves resulted, 
depending on the localization of the antenna pair, 
the type of lossy medium (phantom or patient), 
and the surroundings. 

In the report by WUST et al. (1991b), current 
distributions were measured on different antennas 
of the SIGMA applicator using magnetic ring 
antennas. Measurements revealed axial asym-
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temperature elevation L\To at to (WUST et al. 1994b). A 
further parameter is the temperature elevation L\ T = 
Tss - Ta (T. = arterial temperature, Tss = steady state 
temperature) 

metries in the current distribution on the same 
antenna and differences in the current distribution 
from antenna to antenna both on a given antenna 
pair and between different antenna pairs. In 
addition, measurements were found to be de
pendent on the lossy medium. Comparable fluctu
ations were observed when measuring coupling 
coefficients. Asymmetries and fluctuations were 
at a relative minimum at 90 MHz, and so 90 MHz 
was recommended as the operating frequency for 
the SIGMA-60 ring. It follows from this that 
the idealized radiation behavior of a dipole on 
an air/water boundary does not correspond to' 
the behavior in a real system. Instead, in the 
theoretical framework of the VSIE method (Fig. 
11.4), distortions in the current distribution are 
created by induced sources as a result of the 
radiation of the other antennas and backscattering 
from the heterogeneous medium. Taking these 
couplings into consideration in three-dimensional 
calculations results in modifications to the SAR 
distribution (see Fig. 11.7). 

The FIT method assumes a current source with 
an internal resistance at the base point of the 
antenna, which best describes a A/2 resonance. 
Significant cross-talk from antenna to antenna 
(coupling) will result from calculations using the 
FIT method (DOHLUS 1992). When the antennas 
are included in the overall problem (i.e., cross
talk is taken into consideration), modeling the 
SIGMA applicator for an elliptical phantom has 
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consequently led to different current distributions 
on the antennas depending on frequency and 
position (DOHLUS 1992). In particular, the current 
distributions at frequencies greater than 100 MHz 
deviate significantly from the cosine form (WUST 
et al. 1991b). Furthermore, these calculations 
with the FIT method revealed frequency-de
pendent changes in power transmission to various 
reference points in the phantom which could 
actually be correlated with clinical observations. 
For example, it turned out that above 90MHz, 
the transmission as evidenced by E field or SAR 
to the center of the phantom is at a maximum in 
comparison with the loads in the fat-equivalent 
ring. Conversely, reference points in the fat
equivalent ring (in the central plane as well as at 
the applicator edge) exhibit a relative maximum 
at 70 MHz in this model. 

These calculations concur with the clinical 
observation that at low frequencies (i.e., less 
than 90 MHz) in the SIGMA applicator effective 
hyperthermia of deep tumors even with large 
cross-sections t~nds to be more difficult than at 
the resonance frequency of 90 MHz and that at 
these low frequencies applicator edge effects 
(such as musculoskeletal syndrome) are observed 
more frequently. Predictably, model calculations 
that do not allow for coupling effects between the 
antennas tend to favor low frequencies such as 
70 MHz for large cross-sections, i.e., high absorp
tion (see Sect. 11.1). 

Calculations with FIT method also demon
strated resonance-like superimposition of the 
transmission curves when a closed Faraday cage 
was considered instead of open boundary condi
tions. The resonance-like structures should be 
regarded as idealized, since the dimensions of 
the shielding chamber were only estimated. In 
addition to this, such resonances are partially 
dampened away by lossy objects in the shielding 
chamber. Comparable effects can be observed 
experimentally on visualizing phantoms (such 
as extremely narrow-band fluctuations of light 
brightness at about 95 MHz) (WUST et al. 1995c). 
These calculations also strikingly show how 
strongly the SIGMA applicator's surroundings 
can influence SAR distribution. Therefore, the 
assumption of idealized applicator models, such 
as that shown in Fig. 11.3, does not appear suitable 
for a system-specific description. 

Resonance-like structures resulting from the 
cylindrical SIGMA applicator itself due to mode 
excitation have also been observed in model 
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calculations and in experiments. Such effects are 
particularly pronounced where a high degree of 
cylindrical symmetry is present, i.e., especially in 
cylindrical phantoms (for example in experiments 
with the SIGMA-60 applicator at 110 MHz). 
Narrow-band effects when triggering a single 
channel were observed between 82 and 84 MHz 
by SCHNEIDER et al. (1994). In our experience, the 
importance of frequency-dependent modes is 
negligible in actual patients (WUST et al. 1991b). 

11.3.4 Prediction and Control of SAR 
Distributions in Two-Dimensional Phantoms 

The first comparison of systems by SCHNEIDER et 
al. (1994) with an LED phantom revealed no 
significant differences among the four field
oriented systems (APAS, SIGMA applicator, 
TEM applicator, and four-waveguide applicator) 
in creating a central focus. However, the SIGMA 
applicator in particular was tested under experi
mental conditions that differed from clinical use 
(low power level, special system balance). Periodic 
control measurements with further developed 
LED or lamp phantoms under clinical conditions 
(i.e., at higher power levels) revealed deviations 
from the projected distributions in different 
regards (see Fig. 11.6 as an illustration) (WUST et 
al. 1990, 1995c): 

1. Clear decentering effects typical of the 
system occur in the synchronized state (i.e., 
feeding all channels with the same phase and 
amplitude). For example in system A in a German 
university clinic there is a downward focus devia
tion (Fig. 11.6, top), whereas system B exhibits a 
pronounced upward deviation of the focus (Fig. 
11.6, bottom). 

2. Further minor changes can accumulate in 
the case of measurements of the same system at 
different times, yet the basic behavior of the 
system (for example a tendency for the focus to 
deviate downward) remains constant. Repeated 
checks can also reveal "unfavorable" system 
states in which phase balancing will hardly improve 
centering. Such changes could indicate technical 
shortcomings such as tube defects. 

As expected, no one method (VSIE, FDTD, 
or FIT) can correctly describe the SAR distri
butions measured (E field sensor scans) in Fig. 
11.7 over the entire frequency range. This is 
understandable since numerical simulations 
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Fig. 11.6. Visualized SAR distributions from a lamp 
phantom for two synchronous configurations (70 and 
90 MHz) . Completely different behavior is found for 
systems A and B at two hospitals in Germany. System A 
has a deviation to the bottom and left. Conversely, system 
B has a severe offset to the top, which might be caused by 
coupling to the surroundings (WUST et al. 1994d) 

consider only an idealized applicator model, 
while in an experimental setting different systems 
will behave differently despite having the same 
applicator. 

The synchronous system states and their theo
retical descriptions represent an extremely difficult 
test case. As Fig. 11.7 shows, there are marked 
qualitative deviations between visualized dis
tributions and theoretical predictions even dis
regarding the decentering of the focus. This 
applies particularly to frequencies outside the 
resonance frequency, for example 70 MHz. Thus 
various numerical procedures predict either ex
cessive lateral or vertical values that do not at 
all describe the actual situation. In the case of 
70 MHz in particular, the predicted focusing 
ability is better than that actually observed in 
the E field sensor scan (Fig. 11.7, 70 MHz). 
This could have to do with the cross-talk effects 
mentioned above. Note that the SAR scans in 
Fig. 11.7 concur well with the visual distributions 
(Fig. 11.6A). In the VSIE method two different 
antenna models were used (NADOBNY 1993). 
Either identical cosinoidal current distributions 
over the antennas were assumed (VSIE, J), or 
calculations were based on identical E fields 
at the antenna feeding points (VSIE, U) . In two
dimensional model calculations these assumptions 
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will lead to totally different power deposition 
patterns. However, in three-dimensional model 
calculations the differences will not be as large 
(Fig. 11.7). 

The marked difference between two systems at' 
different locations was surprising, and cannot be 
explained by system errors. The most probable 
cause would seem to be more or less -significant 
differences in the antenna network (Fig. 11.2), 
including malfunction of high-frequency com
ponents and coupling phenomena, as well as 
environmental influences that obviously can form 
an additional coupling with the antennas. Further 
informations are found in WUST et al. (1995c) . At 
times the steering capability of a system is greatly 
impaired. Thus for system B in Fig. 11.8 (bottom) 
it is seen that despite forced downward steering 
(by phase shifting) hardly any change in the 
power deposition pattern could be achieved in 
comparison to the initial state . I 

Despite a downward drift the steering capability 
of the system is much less restricted in system A. 
Standard configurations can be set as in Fig. 11.8 
(top) (for a dorsal rectal carcinoma). In many 
measurements it became apparent that describing 
the system by means of model calculations is 
easier in the case of eccentric SAR distributions . 
Obviously, introducing phase offsets reduces the 
coupling between the antennas. This facilitates a 
description using simulation calculations. Gener
ally, eccentric power deposition patterns in phan
toms can be satisfactorily described even by two
dimensional models (WUST et al. 1993b). 

In system A the steering capability increases 
further when damping is introduced. This can be 
achieved with a bolus of water with minimal 
conductivity (tap water) . In this case almost ideal 

Fig. 11.7. E field sensor scans along the major and minor 
axis for the same setup of system A, i.e., 70 and 90 MHz 
(Fig. 11 .6) . Good agreement is obtained between E field 
scans and visualized patterns of Fig. 11.6. Three-dimen
sional calculations are shown for the same phantom (with 
the specifications: major axis 2a = 38cm, minor axis 2b = 
27 em, plus 1 em fat-equivalent ring axial length 60cm; a = 
0.55 Slm, G, = 78 inside; a = 0.04S/m, G, = 10 in the layer; 
antenna length 46cm): VSIE method with two diferent 
antenna models (NADOBNY 1993) and FDTD method 
(SULLIVAN 1990, 1991). No numerical method is able to 
describe all the measurements correctly. This is attributed 
to unpredictable coupling effects which effect modifications 
of the control parameters themselves in the feeding points 
of the antennas 
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Fig. 11.S. Standard adjustment of system A (see Fig. 11.6) 
for a posteriorly located target volume. A target point of 
[0, -2] is selected resulting in the phases on the figure 
above. The visualized SAR pattern is fairly described by 
two-dimensional modeling calculations and SAR control 
appears satisfactory. Conversely, SAR control in system B 
is severely limited. Even a vigorous steering to the bottom 
by selecting a target point of [0, -5] does not change the 
pattern significantly in comparison to the "synchronous" 
pattern [0, 0] in Fig. 11.6 (see also text) 

distributions can be achieved for the synchronous 
system states, but at higher power levels. 

Our comparative phantom measurements 
illustrate two SIGMA systems with fundamentally 
different characterisHcs. The steering capability 
of system A is only slightly influenced by environ
mental factors, primarily outside the resonance 
frequency of 90 MHz. This system proved to be 
variable and unstable over time. On the other 
hand, the power deposition pattern can be con
trolled within limits by controlling the phases 
appropriately, and these eccentric deposition 
patterns can even be described theoretically by 
two-dimensional model calculations. The steering 
capability of system B is severely impaired by a 
(reversible) malfunction (probably poor connector 
contact) . The power deposition patterns are not 
described merely by the applicator model alone. 
Only by taking the whole network as well as 
the environment into account can we arrive at a 
satisfactory description of the measurements. It 
should be noted that such system behavior does 
not necessarily have to be a disadvantage for 
clinical applications, since in the specific case of 
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system B the focus was extremely stable. The only 
requirement is that the tumor can be localized in 
this focus. 

Our intent has been to demonstrate how closely 
measuring, technical knowledge, and theoretical 
description depend on one another. Obviously it 
is almost impossible to make correct predictions 
with so complex an applicator as the SIGMA 
applicator solely on the basis of theoretical anal
ysis. Even though all the methods employed 
(VSIE, FDTD, and FIT) allow for the antennas 
coupling with each other and with the hetero
geneous medium (albeit in different ways), models 
make assumptions about control parameters 
(e.g., E fields) in the feeding points of the an
tennas which obviously differ from the true values. 
Figure 11.9 summarizes assumptions about the 
feeding point of an antenna. Only recording 
the E fields at the base points of all antennas 
(with known geometry) will provide complete 
information about the final E field pattern. Con
versely, assuming current sources or voltage 
sources at the base points (i.e., assuming currents 
or voltages) will only provide incomplete informa
tion, since exact specification of the antenna 
impedances ~ at the feeding points is virtually 
impossible. Whereas this value should corres
pond to the output impedance of the amplifier 
(i .e., 500), various influences can cause a mis
match between generator and antenna which 
affects assumed control parameters at the base 
point of the antenna. This leads to the relevant 
deviations between the theoretically predicted 
pattern and the one that is actually measured. 
Changes in the control parameters can lead to 
significant changes in the power deposition pat-

electric field 
current source I with voltage source U with 
parallel impedance Z impedance Z in series 

1 
E -b-GJ 

z 

r r 
(I) (m (ID) 

Fig. 11.9. The feeding point of a dipole antenna can be 
electrically characterized by a current or voltage source (II 
or III). The information is not complete if the impedance 
Z is unknown. Knowledge of the actual E field in the 
feeding point provides complete information about the 
radiation characteristic of an antenna 
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tern, particularly near synchronous system states. 
When there are eccentric shifts in the power 
deposition patterns, minor phase changes will no 
longer be able to influence the power deposition 
pattern significantly. 

The realization that the sum of coupling effects 
can no longer be described theoretically led to 
an improved scheme of online quality control. 
The antenna characteristics can be completely 
ascertained by measuring E fields between the 
antenna and the medium (phantom or patient). 
The electro-optical sensor described above, which 
can measure the phase and amplitude of E fields, 
has already been developed for this purpose. The 
actual control parameters at the antenna base 
points can now (without any knowledge of the 
couplings) be determined in two ways: (a) If a 
suitable antenna model is available, the base 
point parameters in the antennas can be calculated 
from a finite number of E field measurements (the 
n~mber of measurements must correspond to 
the number of antennas). (b) If the phase and 
amplitude of the E field have been measured on a 
closed curve (two-dimensional) or surface (three
dimensional) around the problem area, no antenna 
model will be needed at all. In this case the E 
field measurements can be used as a boundary 
condition to calculate the SAR distribution lying 
within the curve or surface by means of the FE 
method. This process is demonstrated in Fig. 
11.10 using a homogeneous elliptical phantom. 
The phases and amplitudes of the E field were 
measured in an~le increments of ::::100 • The 
phase measurement is particularly characteristic, 
whereas the amplitude measurement does not 
contain much information. The FE calculation 
produces quite a good representation of the 
visualized SAR. This measuring method has since 
been extended. Further details can be found in 
WUST et al. (1995b). 

11.3.5 Clinical Evaluation 

Table 11.4 provides an overview of is vivo mea
surements in over 40 patients treated in 200 
regional hyperthermia sessions with the SIGMA 
applicator (WUST et al. 1995a). The following 
in vivo quantities were extracted from the tem
perature-time curves by a computer-assisted 
graphical process (Fig. 11.5): SAR, effective 
perfusion, and relative SAR (SAR/total power). 
Determination of effective perfusion from tem-
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perature-time curves and its clinical relevance 
have been discussed in WATERMAN et al. (1987), 
WATERMAN (1987), LAGENDIJK et al. (1988), 
WONG et al. (1988), SAMULSKI et al. (1987b, 1989), 
ROEMER (1990b), FELDMANN et al. (1992), and 
WUST et al. (1995a). In regional hyperthemia a 
reasonable determination of perfusion from 
temperature-time curves is possible because of 
moderate thermal gradients. Reference methods 
are given in ACKER et al. (1990) and FELDMANN et 
al. (1992). 

A comparison between the relative SAR at the 
beginning and at the end of regional hyperthermia 
gives us a sobering picture of the ability to control 
the SAR with the SIGMA applicator. In fact the 
relative SAR can be neither significantly increased 
in the tumor nor lowered in the normal tissue 
(rectum, vagina, and bladder). However, it 
becomes apparent that the initial setting already 
differentiates between tumor tissue and normal 
tissue within certain limits and an "optimum" 
has obviously already been attained. These are 
generally standard settings which have been 
determined in advance on the basis of phantom 
measurements (such as are shown in Figs. 11.6 
and 11.8). 

To further evaluate SAR steering capability 
the appropriate CT scans for the temperature 
measuring points were also analyzed. The fol
lowing variables were determined graphically: the 
size of the CT cross-section (related to absorption), 
minimum absorption distance from the measuring 
point to the outer contour (this describes the 
eccentricity of the measuring point), the visual 
angle from the measuring point to the surround
ing bony structures (related to shielding), and the 
thickness of the fat layer. In addition to this, 
clinical variables such as age, sex, Karnofsky 
index, histology, and previous treatments to 
date (especially previous radiation treatments) 
were recorded. 

The most important in vivo measured quantities 
in Table 11.4 are the relative SAR (as a measure 
of the technical accessibility of a tumor for radio
frequency hyperthermia) and the temperature 
increase dT (as a measure of the therapeutic 
effectiveness attained). As dependent variables, 
both measured quantities were subjected to a 
variance analysis in which all in vivo measured 
quantities, CT data, and clinical parameters 
were taken into consideration. The hypothesis of 
whether the group means of a dependent variable 
(such as relative SAR or dT) depend equally on 
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Fig. 11.10a-d. Use of an electro-optical E field sensor for 
noninvasive determination of SAR distribution in the 
interior of an elliptical phantom (WUST et al. 1994c). a,b 
Phases and amplitudes of E field are measured on a 
closed curve around the phantom in the midplane. The 
phase curve provides more information about the SAR 

Table 11.4. Survey of in vivo measurements deduced 
from temperature/time curves (mean values and standard 
deviations from 200 hyperthermia treatments in 43 
patients) (from WUST et al. 1993d) 

ReI. SAR (start) (mW/gIlOOW) 
ReI. SAR (end) (mW/gIlOOW) 
SAR(mW/g) 
Perfusion (start) (ml/100 g/min) 
Perfusion (end) (ml/100 g/min) 
Temperature elevation COC) 
(above basal temperature) 

Tumor 

8.0 ± 7.1 
8.3 ± 7.0 
38 ± 22 

10.3 ± 7.0 
12.8 ± 9.7 
4.0 ± 1.4 

Normal 
tissue 

5.9 ± 3.3 
5.6 ± 2.9 
35 ± 15 

8.3 ± 7.7 
14.7 ± 9.3 
3.7 ± 0.9 

distribution than the amplitude curve . c SAR distribution 
as visualized by a lamp phantom. d Using the measured 
curves as boundary condition in an FE algorithm results in 
a calculated SAR pattern in a which agrees reasonably 
with the actual visualized pattern 

specified factors (extracted from the independent 
variables) was tested in a univariate analysis. 
Negating the null hypothesis with an appropriate 
level of significance shows the dependence on the 
respective factor (main effects) or a combination 
of two factors (two-way interactions) . 

The results of such a variance analysis for the 
relative SAR are summarized in Table 11 .5. As 
was expected, it was revealed that the relative 
SAR was significantly dependent on factors that 
characterize the absorption. In particular, tumors 
situated in the center of large cross-sections are 
associated with low relative SARs. This effect 
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Table 11.S. Analysis of variances for intratumoral relative SAR (mW/g/100W) achieved (289 measurements, from 
WUST et al. 1995a) 

Factor Attributed variance (%) Group mean Plevel 

Cross-section A ~5751>575 cm2 7.8 10.7/5.3 0.000 
Absorption dmin ~6.7/>6.7cm 5.2 10.515.3 0.000 
Shieldings ~13%/~13% 1.8 9.3/6.8 0.006 
Two-way interaction A®dmin 5.9 0.000 
Preirradiation -1+ 1.5 10.6/5.2 0.001 
Histology Squamous/adeno/sarcoma 7.6 5.6/5.7111.9 0.000 
Sex Female/male 5.0 9.6/5.9 0.000 
Age ~501>50 years 2.4 10.7/5.9 0.000 
Karnofsky score <80%/~80% 1.9 5.919.4 0.000 

Table 11.6. Analysis of variances for intratumoral temperature elevation eC) achieved (149 measurements, from WUST 

et al. 1995a) 

Factor 

Effective perfusion Weff ~ 10/> 10 mll100 g/min 
Power deposition SAR ~351>35mW/g 
Thermoregulation dW ~01>0 mll100 g/min 
Two-way interaction SAR ® Weff 

Pre irradiation -1+ 
Histology Squamous/adeno/sarcoma 

is already clear from a two-dimensional point 
of view (Sect. 11.1). Clarifying the entire three
dimensional problem is necessary for under
standing how the relative SAR is dependent on 
the topographical proximity of bony structures 
(see below). It is interesting that the relative SAR 
is depend~nt on previous treatment of the tumor. 
Presumably previous radiation treatment causes 
progressive fibrosis in the tumor, decreasing 
its electrical conductivity and thus reducing the 
relative SAR. Indirect dependence on other 
factors (histology, age, sex, Karnofsky index) 
also exists via the main factors (absorption, 
tumor localization, previous radiation). It follows 
from this that the relative SAR is determined 
to a great extent by geometrical and anatomical 
factors, which partially explains the small degree 
of steering capability observed. 

The variance analysis of the intra tumoral 
temperature increase dT, which finally determines 
the effectiveness ofthe hyperthermia (Table 11.6), 
has important consequences. It becomes apparent 
that the perfusion and SAR are almost equally 
predictive for dT. In follows from this that suffi-

Attributed Group Plevel 
variance (%) mean 

25 4.6/3.3 0.000 
16 3.7/4.4 0.000 
1.6 4.6/3.8 0.06 
2.0 0.04 
3.2 3.9/4.1 0.02 
3.3 4.3/3.514.2 0.07 

ciently high SAR can compensate for higher 
perfusions in tumors. Since the relative SAR can 
hardly be influenced at present (see above), this 
is achieved by increasing the total power. An 
analysis of the factors limiting power will follow 
below. Interestingly, the thermal regulation in 
tumors (i. e., the increase in intratumoral perfusion 
under hyperthermia) is not a very important 
factor in the temperature increases that are finally 
attained. Since according to present knowledge 
the perfusion can hardly be influenced at all, it 
follows from the analysis summarized in Table 
11.6 that future research must focus on increasing 
the SAR. 

One way to do this could be by increasing the 
relative SAR. The limits can be seen in the results 
in Table 11.5, which demonstrates a strong depen
dency on anatomical conditions such as absorption 
and shielding. This is substantiated by a three
dimensional simulation study conducted with the 
VSIE method (Fig. 11.11). In the frontal section, 
the three-dimensional test case of a presacral 
tumor exhibits a very slight qualitative change 
in the SAR distribution at the transition from 
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Fig. ll.lla-c. Simulation study performed according 
to the VSIE method, showing limited SAR contor!. In 
particular, SAR elevations at electrical boundaries (hot
spot phenomena) are documented Note that the VSIE 
method (WUST et a!. 1993a; NADOBNY 1993) works on a 
tetrahedron grid generated from a contour model. Thus E 
fields at electrical boundaries are very precisely calculated. 
a SAR isolines in a frontal cross-section across a presacrally 
located tumor for a standard setup of the SIGMA appli
cator (synchronous radiation at 90 MHz). The arrow 
indicates a critical point where at first the temperature 
threshold of 44°C in normal tissue is exceeded (perineal 
fat). This estimation is based on perfusion assumptions in 

synchronous antenna control to antennas steered 
in a dorsal direction (Fig. l1.11a,b). Figure ll.llc 
documents the significant phase shift at the an
tennas. Careful inspection of Figs. ll.lla and 
1l.l1b reveals that the SAR distribution is deter
mined to a large extent by the electrical boundaries 
of the heterogeneous medium despite this external 
control. In particular, SAR peaks appear at 

SIGMA-60 
9)-optimized 

bottom 

100 

P. Wust et a!. 

b 

200 

every tissue (e.g., WUST et al. 1991a) and an FE calculation 
of temperature using the bioheat transfer equation. b 
Phases and amplitudes of all four channels of the SIGMA 
applicator are optimized with respect to 8 3 (see Table 
11.9). Only a minor difference from the synchronous 
patterns is seen. c Phase difference between both patterns 
(at body surface) indicates a strong phase delay to the 
bottom by about 500 (defined with a positive sign), corres
ponding to a standard adjustment such as shown for a 
phantom in Fig. 11.8. Obviously, phantom measurements 
suggest a higher steering capability than is found in VSIE 
modeling calculations 

certain anatomical structures (for example the 
inner pelvic girdle) virtually independent of 
external steering. These E field peaks have been 
termed "hot spot phenomena", they are caused 
by the axial polarization of the primary incident 
electrical field in conjunction with the electrical 
boundaries perpendicular to it (i.e., transitions 
between markedly different electrical media, 
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particularly bone/muscle boundaries). The anal
ysis of this test case will be continued in the next 
section. Hot spot phenomena are dealt with in 
FELDMANN et al. (1991) and BEN-YOSEF et al. 
(1992) and were previously analyzed experiment
ally in TURNER (1984) . 

That fact that the SAR distribution is model
dependent has already been mentioned in 11.3.2 
(a regular grid in the FDTD method versus a 
tetrahedron grid with specified contours in the 
VSIE or FE methods) . The great emphasis placed 
on the electrical boundaries in the VSIE method 
led to the prediction that the relative SAR's 
degree of steering capability would be slight. This 
appears to concur with clinical experience (see 
Table 11.4). 

E2 wilhin the catheter 
250 

239 

Test measurements during a heat treatment 
conducted in vivo within the invasive hyperthermia 
catheter using the EP-500 E field sensor (BSD 
Medical Corporation) also confirm the existence 
of boundary phenomena as predicted by the 
VSIE method. Figure 11.12 shows a strong shield
ing effect at the tip of the catheter (R = Ocm) 
and a pronounced E field peak in the vicinity of 
the muscle/bone boundary (R = 5 cm). Both 
measuring points are represented in the appro
priate CT cross-sections. Note that the catheter 
was implanted in oblique direction to the trans
verse plane and in consequence has a distinct 
axial component (i.e., in the main direction of 
polarization) . These in vivo phenomena (shielding, 
E field peaks at boundaries) can be neither re-
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l'ig. 1l.12a-d. Use of a high-resistive E field sensor (EP-
500, BSD Med. Corp.) for invasive E2 scan within a 
hyperthermia catheter in a rectal recurrence which has 
destroyed the pelvic bone. The catheter has a strong 
component along the patient axis which is the dominant E 
field direction . a Transverse section across the catheter tip 
(see arrow). The measurement point is shielded by bone. b 
Transverse section 5 cm away from the tip. This measure
ment point isin close proximity to a bone-muscle interface 

I requeney [MHz) 

d 

(see arrow) . c The E2 field sensor scan within the catheter 
shows very low values at the up and a pronounced maximum 
at rest position 5 cm which corresponds to the electrical 
boundary. A target point selection of [0 , - 2] and frequency 
90 MHz is chosen. d SAR at the tip (a) has only a slight 
dependency on frequency , with a maximum at 85 MHz. 
However, for 85 MHz a considerably higher E field is seen 
at the bone-muscle interface (see c) 
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produced by two-dimensional calculations nor 
represented by three-dimensional calculations on 
a voxel model (see Sect. 11.4). The search for the 
correct model in radiofrequency hyperthermia 
must continue. 

Classification and analysis of the acute limiting 
factors in radiofrequency hyperthermia confirms 
the existence of hot spot phenomena associated 
with boundaries (WUST et al. 1993b, 1995a). 
Table 11.7 shows that in the case of the SIGMA 
applicator the power-dependent toxicity domi
nates, particularly in that clinical form presumably 
corresponding to hot spot phenomena. Patients 
typically perceive such phenomena not as an 
excessively high temperature or a heat sensation, 
but rather as a localized sensation of discomfort 
or pressure, burning, or even pain. It can some
times be very difficult to distinguish this from 
mechanical pressure (for example from the bolus) 
in the course of differential diagnosis. With the 
SIGMA applicator these complaints are more 
often localized at the edge of the applicator (thigh, 
hip and trochanter major, inguinal region, supra
pubic region, and perineum) or in anatomical 
regions with electrical boundaries (scar areas or 
the sacral region). 

The toxicity spectrum differs significantly for 
the hyperthermia systems in clinical use and 
provides valuable information for a possible 
further development of RF hyperthermia. A 
significant difference between the various systems 
is the size of the treatment volume, which manifests 
itself in the axial SAR distribution in the homo
geneous phantom. The axial applicator length 
(FWHM of the SAR) is about 17 cm for the 
operating frequency of 90 MHz on the SIGMA-60 
applicator as well as for 70 MHz on the four
waveguide applicator (SCHNEIDER 1993, personal 

P. Wust et al. 

communication) and almost twice that, 30 cm 
(DELEEUW et al. 1990), for the operating fre
quency of 70 MHz on the TEM applicator. These 
significantly differing treatment volumes result in 
differences in clinical application, as listed in 
Table 11.8 (DELEEUW 1993, personal communi
cation; VAN DUK 1993, personal communication) 
for pelvic tumors. The local power-dependent 
toxicity is inversely proportional to the treatment 
volume. However, the systemic toxicity, and thus 
the required and tolerated total power, predictably 
increses with the treatment volume. 

The ability of an applicator to create localized 
SAR distributions is not necessarily an advantage, 
since under certain circumstances the local side
effects increase (as documented with the SIGMA 
applicator). This was also indicated by a simulation 
study (albeit two-dimensional) by WUST et al. 
(1991a) where defined threshold conditions 
(violation of temperature limits, corresponding to 
power-limiting factors ) were avoided by defocusing 
the SAR distributions. Obviously there is an 
optimum treatment volume that is a function of 
the specific tumor case. This is another degree of 
freedom which can prove important in the further 
development of regional hyperthermia (see Sect. 
11.4). 

The differing spectrum of side-effects with the 
TEM applicator on the one hand and the SIGMA 
or four-waveguide applicator on the other is 
also influenced by the applicator design. By 
completely filling the space between the patient 
and the antenna with water, the TEM applicator's 
improved coupling appears to reduce the appli
cator edge effects and thus the local toxicity. 
Besides this, fewer positioning problems that 
could also be limiting factors in clinical application 
occur with the TEM applicator. 

Table 11.7. Classification of acute treatment-limiting factors for the SIGMA-60 
applicator 

Specific cause Handling 

Power-related toxicity 80% 
Hot spot phenomena 40% Electrical boundaries Change of geometry 

Applicator edge Applicator design 
Tumor-related pain 30% Tumor swelling Analgosedation 

Corticosteroids 
Heat sensation 20% Larger tissue SAR steering 

volumes> 43°-44°C (phase, amplitude) 

Systemic stress 10% Circulatory stress Treatment volume 
by thermoregulation Patient selection 

Maintenance of position 30% Water bolus pressure Applicator design 
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Table 11.S. Comparison of TEM applicator (DELEEUW 1993, personal commu-
nication), SIGMA-60 applicator, and four-waveguide applicator (MPA, VAN DUK 
1993) for heat treatments of pelvic tumors 

TEM SIGMA-60 MPA 

Operating frequency (MHz) 70 90 
Axial length (cm) 30 17 
Power-limiting factors 

Local toxicity 10% 80% 
Systemic stress 20% <10% 
Technical reasons 35% 0 
Below tolerance level 35% 10% 
Average power l.5kW 600W 
Positioning problems 0 30% 

Intratumoral temperatures 
<42°C 54% 34% 
42°-43°C 30% 45% 
~43°C 16% 21% 

Tumor entities 
Rectal cancer 70% 30% 
Cervical cancer 4% 30% 
Sarcomas 0 30% 
Prostatic cancer 15% 2% 
Other 11% 8% 

It remains to be mentioned that the SIGMA 
applicator's predecessor, the BSD-lOOO APA 
system (typical operating frequency 70 MHz) lies 
between the TEM applicator and the SIGMA-60 
applicator. The four-waveguide applicator, on the 
other hand, has a treatment volume comparable 
to that of the SIGMA-60 applicator (Table 11.8). 
This also influences the side-effect spectrum 
of the four-waveguide applicator in which the 
local toxicity dominates as well. We note again 
that the temperatures attained with a regional 
hyperthermia system (Table 11.8) are not necess
arily decisive for the technical efficiency of the 
system, since a broad spectrum exists with respect 
to both the heterogeneity of the tumor treated 
and the clinical application. 

Thus it can be seen from Table 11.7 that the 
tolerance threshold for local toxicity can be raised 
within limits by medical interventions such as 
analgosedation (ISSELS et al. 1990, 1991). This 
might explain the deviation in the temperatures 
attained in Table 11.2. Above all, note that 
appropriate selection of patients may make 
systems that theoretical analysis must clearly 
rate as inferior appear in a favorable light (see 
capacitive systems, Table 11.2). 

70 
17 

33% 
17% 
0 
50% 
600-850W 
0 

52% 
29% 
19% 

34% 
20% 
5% 
1% 

40% 

11.4 Schemes for Further Development 
of Current Radiofrequency Technique 

11.4.1 Introduction 

Given the technical and clinical status of RF 
hyperthermia systems described in the last section, 
further development is desirable. Improving 
SAR steering capabilities is conceivable only by 
increasing the degrees of freedom. The resulting 
increase in the complexity of such a system implies 
adequate patient-specific planning and optimiza
tion and appropriate verification during therapy. 
Accordingly, a technical advance can only consist 
in an integrated overall scheme including com
ponents for hyperthermia planning, online control, 
and an improved applicator. All three components 
will be briefly discussed in the following section. 
Further information can be found in Chaps. 16-21 
of this volume. 

11.4.2 Patient-Specific Hyperthermia Planning 

The first hyperthermia planning system was 
implemented by Sullivan in Stanford in 1991 
(SULLIVAN 1991; SULLIVAN et al. 1993). The SAR 
distribution was calculated by the FDTD method 
on a regular grid produced by averaging over the 
voxels of a series of CT scans. Each voxel is 
assigned a low water content (fat and bone) or a 
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high one (muscle, tumor, etc.) according to its 
Hounsfield units with the electrical parameters Gr 

= 10, (J = 0.02 S/m or Gr = 80, (J = 0.8 S/m. 
An alternative model of a patient is generated 

by interactively entering contours between the 
various tissue compartments (tumor, fat, bone, 
muscle, etc.). Both regular grids and tetrahedron 
grids can be created from such contour stacks 
(SEEBASS 1990). The VSIE and FE methods make 
use of tetrahedron grids. Figure 11.13 summarizes 
the options of a patient-specific hyperthermia 
planning system as it is structured in the clinic 
for radiology at the Rudolf Virchow University 
Hospital in Berlin (SEEBASS et al. 1993b). It 
includes the FDTD method on a voxel model 
according to SULLIVAN et al. (1993) as an option. 

cr (256 x 256, 60 slices, 1 cm distance) 

/ 
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Figure 11.14 shows a very clear graphical 
form of representation for the SAR distribution 
achieved by coloring the CT scans (color wash 
method). What strikes the observer are the 
dramatic differences resulting from utilization of 
different models (voxel model, contour model). 
Apparently the more statistically oriented voxel 
model will produce significantly more optimistic 
distributions (averaging of voxels of high and low 
water content). In contrast, the contour model 
emphasizes more strongly the boundary effects 
that lead to hot spot phenomena at critical bound
aries (when E fields have strong components 
perpendicular to bone/muscle or fat/muscle 
interfaces). The greater interaction at these 
boundaries simultaneously results in greater 

0.5 x 0.5 x 0.5 cm3 voxel contour generation 
high water content: r. = BO, (J = 0.8 Sim 
low water content: £, = 10, (J = 0.02 Sim / ~ 

\/~~~ tetrahedron grid 

I FDTD 

control 
parameters 

~ 
SAR calculation VSIE 

/ 
graphical display: 

isolines 
colour wash 

+ assumption of perfusion 

~ 
temperature calculation 

~ 
optimization variables 

Fig. 11.13. Design of a patient-specific hyperthermia 
treatment planning system which has been developed 
at the Rudolf Virchow Clinic. One part of this system 
originates from the Stanford 3D Hyperthermia Treatment 
Planning system (SULLIVAN et al. 1993), which employs the 
FDTD method to calculate the SAR distribution on a 
regular grid. Further development especially concerning 
the graphic options has been referred to as the Berlin 

control 
parameters 

system (SEEBASS et al. 1993b). Other parts deal with opti
mization routines which are mainly based on estimations 
of temperature distributions (WUST et al. 1991a). The 
VSIE method, which makes use of a tetrahedron grid 
(NADOBNY et al. 1993), is also included into the treatment 
planning system. Thus, different patient models are em
ployed for simulations such as a voxel model or a contour 
model 
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shielding/attenuation with respect to areas beyond 
the boundaries. This explains the relatively 
unsatisfactory SAR distribution in Fig. 11.14b. 

Interestingly, the predictions of the FDTD 
method on a contour model qualitatively agree 
better with clinical experience. Thus it appears 
that the boundary effects in a voxel model tend 
to be underestimated. It is even possible that 
numerical methods best describe conditions 
when they make a particularly careful analysis at 
electrical boundaries, as does the VSIE method 
or the FE method. Such three-dimensional effects 
dominate the restrictions of SAR control which 
are induced by coupling (as outlined in Sect. 
11.3). On the one hand for uncomplicated geo
metrical structures a satisfactory agreement 
has been found between SAR measurements 
and numerical simulations with FDTD method 
(SULLIVAN et al. 1992). However, comparison of 
the different numerical methods with respect to 
patient-specific hyperthermia planning is still 
incomplete. In particular, the best patient model 
has not yet been clearly specified. 

According to Fig. 11.13, a temperature calcula
tion can be made after calculating the SAR distri
bution based on perfusion in the tissues by solution 
of the bioheat transfer equation (SEEBASS 1990; 
BORNEMANN 1991, 1992), thus forming a basis for 
optimizing the SAR distribution. Table 11.9 
shows several optimization variables (i.e ., quan-

Fig. 11.14a,b. Patient-specific SAR calculations for a 
patient with recurrent rectal cancer (destroying the sacral 
bone) by use of the FDTD method (SULLIVAN et at. 
1993). The calculations are performed for the SIGMA-60 
applicator at 90 MHz with a reduced ventral amplitude 
(80%) and a target point selection of [0, -1] according to 
an appropriate standard pattern for a dorsal tumor. Two 
different patient models are assumed: a In a voxel model 
for every voxel electrical parameters are either (J = 0.8 S/m. 
er = 78 (high water content tissue, for Hounsfield units 0 < 
HU < 100) or (J = 0.02 Slm, er = 10 (low water content 
tissue , HU ::;; 0 or HU ~ 100). The electrical parameters of 
the regular grid are determined by averaging over the 
constituent voxels. Results from this model are quite 

. optimistic and do not show hot spots related to electrical 
boundaries. b In a contour model for the same patient 
organs and tissues are specified by contours interactively 
and every region is characterized by typical (J, er' Therefore 
electrical boundaries are inherently accentuated and less 
optimistic results are obtained with hot spot phenomena 
and shielding effects. The difference between both models 
is documented for this case of recurrent rectal cancer 
destroying the sacral bone. Higher SAR in the tumor 
which is largely surrounded by bone is predicted by the 
FDTD method on a voxel model 
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Table 11.9. Optimization variables that are maximized 
by variation of phases and amplitudes of independent 
antennas' 

Optimization variables for SAR distribution 
1tl = fSAR(tumor)d3r/ fSAR (normal tissue)d3r 
1t2 = SAR( tumor center)/ SARmax (normal tissue) 
1t3 = SAR(tumor center)/ total power 

Optimization variables for T distribution 
0 1 = - f 143 - T(tumor, :S:;43°C) IWr 
O2 = 0 1 - f 142 - T(normal tissue, ;;a:42°C) 12d3r 
0 3 = % tumor ;;a: 43°C 

• Search for phases and amplitudes is performed by a 
standard gradient routine. Temperature distributions are 
calculated by the bioheat transfer equation assuming 
catalogized perfusion values in tumors and normal tissues 
(WUST et al. 1991a). As a restricting condition, total power 
is limited by specified threshold temperatures in normal 
tissues (44°C in muscle and fat; 42°C in intestine). An 
example of such an optimization procedure is given in 
Table 11.10 

tities for maximization using appropriate search 
routines) that are derived from either SAR distri
butions or temperature distributions. Developing 
suitable optimization strategies is a difficult pro
blem (WUST et al. 1991a). It becomes apparent 
that the use of SAR optimization variables (7tb 

7t2, 7t3), while at first glance suitable, does not lead 
to favorable results concerning the achieved 
temperature distributions. For this optimization 
strategy, local peaks often result (hot spot forma
tion), particularly in the area around the tumor, 
limiting increase of total power. Conversely, the 
temperature distribution optimization variables 
( 8 1, 8 2 , ( 3) generally lead to a defocusing of the 
power deposition pattern. This avoids hot spots, 
permitting an increase in total power and thus 
improved overall temperature distribution. The 
development of suitable optimization strategies 
remains an unsolved problem of hyperthermia 
planning. 

11.4.3 Online Control 

As was described in the preceding section, the 
many factors and variables in RF hyperthermia 
and their complex interaction make verification of 
a setting essential during heat therapy even where 
sufficiently precise patient-specific planning has 
been developed. Previous methods such as with E 
field sensor arrays on the patient's skin (EP-400, 
BSD Medical Corp.) are not sensitive enough for 
this purpose. For this reason an electro-optical E 
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field sensor that registers the phase and amplitude 
of the electrical field and is suitable for recording 
a closed curve/surface around the cross-section 
of the patient (boundary condition) has been 
developed (MEIER et al. 1992, 1994). In the case 
of an elliptical homogeneous phantom, SAR 
distributions have already been determined with 
good precision from such boundary conditions 
using the FE method (WUST et al. 1995b; see also 
Fig. 11.10). 

However, this procedure cannot be easily 
applied to a patient due to the fact that the 
calculated internal SAR distribution is model
dependent, as has been described above. Therefore 
the dielectric distribution of the heterogeneous 
medium must be sufficiently known. At present 
there is no definitive information available re
garding the range of fluctuation or imprecision of 
the dielectric tissue parameters in vivo. 

The numerical and measuring procedures 
developed can be used directly for reconstructing 
dielectric distributions or for testing patient 
models. Figure 11.15 (upper part) shows how the 
recording of a boundary curve can be used for 
testing and determining an assumed dielectric 
distribution in the interior of the heterogeneous 
medium if a suitable antenna model (with known 
incident field Einc) is available. An estimated 
dielectric distribution can be modified iteratively 
in such a manner that it will finally accurately 
describe all measurements in the framework of a 
given model. The precision of the reconstruction 
process increases with the number of antennas 
(projections). Furthermore, HAACKE et al. (1991) 
have outlined a method to extract electrical 
parameters from magnetic resonance imaging 
which might be suitable as starting dielectric 
distribution. 

On the basis of a reconstructed dielectric distri
bution, the SAR distribution can be determined 
by means of an FE algorithm from a complete 
boundary condition that has been measured (Fig. 
11.15, lower part). Here, there are close links 
between the patient-specific planning, patient 
model utilized, reconstruction method, and 
measuring procedure. Some aspects of this pro
blem are discussed in BOLOMEY and HAWLEY 
(1990; there called "generalized imaging") and 
WANG and TAKAGI (1991). 
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Fig. 11.15. A proposed concept for noninvasive control 
of hyperthermia using an electro-optical E field sensor 
(Fig. 11.10) . Realization of this concept demands highly 
advanced numerical methods as well as measuring techno
logy: Firstly, the dielectric distribution of the cross·section 
is only crudely known and must be better determined . If 
incident fields of antennas are known, for every single 
antenna and assumed dielectric distribution the E field on 
a closed curve can be calculated (using a numerical method 
with open boundaries such as the VSIE method) and 
compared with measured curves (using the electro·optical 
E field sensor). By an iterative numerical procedure the 
starting dielectric distribution is improved stepwise (WANG 
and TAKAGI 1991). Secondly, for every setup the SAR 
distribution can be achieved from a measured closed 
curve/surface if the interior dielectric distribution is known. 
The FE method or FDTD methods can be used for this 
task 

11.4.4 Improving the Application 
in Radiofrequency Hyperthermia 

The contour model in conjunction with the FDTD 
or VSIE method suggests that the SAR distribution 
and in consequence efficiency as well as tolerance 
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can be significantly improved by suitably modi
fying the polarization directions of the radiators 
in relation to the electrical boundaries. Such an 
approach is illustrated in Fig. 11.16. The number 
of degrees of freedom has been expanded (polari
zation direction, number of antennas) in com
parison to the fixed antenna configuration, e.g., 
of the SIGMA applicator (see Fig. 11.3). The 
further development of the optimization problem 
has two main goals with respect to such a complex 
antenna system: (a) circumventing shielding 
effects and the hot spots associated with them 
by adapting the radiation directions, and (b) 
minimizing clinically relevant local toxicity in 
the total therapy volume. The latter case can 
also consist in avoiding applicator edge effects. 
The goal of minimizing hot spots is to permit an 
increase in total power. At present total power is 
known to be almost the only control parameter 
for the SAR in the tumor (Sect. 11.3). 

It has already been demonstrated in model 
calculations that increasing the number of degrees 
of freedom can improve effectiveness. Table 

if 
[>-

~antennas 

background medium 

Fig. 11.16. Schematic description of an applicator with 
improved three-dimensional radiation scheme for regional 
hyperthermia: there is optimized orientation and position 
of single antennas, with sensors between antennas and 
patient for noninvasive control, such as that discussed in 
conjunction with Figs. 11.10 and 11.15 
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Table 11.10. Improvement of index temperatures (OLESON 
et al. 1989; ISSELS et al. 1990) by different optimization 
strategies (see Table 11.9). For the current system SIGMA-
60 with eight antennas, SAR and temperature-oriented 
variables were used for optimization. 

Optimization 8 antennas 24 antennas 

7Cz ~Sync. ~ O2 ~0z 

Tso("C) 40.1 40.2 40.5 41.4 
Tzo("C) 41.9 42.0 42.3 43.0 
Power(W) 300 350 415 450 

Variables maximizing SAR in the tumor (7CZ) are less 
favourable and restrict the total power (early violation 
of temperature limits in normal tissues near the tumor 
because of stronger focusing). Even a synchronous pattern 
is superio~. However, only a slight improvement is achieved 
by maximizing temperature-oriented variables (0z) with 
current technology. For a fictious ring applicator with a 
larger number of 24 antennas, i.e., a three-fold segmenta
tion of every antenna of the SIGMA ring (Fig. 11.4), 
considerable improvement is obtained: Tso is increased 
nearly 1°C if O2 is used as the optimization variable 

11.10 illustrates such an example in which the 
number of antennas of the SIGMA applicator was 
increased from eight to 24. The SAR distributions 
for a three-dimensional VSIE patient model 
(contour model, tetrahedron grid) attained with 
the original SIGMA-60 applicator have already 
been shown in Fig. 11.11. In the continuation of 
this test case, Table 11.10 shows how a clear 
improvement in the temperature/volume his
togram can be induced by introducing 24 in
dependently controlled antennas. The index 
temperatures are significantly improved accord
ingly on the order of l°e. The improvement 
is partially based on hot spot reduction that 
circumvents power-limiting conditions and per
mits further increase in total power. Allowing 
for all degrees of freedom in patient-specific 
simulation calculations is an extremely challenging 
task on which work !s now progressing. Again, 
note that such optimization strategies depend on 
the "right" patient model. 

The applicator design also influences other 
important characteristics such as positioning of, 
the patient and. antenna coupling. For instance in 
clinical use of the TEM applicator positioning of 
the patient in water was seen to reduce positioning 
problems significantly. Particularly with the TEM 
applicator no reductions in therapy time due to 
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positioning problems were observed (see Table 
11.8). In contrast, the bolus with the SIGMA 
applicator not only produces clinically relevant 
constriction of the patient, but also gives rise 
to specific side-effects at the applicator edge 
which may be eliminated by improved coupling 
conditions (such as changing the bolus form). 

Finally, it was demonstrated in the previous 
section that the coupling between the antennas 
and the electrical environment can be diminished 
by a reduction in the Q value of the applicator. 
This can be achieved by introducing liquid with 
minimal conductivity (tap water) into the bolus or 
by employing absorbing walls. Manipulations of 
this sort will necessarily result in an increase in 
the power required. 

Another important degree of freedom for 
optimizing radiofrequency hyperthermia is the 
treatment volume. Varying this parameter requires 
additional applicator options (applicator size, 
antenna size, and frequency). Local and systemic 
toxicity behave oppositely with respect to the size 
of the treatment volume (see Table 11.8). A 
systematic analysis will be required to determine 
the extent to which local effects and thermal 
gradients can be lessened by an increase in the 
treatment volume. Presumably an "optimum" 
treatment volume can be determined for a specific 
tumor case (Le., cross-section size, localization, 
perfusion assumptions, and clinical prerequisites). 

The underlying thermodynamic problem (Fig. 
11.17) is further complicated by the interaction of 
the organism with the environment. The applied 
power and thermal interaction affect the systemic 
temperature, which significantly influences the 
attainable absolute intratumoral temperatures 
and thermal gradients. Precise influencing of 
the thermal interaction and thus an increase in 
systemic temperature can be achieved via thermal 
insulation and ambient temperature (particularly 
in the coupling medium). This dictates further 
requirements with respect to applicator develop
ment. It is possible that increasing the systemic 
temperature is the missing link required in in
creasing efficiency in regional hyperthermia. The 
physiological and regulatory mechanisms that 
come into action in such a state of "partial body 
hyperthermia" are still largely unexplained. The 
potential for improvement in regional radio
frequency hyperthermia can be seen as sufficiently 
great to warrant working towards further techno
logical development of existing systems. 
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Fig. 11.17. Regional hyperthermia is part of a general 
thermodynamic problem. The intratumoral temperature 
distribution depends on many variables such as power 
deposition patterns, perfusion, regulation of perfusion, 
systemic temperature, and thermal regulation of the whole 
organism. Obviously, a trade-off exists between teatment 
volume and systemic load. The final systemic temperature 

11.5 Summary 

• Radiofrequency systems based on phased array 
applicators (frequency range 50-100 MHz) are 
most suitable for regional hyperthermia of 
pelvic and abdominal regions. 

• Available systems today are poor at controlling 
relative SAR distributions; SAR is predomin
antly increased by increasing total power. 

• In clinical practice, enhancement of total 
power often is limited by SAR maxima at 
electrical tissue boundaries such as muscle-bone 
or muscle-fat, so-called hot spots. Systemic 
stress and local discomfort in present systems 
are inversely correlated. 

• The antenna network of phased array appli
cators is most effectively calibrated and con
trolled by visualizing phantoms (LEDs or 
lamps). 

• Sophisticated treatment planning systems are 
required for further system evaluation and 
technological development including numerical 
tools for patient-specific calculation of SAR, 
temperature and optimization tools. Correct 
calculations are a prerequisite for realistic 
patient models. 

• The VSIE (volume surface integral equation) 
method based on a contour model is currently 
the most accurate method for calculating 

Ts is a result of total power (depending on the treatment 
volume, see Table 11.8) and thermal interaction with the 
environment. By specific manipulations, e.g ., thermal 
isolation, systemic temperature can be influenced. Systemic 
temperature might become an additional degree of freedom 
for regional hyperthermia 

power deposition patterns in three-dimensional 
heterogenous media. 

• Thermal optimization variables are required 
for reasonable optimization routines. 

• Phase control in the direction of the patient 
axis by increasing the antenna and channel 
number permits better SAR control and reduc
tion of hot spots. 

• Treatment volume and systemic body tempera
ture are important variables to be considered 
in advanced hyperthermia systems. 

• Improved applicators are required that take 
more variables into account (antennas, chan
nels, treatment volume, systemic temperature) 
and provide better positioning options for 
the patient. 

• Development and exploitation of phase-sensi
tive E-field measurement techniques together 
with advanced planning tools might be used 
in the future to control and optimize power 
deposition patterns in patients. 
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12.1 Introduction 

Ultrasound has several characteristics which 
make it well suited for the induction of thermal 
therapy. These include the feasibility of con
structing applicators of virtually any shape and 
size, and the good penetration of ultrasound at 
frequencies where the wavelengths are on the 
order of millimeters. The small wavelengths allow 
the beams to be focused and controlled. The 
major disadvantages of ultrasound are high 
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absorption in bone and reflection from gas inter
faces, which make treatments difficult to execute. 
These competing features require that ultrasound 
therapy systems be fairly complex in order to 
execute a treatment optimally. Only a few clinical 
systems have attempted to utilize the flexibility of 
ultrasound and thus, it has not yet been widely 
tested. Moreover, there are no clinical systems 
which are fully optimized for treatment of a given 
tumor. 

12.2 Basic Physics of Ultrasound 

Ultrasound is a form of vibrational energy (more 
than 180()() cycles/s) that is propagated as a 
mechanical wave by the motion of particles within 
the medium. The wave causes compressions and 
rarefactions of the medium, thus propagating a 
pressure wave along with the mechanical move
ment of the particles. The characteristics of the 
wave are a function of both the original dis
turbance generating the motion and the acoustic 
properties of the medium through which it travels. 
The propagating wave can be either longitudinal 
or transverse (shear wave), depending on whether 
the particles vibrate along or across the direction 
of the propagation. During an ultrasound hyper
thermia treatment the waves are primarily longi
tudinal, with shear waves being generated only 
under special circumstance such as soft tissue
bone interfaces. Only the basic principles of lon
gitudinal waves will be reviewed here; further 
theoretical details may be found elsewhere (see, 
for example, HUETER and BOLT 1995; WELLS 1969, 
1977). 

12.2.1 Particle Motion 

In order to understand ultrasound propagation, 
consider a particle in a simple harmonic motion 
oscillating around its rest position (Fig. 12.1). For 
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b +-t ........................ ". 

Fig. 12.1a-d. Ultrasound propagation in a medium. a 
Particles in their rest positions. b-d The particle positions 
(b), displacements (c), and pressure (d) at one time point 
during wave propagation 

such a motion, the particle displacement (0 re
lative to the origin of the coordinate system is 
given as a function of time by the relation: 

C = Casin(wt + cfJ), (12.1) 

where w is the angular frequency, the quantity of 
wt + cfJ is called the phase, and thus cfJ is the initial 
phase at t = O. The displacement varies between 
+Ca and -Ca. The maximum displacement, Ca, is 
called the amplitude of the harmonic motion. The 
particle displacement repeats itself with certain 
time intervals as characterized by the sine func
tion. This time interval is called the period of 
motion (r). The frequency of the oscillations (f) 
is equal to the number of complete cycles per unit 
time: 

f = 1Ir. (12.2) 

Each particle in the medium will oscillate around 
its rest position with the frequency of the pro
pagating wave. The wavelength (A.) is defined as 
the minimum distance between particles that are 
in the same phase of motion. The wavelength can 
be calculated from the propagation speed of the 
wave ( c) in the medium and either the period (r) 
or the frequency (I) of the wave: 

A. = cr = clf. (12.3) 

The speed of ultrasound is not frequency de
pendent and has an average magnitude of 
1550 m s -1 in most soft tissues. The speed in fatty 
tissues is less than in other soft tissues, being 
about 1480m S-1, while in the lungs, the air spaces 
reduce the speed to about 600ms-1• The highest 
values have been measured in bone, between 
1800 and 3700m S-l. Thus, the wavelength in soft 
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tissues is about 1.5 mm at the frequency of 1 MHz, 
and about 0.5 mm at 3 MHz. 

12.2.2 Acoustic Impedance 

An important consideration during sonication of 
tissues is the reflection of ultrasound beams from 
the interface of two media with different acoustic 
impedances. The acoustic impedance of the 
medium (Z) is defined as the ratio of the sound 
pressure P = pcv to the particle velocity v at any 
point in the field. Thus, Z = pc, where p is the 
density. 

When an ultrasound beam meets the interface 
of two media it may be partly reflected and partly 
transmitted (Fig. 12.2). The incident angle (Oi) 
and the angle of reflection (Or) are always equal. 
The transmission angle (Ot) can be determined 
from Snell's law as follows: 

(12.4) 

where C1 and C2 are the speed of sound in medium 1 
and 2, respectively. The ratio between the reflected 
(Pr) and the incident acoustic pressure (Pi) of the 
wave depend on the incidence angle and the 
acoustic impedance of each medium. For plane 
waves it is defined as: 

Pr/Pi = (Z2 cos 0i - Z1 cos Ot)/ 
Z2 cos 0i + Z1 cos Ot). (12.5) 

This relation applies when the wavelength of the 
plane wave is smaller than the dimensions of the 
reflecting object. When the wavelength is com
parable to or greater than the dimensions of the 
object, the wave is scattered in all directions. The 

Incident wave Reflected wave 

Transmitted wave 

Fig. 12.2. Ultrasound reflection at a flat interface of two 
media 
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total scattered acoustic power depends on the 
size, shape, and acoustic properties of the object. 

Generally, most of the soft tissues have an 
impedance roughly equal to that of water, having 
a density around 1000kgm-3 and an acoustic 
impedance of 1.6 x 106 kgm-2 s- 1• Fat has 
a slightly lower impedance value of 1.35 x 
106 kgm-2 s-1 due to its lower density and lower 
speed of sound. This means that the ultrasound 
beam does not suffer large reflection losses while 
penetrating from one soft tissue to another (FAN 
and HYNYNEN 1992). Bone and lung tissues have 
impedances that are significantly higher and 
lower, respectively. About 33%-39% of the 
energy is reflected at soft tissue - bone interfaces 
at an incident angle of 0°. At a tissue - gas 
interface, all the energy is reflected back into the 
tissue. 

12.2.3 Wave Propagation in Tissue 

In tissue, ultrasound energy is attenuated ac
cording to an exponential law . The rate of energy 
flow through a unit area normal to the direction of 
the wave propagation is called the acoustic in
tensity (1). For a plane wave, assuming that there 
is no wave distortion, the intensity I(x) at the 
depth x is described by: 

I(x) = 1(0)e-2JLX , (12.6) 

where 1(0) is the intensity at the surface and JL is 
the amplitude attenuation coefficient per unit 
path length (Npm-1 or m- 1) (Fig. 12.3). Ultra
sonic attenuation in tissues is the sum of the losses 
due to absorption and scattering. In the scattering 
process, the elastic discontinuities within the tissue 
absorb the energy and then re-emit it away from 
its original direction of propagation. 

In an idealistic, purely elastic medium, the 
energy in an ultrasonic field is in either kinetic or 
potential form, and the pressure wave is in phase 
with the particle velocity. In a real medium there 
are also viscous forces between the moving par
ticles which cause a lag between the particle 
pressure and velocity (or change in density). 
Therefore, an energy loss during each cycle will 
result. The absorption in a viscoelastic medium 
should depend on the square of the frequency 
(f). This is true in many liquids but not in tissues, 
where the absorption has been shown to increase 
almost linearly as a function of frequency: 
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Fig. 12.3. The simulated ultrasound intensity from a 
planewave source as a function of depth and frequency in 
soft tissues. The attenuation value used in the calculations 
was 5Npm-1MHz- 1 

(12.7) 

where ao is the absorption coefficient at 1 MHz 
and f is the frequency in MHz. ao and mare 
dependent on the tissue type and m has been 
found experimentally to be between 1 and 1.2 for 
soft tissue(Goss et al. 1979). The absorption and 
attenuation values measured for different tissues 
are summarized in Table 12.1. The measured 
absorption coefficient values are significantly 
larger (3-lOm-1 at 1 MHz) than those estimated 
based on the classic absorption theory (around 
0.1 m- 1 at 1 MHz). Thus, there must also be other 
absorption mechanisms in tissues in addition to 
the viscous one. During the compressive part of 
the cycle, energy is stored in the medium in a 
number of forms, such as lattice vibrational 
energy, molecular vibrational energy, and trans
lational energy. During the expansion part of 
the cycle, this stored energy is returned to the 
wave and the medium temperature returns to the 
original level. However, in tissue the increased 
kinetic energy of the molecules is not in balance 
with the environment, and the system tries to 
redistribute the energy. The transfer of energy 
takes time and thus, during the decompression 
cycle, energy will return out of phase to the wave 
and absorption results. In addition, a portion of 
the stored energy remains in various forms within 
the medium. This mechanism of energy absorption 
is called relaxation. The ultrasonic absorption 
mechanism in tissues has been reviewed in detail 
by DUNN (1976) and WELLS (1977). 
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Table 12.1. Acoustic properties of mammalian tissues at a temperature of 37°C 
and frequency of 1 MHz (data from Goss et al. 1978, 1979, 1980; CHIVERS and 
PARRY 1978; LYONS and PARKER 1988; WELLS 1977) 

Tissue Absorption Attenuation Density Speed 
(Npm-l) (Npm-l) (kgm-3) (m S-l) 

Bone 150-350 1380-1810 1500-3700 
Brain 1.2-6.4 4-29 1030 1516-1575 
Fat 5-9 921 1400-1490 
Kidney 3.3 3-10 1040 1564-1640 
Liver 2.3-3.2 3.2-18 1060 1540-1640 
Lung 7 430-480 400 470-658 
Muscle 2-11 4.4-15 1070-1270 1508-1630 
Tendon 14 30-70 1200 

In experimental studies, the attenuation 
coefficient has been found to follow the frequency 
in a similar manner to that of the absorption. 
However, the attenuation values have been found 
to be larger than those of absorption. Scatter 
accounts for part of this difference, but some of it 
has been explained as due to attenuation mea
surement errors (CARSTENSEN et al. 1981; LYONS 
and PARKER 1988). 

12.2.4 Tissue Temperature Elevation 
Induced by Ultrasound 

For any continuous, single-frequency ultrasound 
field, when the effects of interfaces and shear 
viscosity are small, the temporal average absorbed 
power density (q) depends on the square of the 
acoustic pressure amplitude Pa as follows: 

(12.8) 

where Po is the density of the medium without 
the sound field (NYBORG 1981). In a plane wave 
situation, this can be expressed as: 

(q)= 2al. (12.9) 

where a is the amplitude absorption coefficient. 
Thus, the amount of absorbed energy is deter
mined by the pressure amplitude (or intensity) of 
the incident ultrasound beam, the ultrasound 
absorption coefficient of the tissue, and the heat 
transfer mechanisms of the tissue. 

The situation is quite different at soft tissue -
bone interfaces, where about 33%-39% of the 
incident energy is reflected back at normal in
cidence. In addition, the amplitude attenuation 
coefficient of ultrasound is about 10-20 times 
higher in bone than in soft tissues. This causes the 
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transmitted beam to be absorbed rapidly, creating 
a significant temperature increase. There are 
several studies showing preferential heating of the 
bone surface during sonication with a nonfocused 
physiotherapy transducer operating at 1 MHz 
(NELSON et al. 1950; LEHMANN et al. 1966, 1967). 
Similar hot spots also appear during scanned 
focused ultrasound hyperthermia when weakly 
focused, low-frequency beams are used to heat 
tissues in front of bones (HYNYNEN and DEYOUNG 
1988) (Fig. 12.4). This can be avoided, or at least 
reduced to an acceptable level, if the intensities at 
the bone surface are only between 10% and 50% 
of the value at the back of the target volume. 
(This depends on the tumor perfusion rate, the 
intesity at the bone surface should be lower in 
well-perfused tumors.) Reduced intensity at the 
bone surfaces can be achieved in many cases with 
multiple focused beams, high frequencies, or more 
sharply focused transducers. Since the hot spot is 
mainly caused by -absorption in the bone, it can 
also be decreased by reducing the amount of 
energy transmitted into the bone through the 
interface. This can be done effectively by in
creasing the incident angle (DAVIS and LELE 1987). 

Soft tissue-gas interfaces create a similar pro
blem by reflecting all of the incident energy. This 
means that the absorbed power will be doubled 
close to the interface, and, therefore, the average 
power density of the beam has to be smaller than 
one-half of the value at the treatment volume 
(again, this depends on the perfusion of the tumor 
and the tissues close to the interface) (HYNYNEN 
1990). At lower frequencies the beams can pro
pagate long distances in tissues; therefore, gas 
interfaces can reflect the beams into unexpected 
locations, which sometimes results in patient 
discomfort. 
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Fig. 12.4. The normalized temperature distribution along 
the axial plane of a lO-mm-diameter scan during 1 MHz (a) 
and 3.6 MHz (b) ultrasound in dog's thigh muscle and 
bone in vivo. The strong ultrasound absorption in the bone 

12.3 The Ultrasonic Field 

An ideal point source of ultrasonic energy emits 
radiation equally in all directions, resulting in a 
spherical wave front. The ultrasonic field from a 
real source can be analyzed with Huygen's prin
ciple by modeling it as a large number of point 
sources situated very close together, and then 
analyzing the resultant wave front (ZEMANEK 

1971). The finite size of transducers causes various 
boundary phenomena (reflection, refraction, and 
diffraction), which, when combined with the 
inhomogeneities of the transducer material, cause 
a deviation of a real acoustic field from a theoret
icalone. 

12.3.1 Unfocused Ultrasonic Fields 

The ultrasound field emitted by a circular piston 
transducer (diameter d, radius a) depends on the 
ratio between the diameter of the piston and the 
wavelength. The beam becomes more and more 
directed when the diameter increases with respect 
to the wavelength (Fig. 12.5). Transducers that 
have d > > A have two zones in the ultrasound 
fields that they emit. In general the region be
tween the transducer and the last axial maximum 
(the near field or Fresnel zone) has pressure 
maxima and minima rings symmetric around the 

caused a hot spot at the muscle-bone interface when the 
1 MHz frequency was used. (From HYNYNEN and DEYOUNG 
1988) 

c d 
.£. : 4 
A 

Fig. 12.Sa-d. The ultrasound field emitted by a circular 
piston vibrating at different frequencies a Diagram of the 
piston; b-d the field patterns 

central axis, causing the distribution of acoustic 
energy to be nonuniform. The number of maxima 
and minima across the beam depends upon the 
values of x, the distance from the transducer 
surface, and a/A. Generally, the frequency of the 
peaks increases with decreasing x and increasing 
values of a/A. As one can see from Fig. 12.6, the 
number of pressure maxima across the beam in
creases from one at the last axial maximum, to 
two at the last axial minimum and three at the 
second to last axial maximum, etc. The beam 
also narrows towards the last axial maximum, 
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Fig. 12.6. The ultrasound field distribution from a flat Reflector Electrical 
circular transducer with d » A.. Top: the beam out- Focusing 
line; middle: the cross-sectional (pressure amplitude)2 
distributions; bottom: the axial (pressure amplitude? Fig. 12.7. Ultrasonic focusing systems 
distribution 

being about one-quarter of the diameter of the 
transducer (-3 dB beam diameter) at the last 
axial maximum. The last axial maximum occurs at 
the distance defined by: 

Xmax = (4a2 - A?)/4A 
= a2/A (when a » A). 

The ultrasonic field beyond the last axial maximum 
(the far field or Fraunhofer zone) is diverging, 
and the intensity follows the inverse square law, 
lex) - 1/x2 , at large distances. The intensity dis
tribution across the beam in the far field can be 
approximated by a Gaussian distribution with 
roughly 84% of the energy in the main lobe. The 
rest of the energy is distributed through side 
lobes. Most of the plane wave ultrasound hyper
thermia aplicators are between 3 and 10 cm in 
diameter and operate between 0.5 and 5 MHz. 
Thus, the heated region is in the near field. At 
these frequencies, especially above 1 MHz, the 
pressure maxima and minima are so close to each 
other that the thermal conduction smooths the 
temperature distribution. If the ultrasonic disc is 
properly mounted and functioning correctly, 
the average energy distribution should be fairly 
uniform and cover almost the whole surface area 
of the applicator. It is also well known that the 
energy deposition pattern can be smoothed by 
slightly varying the driving frequency around the 
resonant frequency (MUNRO et al. 1982). 

12.3.2 Focused Ultrasonic Fields 

The shape of an ultrasound beam emitted by a 
traasducer can be modified by focusing. In a 
fashion similar to those used in optics, the ultra
sonic beams can be focused by using self-focusing 
radiators, lenses or reflectors. Focusing can also 
be achieved by using transducer arrays that are 
driven with signals having the proper phase dif
ference to obtain a common focal point (electrical 
focusing) (Fig. 12.7). The wavelength imposes 
the limitation on the size of the focal region and 
the sharpness of the focus is determined by the 
ratio between the aperture of the array to the 
wavelength. 

12.3.2.1 Spherically Curved Transducers 

The theory of spherically curved transducers 
vibrating with uniform normal surface velocity 
was developed by O'NEIL (1949). The theory 
shows that it is only possible to focus energy in the 
near field of an equivalent plane transducer, due 
to the finite size of the wavelength. The focused 
acoustic field is very complex between the acoustic 
focus and the transducer, resembling the near 
field of a plane wave transducer (Figs. 12.8, 12.9). 
Beyond the focus, the field behaves in a similar 
fashion to that of the far field of a plane transducer, 
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Fig. 12.8. The simulated axial intensity distribution in 
tissue from a focused transducer (diameter = 60 mm, 
frequency t MHz) for various values of radius of curvature 

except that the divergence of the beam beyond 
the focus is dominated by the geometrical diver
gence angle of the transducer. The shape of the 
focus is long and narrow. These dimensions are 
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dependent on the focusing properties of the 
transducer, i.e., its diameter, radius of curvature, 
and frequency. For spherically curved radiator an 
approximate half-intensity beam width (dt ) at the 
focus is obtained from : 

where R in the radius of curvature and 2a is the 
diameter of transducer. The axial length of the 
focus (dx ) is 

dx = 7.17(:ar 
(Hunt 1987). By increasing the radius of curva
ture, the maximum intensity can be pushed deeper 
into the tissue, but the focal region becomes 
longer and the peak intensity smaller. This is due 
to the reduced focusing effect of the transducer 
and the attenuation within the tissue, respectively. 
It is possible to induce an intensity maximum at 
any practical depth in soft tissues with a suitable 
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Fig. 12.9. The simulated ultrasound field distribution in tissue in the axial plane of different focused transducers. The 
frequency and the F-number (= diameter/radius of curvature) are given in the graph 
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choice of the transducer parameters, as long as 
the beam entry is not restricted by gas or bone. 

12.3.2.2 Ultrasonic Lenses 

Similar to those used in optics, acoustic lenses are 
made of materials in which the speed of sound 
(cd is different from that in the coupling medium 
(cm ) , causing the ultrasound beam to focus. Lenses 
made of solids, e.g., plastics, metals, or liquids, 
where the speed of sound is higher (solids) or 
lower (liquid) than in water, have been used. The 
ideal shape of a lens is planoconcave (Fig. 12.7), 
with CL > Cm , where the generating curve of the 
concave surface is elliptic. The advantage of lenses 
over spherically curved transducers is that a 
desired ultrasonic field can be produced from a 
single transducer by choosing the appropriate 
lens. 

It is also possible to form a line focus or mul
tiple foci by using special lenses (LALONDE et al. 
1990). 

12.3.2.3 Reflectors 

The absorption losses in lenses can be avoided by 
using acoustic reflectors made of material with 
either a much higher or much lower acoustic 
impedance than the propagating medium. Re
flectors have rarely been used for hyperthermia 
purposes. However, they may offer some advant
ages such as minimal attenuation of x-rays for 
applicators used with simultaneous radiation 
therapy (MONTES and HYNYNEN 1992). 

12.3.2.4 Electrical Focusing 

Ultrasonic beams can be focused by using one- or 
two-dimensional arrays of transducers, with each 
element driven by a signal of specified phase so 
that the hemispherical waves emitted by each 
element (small enough compared with wavelength 
in order to act as a point source) are in phase at 
the desired focal point. This principle is illustrated 
in Fig. 12.10, where a one-dimensional array is 
shown. 

The phased array construction is limited by the 
center-to-center spacing of the elements. This 
sets limits on the maximum size of the elements. 
Similar to the microwave phased arrays, the 
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maximal spacing between the centers of neigh
boring elements is one-half of a wavelength in 
order to avoid grating lobes (STEINBERG 1976) 
(Fig. 12.11). If focusing only along the central 
axis is desired, then element spacing up to one 
wavelength can be used. However, there are ways 
to make the element size larger (up to two wave
lengths) by utilizing curved arrays (EBBINI and 
CAIN 1991a,b; EBBINI et al. 1988). This means 
that element sizes around 1.5-6mm are required 
for an operating frequency of 0.5 MHz. 

Perhaps the biggest advantage of phased arrays 
over any other transducer is that the ultrasound 
field distribution can be controlled as desired. 
One can move the focal spot to a desired spot or 
scan it around. Multiple simultaneous foci can be 
created or one focus can be made larger. The field 
can also be reduced in desired locations by setting 
up destructive interference patterns. Therefore, 
one has a lot of freedom to generate desirable 
ultrasound fields with a two-dimensional array. In 
practice, the desired field distribution can be 
described in selected locations (control points) in 
the field and the optimal phase and amplitude 
distribution of the driving signal can be calculated 
by using pseudoinverse techniques as proposed by 
EBBINI and CAIN (1989). 

12.4 Ultrasound Transducers 

12.4.1 Structure of an Ultrasound Hyperthermia 
Transducer 

Figure 12.12 shows the general structure of a 
high-power ultrasound transducer. The thickness 
of the plate of piezoelectric material determines 
the operating frequency. Both surfaces of the 
transducer are covered by thin metal electrodes. 
The transducer plate is mounted on the holder in 
such a way that it has maximum freedom to move. 
On the front surface there can be a one-quarter 
wavelength matching layer that reduces the 
acoustic mismatch between the transducer and 
the coupling media. However, it is optional and 
adequate power outputs can be obtained without 
it. An air space behind the plate provides a low 
impedance backing. This space can also house the 
electrical matching circuit. Maximum electrical 
efficiency of the transducer can be obtained when 
the transducer is matched to the electrical 
impedance of the driving amplifier and the ele-
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Fig. 12.10. A diagram of a one-dimensional phased array 
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Fig. 12.11. The measured ultrasound field distribution 
from a one-dimensional, 16-element phased array at 
the frequency of 0.5 MHz, with the beam focused 15 mm 
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off the central axis. The center-to-center spacing of the 
elements was 2.5 mm (right) and 1.8 mm (left) . (From 
BUCHANAN and HYNYNEN 1994) 
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Fig. 12.12. Diagram of an ultrasound therapy transducer 

ctrical and mechanical resonances of the trans
ducer are tuned together. 

12.4.2 Piezoelectric Materials 

Certain materials which lack a center of symmetry 
in their lattice structure, have the property that 
the application of pressure causes an electrical 
voltage to appear across the crystal. The voltage 
is proportional to the applied pressure within the 
elastic limits of the material. This phenomenon is 
called the piezoelectric effect. Similarly, the 
application of an electrical voltage across the 
crystal causes a mechanical deformation (inverse 
of the piezoelectric effect). When an electrical 
voltage is applied across the crystal the positively 
charged particles, or positive end of the dipole, 
tend to move towards the negative voltage and 
the negative particles towards the positive side. 
The crystal deforms until the elastic forces be
tween the particles counter balance the electrical 
forces. Reversing the voltage induces an opposite 
effect. Thus, by applying a changing voltage across 

SIGNAL RF RF 
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a piezoelectric crystal, electrical energy can be 
converted to mechanical thickness changes of the 
crystal. 

For hyperthermia, transducers capable of 
producing high-power, single-frequency, con
tinuous waves for extensive periods are needed. 
Lead zirconate titanate (or PZT) has been the 
most widely used. In addition to the piezoelectric 
material, the mechanical structure of the trans
ducer is very important for meeting these re
quirements. The maximum stress wave is obtained 
when the thickness of the plate d = ),,12 or an odd 
multiple of ),,12. The frequency which corresponds 
to the half wavelength thickness is called the 
fundamental resonant frequency of the transducer. 
If the transducer is driven at a frequency which 
is three times its fundamental frequency, it is 
operating at its third harmonic, and so on. 

12.5 Ultrasound Systems 
for Induction of Hyperthermia 

The following section is a summary of the hyper
thermia devices that utilize ultrasound as the 
method of heating. Only the systems' charac
teristics that are important for the understanding 
of their function will be given. The generation of 
the RF signals to be converted into mechanical 
inotion is in principle similar in all systems; there
fore, a typical system diagram is presented in Fig. 
12.13. The RF signal is generated by a signal 
generator or an oscillator and is amplified by an 
RF amplifier. The forward and reflected electrical 
power are measured after amplification in order 
to obtain the total acoustic power output. The 
signal enters the transducer through a matching 
and tuning network that couples the electrical 
impedance of the transducer to the output im-

MATCHING ULTRASOUI'l> DISPLAY ---I f--e POWER I---t I---t GENERATOR AMPLIFIER a TUNING TEMPERATURE METER TRANSDUCER 
POWER 

I ULTR%SOUND 

1 
I TEMPrATURE 

DATA 
t-- COMPUTER 

DIGITAL -- MULTI- 1= THERMO-
STORAGE VOLTMETER PLEXER COUPLES 

Fig. 12.13. Block diagram of an ultrasound hyperthermia system 
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pedance of the power amplifier. The power output 
is controlled by the amplitude and duty cycle of 
the RF voltage. 

12.5.1 Superficial Heating Systems 

12.5.1.1 Planar Transducer Systems 

The first clinical ultrasound systems utilized single 
circular and planar transducers, which were 
sonicating through a temperature-controlled 
water column to the patient (MARMOR et al. 1979; 
CORRY et al. 1982). A diagram of such a device is 
presented in Fig. 12.14. The main advantages 
of these applicators are: First, they are simple 
to construct and operate. Second, the energy 
penetration is good and applicators with different 
frequencies allow some control over the depth of 
the heated region (frequencies of 1 - 3 MHz are 
commonly used). Finally, the energy deposition 
pattern is well collimated and relatively uniform 
power output can be obtained over the whole 
transducer surface (provided that the applicator 
construction has been done properly) (MUNRO et 
al. 1981). The main disadvantage is that there 
is no control over the energy deposition as a 
function of lateral location and thus hot spots 
(such as are generated on bone surfaces or on scar 
tissue) often limit power output, resulting in 
subtherapeutic temperatures. More control over 
the power deposition patterns was obtained when 
the applicator was divided into concentric rings. 
Controlling the power to each ring individually 
has been demonstrated to result in a small im
provement in the temperature distributions 
(RYAN et al. 1991). 

In order to heat larger tumors and gain better 
control over the energy deposition, multielement 
applicators with independent power input to each 

Water 
circulating 
system 
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transducer element can be used. This allows 
a variable power output over the heated area 
to compensate somewhat for variations in the 
cooling by blood flow and thermal conduction, 
and to adapt to the geometry of the tumor. A 
16-square element (4 x 4) array described by 
UNDERWOOD et al. (1987) has been tested clinically 
and is now commercially available. The individual 
element size is 36 mm x 36 mm and they operate 
at either 1 or 3 MHz. Since the tumor is always 
within the near field of the transducer, the beam 
is well collimated and propagates to the volume in 
front of each element. This allows good control 
over the power deposition pattern. However, the 
disappointing clinical temperature distributions 
(SAMULSKI et al. 1990) indicate that more con
trol over the power field is needed. This can be 
achieved by using smaller elements, and allowing 
variable frequency control for each element. 

12.5.1.2 Mechanically Scanned Fields 

A mechanically scanned system can also be used 
for the treatment of superficial tumors with several 
theoretical advantages. First, the ultrasound 
power can be controlled as a function of the scan 
location with good spatial resolution. Second, 
since the energy deposition is scanned, the patient 
can identify locations which cause pain, allowing 
the system to reduce power in these locations. 
Third, the penetration depth as a function of 
location can be controlled by using multiple 
frequencies. Finally, the heated region can be 
tailored to cover the tumor and even large vol
umes can be treated. The major disadvantage is 
that such systems are expensive to build and that 
there are no systems that are commercially avai
lable. The initial clinical trials utilizing a scanned 
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Fig. 12.14. A planar ultrasound hyperthermia transducer system 
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Fig. 12.15. A summary of the temperatures measured 
during scanned ultrasound treatments of chest wall tumors. 
(From ANHALT et al. 1993) 

transducer system (Fig. 12.15) are encouraging 
(ANHALT et al. 1993). 

12.5.2 Deep Heating Systems 

There are several common requirements for all 
systems which are used for heating deep tumors. 
First, the effective beam diameter has to decrease 
to compensate for the attenuation losses in the 
tissue. In order to obtain a higher temperature 
in the tumor than in the the overlying tissues, 
more convergence and intensity gain is required. 
Second, the energy deposition pattern has to be 
controllable in order to reduce hot or cold spots. 
Finally, the patient-system interface has to be 
such that accurate localization of the tumor can 
be achieved. 

The theoretical geometrical gain to overcome 
the attenuation losses can be calculated easily, if 
the attenuation coefficient(s) is known. The 
surface window diameter required as a function of 
depth for various frequencies and target volume 
diameters is presented in Figs. 12.16 and 12.17, 
assuming representative attenuation values from 
Table 12.1. These graphs indicate the minimum 
surface window diameter required to obtain equal 
absorbed power density at the surface and at 
depth. It is clear that the required geometrical 
gain depends strongly on the operating frequency 
and also on the target volume diameter. The 
window size sets practical limitations on the size 
of tumors that can be heated at depth. The optimal 
frequency for deep heating is between 0.5 and 
1.5 MHz. In practice the highest possible fre
quency should be selected to minimize the hot 
spots at bone surfaces behind the tumor. 
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Fig. 12.16. The diameter ofthe ultrasonic window required 
for compensating the attenuation losses in soft tissues as a 
function of depth for various frequencies. The diameter of 
the target volume was 5 cm 
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Fig. 12.17. The diameter of the ultrasonic window required 
for compensating the attenuation losses in soft tissues as a 
function of depth for various target volume diameters. The 
frequency was 1 MHz 

12.5.2.1 Mechanical Focusing 

A mechanically focused ultrasound system can be 
used to overcome the effect of attenuation and to 
deliver more energy into deep tumors. This can 
be done by using multiple beams overlapping 
at depth, using spherically curved transducers 
or lenses. The first clinical system evaluated 
was constructed from six 350 kHz circular plane 
transducers (diameter 70 mm). Because the beams 
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could be aimed independently they could be 
adjusted to all overlap at one location or form a 
larger, more dispersed focus (FESSENDEN et al. 
1984). However, this system is not presently 
used in the clinic, due to the large number of 
treatments limited by pain (30% pain limited). 
The low frequency used (350kHz) penetrates 
deep into the tissues and propagates beyond 
the focal region. This can induce hot spots at 
bone or air interfaces beyond the target volume. 
Similar experimental systems, but with more 
mechanical control, have subsequently been 
designed to operate in the frequency range 
of 0.5-1.0MHz. These utilize either focused 
(HYNYNEN et al. 1983; SEPPI et al. 1985) or planar 
multiple stationary beams (Labthermics Techno
logies, Urbana, Ill., USA; SVENSSON et al. 1992). 
None of these systems have been fully tested in a 
clinical setting to evaluate their effectiveness. 

Another approach used to increase the size of 
the heated volume is to scan a focused transducer 
in such a manner that the focus travels throughout 
the whole tumor. This allows good control over 
the power deposition pattern, since the power can 
be controlled as a function of the location. Thus, 
the power output can be tailored for each tumor 
to give the desired temperature distribution, 
provided that temperatures are measured in an 
adequate number of locations. A significant 
advantage of this method over many of the current 
hyperthermia techniques is that because the 
scanning is usually executed under computer 
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control, the shape and size of the treated volume 
can be accurately controlled. Only three me
chanical scanning devices have been tested in 
clinical trials (Figs. 12.18, and 12.19) (LELE 1983; 
HYNYNEN et al. 1987, 1990; HARARI et al. 1991; 
GUTHKELCH et al. 1991; HAND et al. 1992), and 
there are no commercially available devices. 
These systems heated some tumors well and 
almost always at least part of the tumor reached 

Fig. 12.18. A diagram of the first scanned and focused 
ultrasound hyperthermia system. (From LELE 1983) 

Brain Rectal & Vaginal Abdominal & Pelvic 

us us 

Fig. 12.19. A clinical scanned focused ultrasound system combined with ultrasound imaging: a diagram of the sonication 
head; b diagram of different treatment positions. (From HYNYNEN et al. 1987) 
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therapeutic temperatures. However, they were 
not optimized and do not utilize the full potential 
of mechanically scanned systems. Some of the 
issues related to the scanned focused systems 
have been investigated and there are guidelines 
for scanning speed (HYNYNEN et al. 1986; MOROS 
et al. 1988) and pattern (MOROS et al. 1990; LIN et 
al. 1992). The potential benefits of using multiple 
entrance sites has also been demonstrated in a 
simulation study for the treatment of neck tumors 
(Tu et al. 1994). 

12.5.2.2 Electrical Focusing 

The required beam convergence can also be 
obtained by using phased array applicators. Some 
of these applicators have been extensively studied 
and hold significant promise. However, none 
have yet been clinically used. 

The first attempts to utilize electrical focusing 
in ultrasound hyperthermia were made by Do
HuuN and HARTEMANN (1982). They constructed 
a concentric ring transducer, where each ring was 
driven with a different signal. This approach 
offered an acoustic focus at a desired distance on 
the central axis. The focus was scanned along the 
axis but not in any other directions. According 
to the simulation study of CAIN and UMEMURA 
(1986) such an array is capable of generating a 
ring focus, but it also creates a secondary focus 
both in front and behind the focal plane on the 
central axis of the beam. An interesting approach 
that avoids the secol.ldary foci of the concentric 
ring device is to combine electrical focusing with a 
mechanically focused transducer (lens system 
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or spherically curved transducer) (CAIN and 
UMEMURA 1986). The principle of this system 
is shown on the far right of Fig. 12.20. For this 
device, a circular transducer is divided into sectors, 
each of which has an individual driving circuitry 
with a lens placed in front of the transducer to 
focus the beam. Then, the phase differences 
between the driving signals of the various trans
ducer elements can be set such that the pressure 
amplitude along the central axis is zero and the 
energy is focused into a ring at the focal plane. 

The most flexible, although expensive way of 
utilizing electrical focusing is to use a two-dimen
sional array of small transducers, each of which 
has a separate amplitude and phase control. In 
order to reduce the amount of required electronics, 
several methods have been developed. OCHELTREE 
et al. (1984) reported a stacked array approach 
and BENKESER et al. (1987) used tapered arrays 
(Fig. 12.20). Both techniques drive only a part of 
the array at one time and then cover the complete 
array in a sequence. This reduces geometric gain 
since the focusing is achieved only along the 
length of the array. Another method of reducing 
the number of transducer elements is to utilize 
both mechanical and electrical focusing. Simula
tions and experiments have shown that a cylindri
calor spherical section array of transducers could 
provide a flexible way of focusing and scanning 
the ultrasonic field electrically (EBBINI et al. 1988, 
1991). 

The full utilization of phased arrays requires 
several hundred transducer elements and driving 
lines. These hardware requirements can be met 
easily by using modern circuit board construction 
techniques and components. This makes electrical 
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ultrasound field control an attractive alternative 
to the mechanically focused systems (EBBINI and 
CAIN 1991a,b). 

12.5.3 Ultrasound Intracavitary Applicators 

The technical feasibility of constructing trans
ducers of almost any shape and size has made it 
possible to develop small intracavitary ultrasound 
applicators. The piezoelectric ceramic can be 
manufactured in the shape of a cylinder with 
electrodes on both inner and outer surfaces. 
When an RF voltage is applied on the electrodes, 
the cylinder wall thickness will expand and con
tract with the voltage. This generates a cylindrical 
ultrasound wave which propagates radially out
ward. The directivity of this wave will depend on 
the ratio between the cylinder length and the 
wavelength (Fig. 12.21). In order to obtain an 
ultrasound beam that is well collimated, the 

Fig. 12.21a-d. Simulated 
ultrasound field distributions 
along a single cylindrical 
element of various lengths. 
(From DIEDERICH and 
HYNYNEN 1990a) 

Fig. 12.22. Theoretical radial temperature 
distributions induced by a cylindrical intra
cavitary applicator as a function of the oper
ating frequency. (From DIEDERICH and 
HYNYNEN 1987) 
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cylinder length has to be on the order of ten 
wavelengths. Multiple cylinders can be joined 
together to form arrays. Each element in such an 
array can be driven independently at desired 
power output levels. This will allow the power 
deposition pattern to be modified in order to 
obtain the desired temperature distribution. 
Applicators as small as 1 mm in diameter have 
been constructed (HYNYNEN and DAVIS 1993). 
The coupling between the applicator and the 
cavity wall can be provided by an inflatable water 
bolus encased by a flexible, ultrasound-trans
parent membrane. The temperature of the cavity 
wall can be controlled by circulating the coupling 
water through a heat exchanger. The operating 
frequency and the bolus temperature allow some 
control over the heating depth (Fig. 12.22). 
Applicators with sectors of cylinders can also be 
constructed for applications where the tumor is 
only on one side of the cavity (Figs. 12.23, 12.24). 
Segmenting the cylinders or sectors, also in the 
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Fig. 12.23. A diagram of a four-element in
tracavitary applicator used in clinical prostate 
treatments. (From DIEDERICH and HYNYNEN 
1990a) 
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Fig. 12.24. A photograph of an eight-element intracavitary 
applicator used for prostate treatments 

angular direction offers more control over the 
heating pattern (DIEDERICH and HYNYNEN 1987, 
1989, 1990a). 

A complete intracavitary system has been 
constructed and is under clinical testing for the 
treatment of prostate (FOSMIRE et al. 1993), 
vaginal, and rectal tumors. These clinical appli
cators were later combined with a diagnostic 
ultrasound applicator to help in the aiming of the 
ultrasound fields. This was found useful in the 
treatment of the prostate tumors. 

It is also possible to utilize electrically focused 
ultrasound arrays in a cavity. The theoretical 
feasibility and the physical properties of such 
an array were investigated by DIEDERICH and 
HYNYNEN (1991). A 64-element array and driving 
hardware and software was constructed and tested 
in vitro and in vivo (BUCHANAN and HYNYNEN 
1994) (Fig. 12.25). The results demonstrated that 
practical intracavitary phased arrays are feasible 
(Fig. 12.26) and that they may significantly im
prove the depth of heating. 

12.5.4 Interstitial Ultrasound Hyperthermia 

A more precise way of delivering energy into a 
tumor is to implant small energy sources directly 
into the target volume. The placement can be 
done during surgery, or percutaneously. It has 

Fig. 12.25. A SOD-kHz, 64-element intracavitary ultrasound 
hyperthermia array. (From BUCHANAN and HYNYNEN 
1994) 
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Fig. 12.26. A measured ultrasound field with two focal 
points from the array in Fig. 12.25 

been proposed that interstitial ultrasound hyper
thermia could be induced either by delivering 
the energy from an external source into the tumor 
via an interstitial wave guide (JAROSZ 1990) or by 
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using small cylindrical ultrasound sources inter
stitially (Fig. 12.27) (HYNYNEN 1992; HYNYNEN 
and DAVIS 1993; DIEDERICH and HYNYNEN 1993) . 

In the first approach an ultrasound wave guide 
is utilized to transmit the energy from a planar 
ultrasound transducer outside of the tissue into 
the catheter. The formation of standing waves 
will generate a radially propagating wave at the 
bare tip section of the wave guide. 

In the second approach, small (outside diam
eter = 1 mm) cylindrical ultrasound sources were 
developed in a similar manner as the intracavitary 
applicators described earlier (Fig. 12.28). These 
applicators can be inserted directly into standard 
brachytherapy catheters which are filled with 
water . The water can be circulated and cooled to 
obtain better depth of penetration. Arrays of 
multiple elements can offer power control as a 
function of the length of the applicator. The 
temperature measurements obtained from in 
vitro perfused kidneys showed that therapeutic 
temperature elevations could be induced in per
fused tissues. The radial extent of the therapeutic 
zone could be increased by circulating water 
around the applicators, thus avoiding high tem
peratures on the applicator surface . It was also 
shown that some control over the temperature 
distribution along the length of the applicator 
could be achieved by using a two-element appli
cator. An array of four applicators implanted in a 
square pattern with the spacing of 25 mm between 
the catheters was able to heat the tissue volume 
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Fig. 12.28. The radial temperature distribution from a 
cylindrical interstitial ultrasound source at operating fre
quencies of 4, 6, 8, 10, and 20 MHz and for a hot source 
(conduction). (HYNYNEN 1992) 

inside of the implant (Fig. 12.29) (HYNYNEN and 
DAVIS 1993). Similar and even larger spacing 
appears feasible based on theoretical calculations 
(DIEDERICH and HYNYNEN 1993). 

Additional discussion of interstitial ultrasound 
technology appears elsewhere in this volume 
(Chap. 13, Sect. 13.5) . 

12.5.5 Intraoperative Systems 

The first ultrasound applicators used intraopera
tively were similar to the single-element superficial 
applicators described earlier (COLLACCHIO et al. 
1990). This system was later upgraded to use 
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Fig. 12.27. A diagram of the cylindrical interstitial ultra
'ound ource 1.0 mm 
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Fig. 12.29. A temperature distribution measured in vivo 
along the central axis of the implant in a spontaneous dog 
tumor 

multiple elements and computer feedback (RYAN 

et al. 1991; HARTOV et al. 1993). Another intrao
perative ultrasound hyperthermia system which 
could be used simultaneously with orthovoltage x
ray radiation was also developed (MONTES and 
HYNYNEN 1992). In this system the ultrasound 
transducers are mounted in the walls of a cylinder 
that is used to collimate the radiation beam. The 
transducers sonicate towards the center of the 
cylinder where a foam reflector is located. This 
reflector (transparent to the x-ray radiation) 
converts the ultrasound to propagate parallel with 
the radiation beam (Fig. 12.30). This system is 
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Fig. 12.31A,B. The measured temperature elevation in in 
vivo dog thigh muscle with perfusion and immediately 
after the animal was sacrificed. A A 4-s sonication and B a 
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Fig. 12.30. A diagram of an intraoperative ultrasound 
hyperthermia system that allows simultaneous radiation 
therapy treatment. (From MONTES and HYNYNEN 1992) 

now in the final experimental stages and should 
be tested clinically in the near future. 

12.5.6 High Temperature Hyperthermia 

A method of reducing the thermal exposure 
variations due to perfusion is to perform the 
treatment in such a short period that the perfusion 
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and large blood vessel effects can be neglected. 
The physical principle of this technique is that the 
mass of blood which is heated and removed from 
tissue (carries energy away) is small compared 
with the mass of the tissue if the energy input is 
short (a few seconds). The effect of perfusion 
becomes large during longer exposures associated 
with regular hyperthermia treatments (typically 
30-60min) because the mass of blood heated by 
the energy input increases whereas the mass of 
the solid tissue stays constant as time increases 
(Figs. 12.31, 12.32). For example in kidney, which 
has a high perfusion rate (1-3 ml/g/min), the 
mass of blood would be only 1.7%-5% of the 
total mass of the tissue during a 1-s exposure. This 
approach seems particularly reasonable because 
the tissue density, specific heat, and thermal 
conduction (the factors determining the tempera
ture elevation during energy input in addition to 
blood flow) are fairly well known for tissues and 
do not vary to the same extent as the blood 
perfusion rate. Similarly, good dose uniformity 
can be obtained close to large blood vessels, 
which is not possible with longer hyperthermia 
treatments (DORR and HYNYNEN 1992) (Fig. 
12.33). 

Relatively high temperatures and intensities 
(Fig. 12.34) are required during a few-second 
exposure to deliver a thermal dose equivalent to 
that given during the hyperthermia treatments 
at a lower temperature. The sensitivity of the 
temperature elevation to the perfusion increases 
with increasing focal spot size such that only 
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Fig. 12.32. The simulated normalized peak temperature 
(normalized to the nonperfused case) as a function of 
perfusion for pulse lengths ranging from 0.5 s to 100 s. The 
half-power beam width was 7.65 mm. (From BILLARD et al. 
1990) 
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(From DORR and HYNYNEN 1993) 

relatively small beam diameters (a few millimeters) 
can be used (BILLARD et al. 1990). Thus, multiple 
exposures have to be used to cover the whole 
target volume. If multiple sonications are repeated 
within a short time interval, undesirable tempera
ture elevations could result between the skin and 
the focal depth. To avoid tissue damage in the 
near field, the sonications should be separated by 
at least 30-s intervals (DAMIANOU and HYNYNEN 
1993). 

High temperature hyperthermia originated 
from the use of ultrasound for lesion production 
(e.g., FRY et al. 1955) and was subsequently 
proposed for hyperthermia treatments of brain 
tumors by BRITI et al. (1984). The theoretical 
analysis, experimental in vitro verification with 
perfused organs, and also in vivo studies were 
done by BILLARD et al. (1990). Theoretical eval
uation of some aspects of the therapy have also 
been performed by DAVIS and LELE (1989) and 
HUNT et al. (1991). The studies were expanded to 
investigate the effect of large blood vessels (DORR 
and HYNYNEN 1992). 
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12.5.7 Thermal Surgery Systems 

Focused high-power ultrasound beams are well 
suited for noninvasive local coagulation of deep 
target volumes. First, the energy can be focused 
precisely so that the boundaries of the necrotic 
volume are sharply demarcated without damage 
to the overlying or surrounding tissues. Second, 
the tissue necrosis is almost instantaneous without 
late effects. Finally, the focus can be made very 
small (diameter less than 1 mm) and multiple 
sonications can be used to tailor the tissue necrosis 
to cover the desired target volume. 

Since the early experiments of LYNN et al. 
(1942), ultrasound has been extensively tested for 
trackless surgery of the brain in both animals (FRY 
et al. 1955; BASAURI and LELE 1962) and humans 
(FRY 1965; HEIMBURGER 1985). In spite of the 
promising results, it has never been widely adopted 
for clinical use. During the past few years new 
experimental studies (FRIZZELL 1988; CHAPELON 
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et al. 1992; SANGHVI et al. 1992; YANG et al. 1992; 
TER HAAR et al. 1991) and clinical trials using 
ultrasound for noninvasive surgery of tumors 
(FOSTER et al. 1993; VALLENCIEN et al. 1992) have 
shown promise. A transrectal surgery applicator 
for prostate treatment and the external surgery 
applicator have been developed and commercial 
prototype devices are now undergoing clinical 
trials. Both of these systems utilize diagnostic 
ultrasound to guide the therapy. In addition, the 
coupling to the patient is roughly similar to the 
hyperthermia systems described earlier. A third 
ultrasound device utilizes MRI to guide and 
monitor the surgery. The main advantage of 
MRI is that it is also capable of monitoring the 
temperature elevation during the treatment. 
This allows targeting at low power levels and 
monitoring of the temperature elevation outside 
of the focal zone. The MRI contrast of many soft 
tissue tumors is excellent and allows precise 
aiming of the beam. Finally, it may even be 
possible to see the coagulation necrosis in the 
images after the sonication (Fig. 12.35) (HYNYNEN 
et al. 1992, 1993; DARKAZANLI et al. 1993; CLINE 
et al. 1993). 

12.6 Feedback Control 

It is generally known that the blood perfusion rate 
varies from tumor to tumor and also within a 
tumor (JAIN and WARD-HARDLEY 1984). This can 
cause variations in the induced temperature 

Fig. 12.35. A TI-weighted magnetic resonance image after 
sonication of a dog thigh muscle in vivo showing the 
necrosed tissue volume. (From HYNYNEN et al. 1993) 
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distribution even with a uniform power deposition 
pattern. Thus, exposing the tumor with constant 
power does not necessarily induce uniform tem
peratures. For example, subtherapeutic tempera
tures have been measured in most of the large, 
deep, tumors heated with scanned focused ultra
sound without computerized feedback (HYNYNEN 
et al. 1990). The first obvious way to improve the 
temperature distributions achieved by hyper
thermia treatments is to use the measured tem
peratures to control the power output as a function 
of location. Thus, tumor volumes where the 
measured temperatures are lower than the target 
temperature would receive more power while 
locations where the temperatures are too high 
would be allowed to cool by reducing the power 
level (DAS and LELE 1984; JOHNSON et al. 1990; 
LIN et al. 1992; HARTOV et al. 1983) (Fig. 12.36). 

During clinical treatments the number of 
temperature sensors is limited and thus power 
control is often inadequate. Therefore many 
treatments are limited by patient tolerance in 
tissue volumes where temperatures are not mea
sured. It has been proposed that patent pain can 
also be used to control (reduce) the local power to 
a level which can be tolerated. This kind of spatial 
power control using both the temperatures and 
patient pain has been implemented in the treat
ment of chest wall tumors (see ANHALT et al. 
1993), with good initial results. 

Another aspect of the spatial control is to 
be able to control the operating frequency as a 
function of location due to the variations of tumor 
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Fig. 12.36. The maximum and minimum temperature 
elevations in the target volume during an ultrasound 
hyperthermia experiment in dog's thigh muscle in vivo. 
Top: manual control of the total power; bottom: automatic 
multiregional feedback controller. (From JOHNSON et al. 
1990) 
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thickness. This is especially important in the chest 
wall, where bone is located behind the tumor. It is 
fairly difficult to construct ultrasound transducers 
that have a wide-frequency bandwidth. A simple 
way to achieve some control over the operating 
depth is to use separate transducers operating 
at different frequencies. Similar result can be 
achieved by switching the driving frequency of a 
given transducer between its fundamental and 
odd harmonic frequencies (HYNYNEN et al. 1990a; 
HYNYNEN 1992). By controlling the amplitude of 
each of the frequencies, the penetration depth 
and, thus, the temperature distribution as a func
tion of depth, can be controlled on-line during the 
scanning (Fig. 12.37). This frequency control 
can be combined with the temperature and pain 
feedback control algorithms to optimize the 
power delivery during the treatment. 

12.7 Aiming the Therapy 

Targeting of the therapy beam is mostly an un
solved problem in all of the clinical devices. On
line ultrasound imaging has been used to help to 
aim the therapy in some devices (Fig. 12.38). 
Ultrasound imaging has been found to be adequate 
in about 50% of the tumors treated (HYNYNEN 
et al. 1989). Imaging with CT in the treatment 
position prior to the therapy can be used to reduce 
uncertainties in the treatment geometry (HYNYNEN 
and LULU 1990). The effectiveness of the treat
ment is strongly dependent on the accuracy of the 
therapy delivery. Thus, accurate aiming of the 
beams should be an integral part of every clinical 
hyperthermia device. Unfortunately this is not yet 
the case. 
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Fig. 12.37. The normalized temperature distributions in 
dog thigh muscle in vivo obtained using a two-frequency 
system. (From HYNYNEN 1992) 
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Fig. 12.38. An ultrasound image of a superficial human 
tumor. Note the thermocouple probe passing through the 
tumor. The image was obtained with the system described 
by HYNYNEN et al. (1987) 

12.8 Future Developments 
in Ultrasound Hyperthermia 

So far, only some of the potential of ultrasound 
as a method to induce elevated temperatures in 
tissue has been utilized, and the systems developed 
have not been optimal. However, the possibilities 
have been demonstrated with laboratory systems. 
Clinical trials have been encouraging, showing 
that ultrasound beams can penetrate deep and 
that the power deposition pattern can be con
trolled. Good temperatures have been measured 
in many superficial and deep tumors. Now com
mercial devices suitable for routine clinical therapy 
need to be manufactured. 

12.9 Summary 

Based on the current theoretical, experimental 
and clinical experience the following conclusions 
can be made: 

• Ultrasound can be used to induce hyperthermia 
safely and effectively. 

• The ultrasound field propagation in soft tissues 
is predictable and controllable. The ultrasound 
field can be tailored to cover a desired tumor 
volume accurately. 
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• The ultrasound beams can be focused to deep 
target volumes. This allows selective heating of 
deep tumors and control over the heating fields. 

• Ultrasound applicators can be made in practic
ally any shape and size. Thus, special appli
cators for different sites can be made. The 
feasibility of manufacturing external, intra
cavitary, intraoperative and interstitial ultra
sound sources has been demonstrated. 

• The accurate control over the heating field 
allows complex control methods to be used 
to optimize the energy deposition during the 
treatment. 

• Ultrasound applicators can be combined with 
diagnostic ultrasound transducers or MRI 
scanners. This allows accurate energy delivery 
and potential for noninvasive temperature 
monitoring and control. 

• At the present time there are no commercial 
devices that fully utilize the potential of 
ultrasound in the induction of hyperthermia. 
Therefore , it is not possible to explore the 
clinical effectiveness of ultrasound induced 
hyperthermia. 
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13.1 Introduction 

Invasive interstitial heating techniques offer a 
number of advantages over external heating 
approaches for localizing heat into small tumors 
at depth. Over the past two decades, nine distinctly 
different interstitial heating modalities have 
emerged in response to changes in surgical implant 
techniques, clinical treatment protocols, and 
brachytherapy hardware. They consist of: (1) 

P.R. STAUFFER, MD, Department of Radiation Oncology, 
University of California, P.O. Box 0226, San Francisco, 
CA 94143, USA 
C.J. DIEDERICH, PhD, Department of Radiation Oncology, 
University of California, P.O. Box 0226, San Francisco, 
CA 94143, USA 
M.H. SEEGENSCHMIEDT, MD, Department of Radiation 
Oncology, University of Erlangen-Niirnberg, Univer
sitiitsstraBe 27, 91054 Erlangen, FRG 

implantable microwave (MW) antennas operating 
between 0.4 and 2.5 GHz, (2) resistively coupled 
RF electrodes driven at 0.3-3 MHz for local 
current field (LCF) heating, (3) capacitively 
coupled RF electrodes (CC-RF) driven at 
8-27 MHz, (4) internal LCF-type electrodes 
coupled inductively to external 6- to 13-MHz 
power sources via receiving loop antennas im
planted under the skin (IC-RF), (5) 5- to 12-MHz 
tubular ultrasound (US) radiators, (6) laser 
illuminated, fiberoptic coupled crystal diffusers 
(Laser), and three "Hot Source" techniques: (7) 
hot water tubes (HW) , (8) DC voltage driven 
resistance wires (RW) , and (9) inductively coupled, 
thermoregulating ferromagnetic implants 
(F erroseeds). 

In most cases, the development and optimiza
tion of these technologies specifically for hyper
thermia treatment of cancer have been extremely 
rapid. The average time separating the first report 
of clinical results from the initial publication of 
laboratory device development is just under 3 
years, as seen in Table 13.1. Along with the rapid 
development of physical devices, there has been a 
parallel evolution of clinical treatment protocols 
which has stimulated continuing modification of 
the techniques. Numerous technical challenges 
remain to implement and take full advantage 
of the theoretically predicted gains in heating 
uniformity from recent advances and to optimize 
the clinical combination of interstitial heat and 
brachytherapy. 

This chapter reviews the underlying principles 
of operation for each technique only briefly to 
complement the in depth coverage of interstitial 
heating modalities given in previous reviews 
(STROHBEHN and MECHLING 1986; STROHBELHN 
1987; STAUFFER 1990, 1991, 1992; HAND et al. 
1991; TREMBLY et al. 1991; HANDL-ZELLER 1992; 
SEEGENSCHMIEDT and SAUER 1993) and in the 
associated primary literature. A description of the 
design evolution of interstitial heating devices is 
presented as an aid to understanding the current 
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Table 13.1. Interstitial heating modalities: year of first publication 

Effort RF-LCF Microwave Ferroseeds Laser Hot water, Resistance CC-RF Ultrasound 
electrodes antennas tubes wires electrodes transducer 

Preclinical 1976 1977 1982 1983 1990 1989 1990 
Clinical 1980 1981 1988 1986 1987 1989 1989 

state of the art as well as the future potential of 
these technologies, with a focus on interstitial 
hyperthermia. Intracavitary and thermal ablation 
procedures are presented elsewhere in this 
volume (see Chaps. 12 and 14). Issues of appro
priate thermometry and quality assurance pro
cedures for the interstitial technologies are also 
covered elsewhere (IBBOTI et a1. 1989; SHRIV ASTAVA 
et a1. 1989; CETAS 1990; STAUFFER 1990; EMAMI et 
al. 1991; PRIONAS and KApp 1992; ESHO 1993; 
HAND 1993). The current effort updates the status 
of device development and summarizes heating 
performance characteristics for each of the nine 
interstitial techniques. Major developments in 
each field are highlighted and representative 
references from key investigators are given for 
more in depth study. The chapter ends with 
general recommendations for the appropriate 
clinical applications of each modality, as derived 
from the current physical capabilities and limita
tions of each technique. 

13.2 Implantable Microwave Antennas 

At frequencies above approximately 300 MHz, 
tissue acts as a lossy dielectric and the predo
minant mode of propagation for electromagnetic 
waves is radiative rather than conductive. In 
order to localize MW radiation to a tumor-sized 
volume, several miniature antenna designs have 
evolved based on ~1.5-mm-diameter coaxial 
cable feedlines implanted in tissue inside insulating 
plastic catheters, with the preferred return path 
for the current incorporated as part of the design. 
Minor modifications to the tip portion of the 
implanted cables cause significant variations in 
the radiation patterns of single antennas as well as 
in the interaction of antenna arrays. These are 
discussed below. 

13.2.1 Dipole Antennas 

The simplest antenna structure useful for inter
stitial implantation is a length of semirigid coaxial 

cable with a section of outer conductor removed 
to expose a length of inner conductor at the distal 
end (Fig. 13.1). This open-ended coaxial cable 
radiates most efficiently if implanted a distance of 
about AI4 for use as a monopole above a skin 
surface ground plane (TAYLOR 1978), or if im
planted to a depth of approximately twice the 
exposed conductor length. In this case, the struc
ture operates as a half-wave dipole with current 
minimums at the tip and skin entrance points, and 
a maximum near mid-depth at the "junction" of 
the inner and outer conductor sections. This 
produces a symmetric gaussian prolate spheroid 
(football) shaped heating pattern in tissue around 
the dipole (Fig. 13.2). At the most commonly 
used microwave frequencies (f) of 433, 915, and 
2450 MHz, the wavelength of radiation in tissue 
(AT) is shortened from that occurring in free space 
(Ao = clf) to about AT = Aol(er)·5 == 10,4.5, and 
1. 7 cm respectively. Since the antennas are 
normally placed inside implant catheters (er "'" 

2-4) surrounded by a variable amount of air (er "'" 

1), the effective wavelength of radiation into the 
catheter-air-tissue load is lengthened over that 
of a bare antenna in tissue (er for muscle tissue is 
about 50). In typical use, the resonant ).12 length 
of an insulated dipole antenna in human soft 
tissue is about 6-8 cm at 915 MHz. Effects of 
catheter thickness, diameter, and material on the 
radiation pattern, input impedance, and efficiency 
of dipole antennas have been studied extensively 
(STROHBEHN et a1. 1979; DE SIEYES et a1. 1981; 
CASEY and BANSAL 1986; JONES et a1. 1988; ZHANG 
et a1. 1988; ISKANDER and TUMEH 1989; WONG and 
TREMBLY 1994). Because the clinical application 
of this technique requires that heating lengths be 
adjusted to fit variable tumor sizes, many have 
also studied the effects of varying dipole antenna 
insertion depths. Reports indicate that the dipole 
antenna radiation pattern is significantly affected 
by differences in insertion depth both for single 
antennas and for antenna arrays (DENMAN et a1. 
1988; CHAN et a1. 1989; JAMES et a1. 1989; RYAN et 
al 1990; ZHANG et a1. 1991b). MECHLING et a1. 
(1992) have simulated the effects of these power 
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Fig. 13.1A-F. Schematic drawings of coaxial cable 
mounted interstitial microwave antennas intended for 
insertion inside insulating catheters into lossy tissue. A 
Dipole antenna showing extension of the coax inner 
conductor (hA) and implanted length of outer conductor 
(hB ) , separated at the "junction" (KING et al. 1983). 
B Dipole with enlarged diameter collars for increased 
capacitive coupling through the catheter wall, which helps 
extend the heating pattern axially away from the junction 
(TURNER 1986). C Helical coil antenna with fine wire 
coil approximately 1 turn per mm axial length . The coil 

deposition pattern changes on the ability to heat 
realistic tumor volumes. 

The power deposition rate in tissue around the 
antennas is determined from PD = (J IETI2/2p 

/ Open Ends" Junction 

/ 

.. 
Outer Conductor 

of Inner Cable 

attaches to the inner conductor at the tip and has a 1-
mm separation gap to the outer conductor (SATOH and 
STAUFFER 1988). D Multinode antenna with short sections 
of outer conductor removed to expose inner conductor 
"nodes" (LEE et al. 1986) for extending the heating pattern 
axially. E Dipole antenna with quarter-wavelength chokes 
made from metallic coating on the outer dielectric surface 
over both the hA and hB antenna sections (RYAN et al. 
1990). F Sleeve dipole antenna with quarter-wavelength 
sleeve and transformed open end (HURTER et al. 1991) 

where (J and p are the tissue electrical conductivity 
and density, and ET = EEi is the total electric field 
vector summed from all antenna sources. For a 
single insulated dipole in a dissipative medium, 
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Fig. 13.2. Characteristics of a typical SAR profile around 
a single microwave antenna as measured in a catheter 
parallel and approximately 5 mm distant from the antenna. 
The 50% heating length quantifies the total length along 
the antenna axis that is heated effectively (at least 50% 
of the maximum SAR). The dead length refers to that 
portion of the profile adjacent to the antenna tip which is 
heated less than 50% of the maximum SAR. Reprinted 
from SATOH, STAUFFER, FIKE (1988) with kind permission 
from Elsevier Science Ltd. The Boulevard, Langford 
Lane, Kidlington 0 x 51GB, UK 

Er has a significant radial field component (ETr) 

along much of the antenna length, which together 
with the dominant axial component (ET z) forms 
an elliptically polarized field close to the antenna 
(KING and IIZUKA 1963; KING et al. 1983). This 
complex field varies along the antenna length in 
both magnitude and direction and approaches 
linear polarization only in the far field at large 
distance from the antenna. Thus for interstitial 
heating applications, there is an unavoidable 
variation of ET along the dipole length, which 
causes a rapid falloff of power deposition axially 
as well as radially from the peak near the innerl 
outer conductor junction. The point receiving 
50% of the maximum SAR occurs within 2-3 mm 
of the antenna junction (KING et al. 1983; BABIJ et 
al. 1991). Methods for increasing the effective 
radial penetration of heating using air (EpPERT et 
al. 1991; TREMBLY et al. 1991; YEH et al. 1994) or 
water (MORIYAMA et al. 1988; GENTIU et al. 1991) 
cooling of the antenna-tissue interface are under 
investigation. Control of surface temperature 
should improve the uniformity of heating around 
each antenna by homogenizing surface tempera
ture along the entire antenna length as well as 
moving the point of maximum temperature rise 
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away from the antenna surface to broaden the 
effectively heated region . 

To heat typically sized tumor volumes, antennas 
may be placed in an array around the target 
volume and driven either noncoherently to avoid 
interference effects, or with phase-adjusted 
(coherent) signals to obtain higher field strengths 
at distance from the antennas where the individual 
field components (E/s) add constructively. 
Because power deposition increases as the square 
of the total field (ET ) , SAR can be significantly 
enhanced near mid-depth in the array center 
where the electric fields are all directed pre
dominantly parallel to the axes of the coherently 
driven antennas. Progressively less enhancement 
of SAR is obtained with increasing distance in 
either direction from the junction plane due to 
the increasing proportion of Er field components 
that do not add constructively. The theoretical 
SAR patterns possible with these coherently 
phased arrays of dipole antennas have been studied 
by numerous investigators (STROHBEHN et al. 1982; 
TREMBLY 1985; TURNER 1986; WONG et al. 1986; 
ZHANG et al. 1988; JONES et al. 1989; MECHUNG et 
al. 1992). Figure 13.3 from JAMES et al. (1989) 
demonstrates the theoretical power deposition 
characteristics of a four antenna array implanted 
in homogeneous tissue and driven in-phase at 
915 MHz. Note the dramatic focusing of power 
deposition centrally between antennas for AI2 
insertion depth (Fig. 13.3a) and the shift of heating 
further from the antenna tips when the antennas 
are placed deeper in tissue (Fig. 13.3b). The 
accompanying requirement for precise control 
of antenna phase relationship accentuates un
certain~ies in the power deposition pattern which 
result from unavoidable imperfect clinical con
ditions, such as nonparallel implant orientation , 
unmatched antenna impedances, efficiencies or 
insertion depths , and tissue heterogeneities. For 
example, CUBBON et al. (1993) reported significant 
perturbations of array heating patterns when one 
antenna of a four-antenna array was shifted axially 
a distance of 1-2 cm from perfect alignment. 
Additionally, WILKINSON et al. (1990) reported 
on the results of site visits by the Hyperthermia 
Physics Center (HPC) , indicating that microwave 
antenna efficiency of commercially supplied dipole 
antennas varied by as much as 35% within single
institution sets of "identical" antennas. This 
emphasizes that equal power application to "in
phase" antenna arrays will not necessarily produce 
the theoretically expected central hot spot and 
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Fig. 13.3. Cross-section of the longitudinal SAR pattern 
in the diagonal plane of four in-phase 915-MHz dipole 
antennas at the corners of a 2-cm-square array: a 7.5 cm 
insertion depth (resonant )..12 ID for the hA = h8 3.9-

suggests tht independent power and phase control 
of antennas is required. 

As a means of reducing the uncertainties of 
imperfect antenna and tissue conditions while 
at the same time improving the uniformity of 
SAR within the implant volume, investigators 
have suggested the use of phase modulation to 
sequentially rotate in-phase "hot spots" around 
within the array (TREMBLY et al. 1986, 1988, 1994; 
ZHANG et al. 1990,1991). Figure 13.4 from ZHANG 
et al. (1990) demonstrates the ability to eliminate 
the phase focused peak in the center of the array 
by sequentially applying 1800 phase differences 
between time varying in-phase pairs of antennas. 
For the phase modulation scheme simulated in 
Fig. 13.4, the 50% of maximum SAR contour 
includes the entire cross section of the implant 
array and even extends 7 mm outside the array 
boundary. This is significantly better uniformity 
of power deposistion than can be obtained with 
four in-phase or noncoherent phase antennas for 
the same 2 cm array spacing. In fact, CAMART et 
al. (1992) reported that the volume heated above 
41SC can theoretically be increased 300% over 
that obtained with a fixed in-phase array by using 
appropriately calculated phase shifts and phase 
rotation sequences. Practical problems which 
have slowed the introduction of phase rotation 
schemes into the clinic are the added hardware 
requirements for independent phase and amp li-
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tude control of microwave sources in the clinic, 
and the associated increase in thermometry 
required for monitoring and controlling the more 
complex treatment configuration. Even so, one 
very innovative system has been employed recently 
in a phase II clinical trial using computer-planned, 
time-modulated phase delays to four-antenna 
arrays which incorporate automatic temperature 
control by multifrequency radiometry (CAMART et 
al. 1993; FABRE et al. 1993; PREVOST et al. 1993). 
Additionally, since varying the insertion depth of 
one antenna in an array was found to produce an 
effect equivalent to introducing a phase shift to 
that antenna, an alternative method of producing 
controllable phase modulation by appropriate 
sequencing of insertion depth changes of the 
dipoles has been proposed (CUBBON et al. 1993). 
Such cyclic scanning of antennas might be expected 
to provide improved homogenization of heating 
within the array due to controllable variation of 
power deposition along each catheter as well as 
phase modulation of the antenna array focal hot 
spot. 

In an effort to improve control over the power 
deposition pattern along the antenna length, 
several alternatives to the basic dipole antenna 
structure have been investigated. Modifications 
include the use of multiple active sections to 
extend the heating pattern (LEE et al. 1986), 
partial wavelength chokes to restrict radiation 
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Fig. 13.4. Cross-section of SAR calculated for the 
mid-depth "junction" plane of four phase
modulated antennas driven at 915 MHz. Note the 
shift of SAR away from the array center compared 
to four in-phase antennas, due to the sequential 
rotation of phase differences between antennas. 
(From ZHANG et al. 1990) 
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back along the feedline (LIN and WANG 1987; 
HURTER et al. 1991; WONG and TREMBLY 1994), 
and enlarged diameter sleeves for preferential 
(capacitive) coupling of current through selected 
portions of the catheter insulation (TURNER 1986; 
Roos and HUGANDER 1988; CERRI et al. 1993). 
Although efforts have produced improvements in 
tip heating and restriction of feedline heating, 
most test results of dipole-based antenna arrays 
demonstrate a residual dependence of heating 
pattern on insertion depth in tissue, and little 
ability to change the effective heating length 
(50% HL) controllably outside the range of3-5 cm 
for antennas driven at 915 MHz. Current dipole
type antennas should be appropriate for heating 
tumors approximately 3-5 cm in length where the 
situation can benefit from phase addition of fields 
centrally (or peripherally with dynamic phase 
rotation) and where the antenna can be inserted 

2 

1-1.5 cm past the deep tumor margin (MECHLING 
et al. 1991, 1992). 

13.2.2 Helical Coil Antennas 

An alternative design consisting of a helical coil of 
wire wound tightly over the distal portion of the 
inner conductor and connected to the coaxial 
cable feedline at the tip (STAUFFER et al. 1987b; 
SATOH and STAUFFER 1988; SATOH et al. 1988) or at 
both ends of the coil (Wu et al. 1987; ASTRAHAN 
et al. 1991) has also been investigated (Fig. 13.1). 
Analytical formulations of the fields surrounding 
noninsulated electrically small helical antennas 
radiating in lossy tissue have been developed 
(CASEY and BANSAL 1988; MIROTZNIK et al. 1993) 
and the results compared with experimental SAR 
measurements. Depending on the appropriate 
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combination of coil length, diameter, and winding 
pitch for a given operating frequency, efficient 
coil radiators that restrict heating to a cylindrical 
region immediately surrounding each coil may be 
constructed for most practical size tumours. 
Numerous experimental studies of helical coil 
antennas have demonstrated both independence 
of heating pattern on insertion depth in tissue 
and an improved extension of heating out to the 
antenna tip as compared to dipole-type radiators 
(STAUFFER et al. 1987b); SATOH and STAUFFER 
1988; SATOH et al. 1988; RYAN 1991; RYAN et 
al. 1991a; SATHIASEELAN et al. 1991). Figure 
13.5 shows the linear SAR profiles along the 
antenna length at a radial distance of r = 5 mm in 
tissue-equivalent phantom. Note the close cor
respondence of SAR to the length and position of 
the coils (ranging from 1.1 to 3.0cm long) which 
results from improved heating at the antenna tip 
and lack of overheating near the tissue surface 
even for antennas implanted just 5 mm beneath 
the surface. Despite the advantages of improved 
heat localization around variable length coils, 
helical coil antennas are not optimum for all 
applications. Since the antennas are normally 
driven with noncoherent microwave sources to 
limit interaction of the complex circularly polarized 
fields, the peak SAR occurs adjacent to each 
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coil rather than in the tissue midway between 
antennas. Several independent studies have 
reported comparative evaluations of heating 
patterns from the above antennas (SATOH et al. 
1988; TUMEH and ISKANDER 1989; RYAN 1991; 
RYAN et al. 1991, 1992; SATHIASEELAN et al. 
1991). In general, the data support the following 
recommendations: helical coil antennas may be 
preferable for heating smaller tumors (1-4 cm 
diameter) in critical tissues where factors such as 
heating out to the antenna tip and steep gradients 
proximal to the coil section are more important 
than maximizing the separation of antennas. 
Dipole antennas may be preferable for situations 
benefitting from phase focusing of heat in tissue 
between antennas when the antenna tips can be 
extended into normal tissue beyond the tumor. 

13.2.3 Microwave Power Distribution 

Initially, single-channel microwave sources were 
used with combinations of two-way and four-way 
power splitters to divide the generator output into 
separate "in-phase" signals for each antenna. 
Problems with this configuration derive from the 
inability to adjust relative power and phase of 
each antenna and the potential for obtaining 

2 3 

Coil Length 

~ 1.1 em 

2.0 em 

3.0 em 

4 

Axial Distance from Antenna Tip (cm) 

Fig. 13.5. Measured relative SAR profiles at r = 5 mm 
distance from three different length helical coil antennas in 
9I5-MHz muscle equivalent phantom. Insertion depth 
for each antenna was the helical coil length plus 5 mm. 

Standard deviations are for three independent trials. 
Similar curves were obtained for helical coil antennas with 
1.3-, 1.5-, 2.5-, and 3.5-cm-long coils (data not shown for 
clarity) and for antennas inserted deeper in the tissue 
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fixed out-of-phase drive signals due to minor 
temperature- and power-dependent phase shifts 
in the power splitters and/or cable connections. 
These problems can be accentuated by the vari
ability of input impedances and efficiencies of 
commercial antennas (WILKINSON et al. 1990), 
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axial homogeneity and radial penetration of 
therapeutic heating. 

4. Improved uniformity of SAR within an implant 
array volume by cyclic modulation of phase 
differences between adjacent antennas 
(TREMBLY et al. 1988; ZHANG et al. 1991a; 

and the effects of tissue heterogeneity. RYAN and 
WRIGHT (1989) describe an improved system 5. 
using computer-controlled high-speed PIN diode 
switches to control average power to each antenna 

CAMART et al. 1993). 
Tissue temperature monitoring and feed
back control by multifrequency radiometry 
from within the interstitial antenna sources 
(MIZUSHINA et al. 1992; FABRE et al. 1993). by varying duty cycle. This type of system provides 

significantly improved phase and amplitude 
balance between antennas of an array, though 
care must still be taken to accommodate extra 
fixed phase shifts between channels resulting from 
variable tissue, antenna, or connection cable 
characteristics. Commercial systems providing 
even more control flexibility through computer
controllable phase and amplitude adjustments of 
multiple independent microwave generators are 
just becoming available (CAMART et al. 1992; 
DIEDERICH and STAUFFER 1993; FENN et al. 1993). 
Regardless of the power system used, thermo
metry requirements of feedback control of the 
treatment increase dramatically to take advantage 
of the independent power and phase adjustments. 
Thus, systems incorporating thermometry inside 
the catheter with each independently controlled 
antenna (ASTRAHAN et al. 1988; FABRE et al. 1993) 
or sensors that are regularly spaced within the 
target tissue (ENGLER et al. 1987; RYAN et al. 
1911) are highly desirable to supplement the 
normally sparse tissue measurements possible 
with fixed position fiberoptic probes. 

13.2.4 Key Developments 

1. 915-MHz (STROHBEHN et al. 1979), 2450-MHz 
(SAMARAS 1984), and 433-MHz (TREMBLY 
1985) interstitial microwave heating systems. 

2. Clinically practical implantable antenna 
designs, including dipole (TAYLOR 1978; DE 
SIEYES et al. 1981), multinode (LEE et al. 1986), 
},j4 choke (LIN and WANG 1987; HURTER et al. 
1991; WONG and TREMBLY 1994), variable 
diameter (TURNER 1986; Roos and HUGANDER 
1988), and helical coil (LI et al. 1984; Wu et al. 
1987; SATOH and STAUFFER 1988; ASTRAHAN et 
al. 1991; MIROTZNIK et al. 1993) styles. 

3. Antenna surface cooling via circulating air 
(TREMBLY et al. 1991) or water (MORIYAMA et 
al. 1988; GENTILI et al. 1991) for increased 

13.3 Radiofrequency Electrodes 

Radiofrequency current heating is normally 
accomplished at frequencies between 0.3 and 
30 MHz where the mechanisJ? of power absorption 
in tissue is resistive losses from conduction cur
rents between electrodes. Frequencies at the 
lower end of the range are generally used for 
inducing current between pairs of metallic elec
trodes in direct galvanic contact with the tissue, 
while the upper end of the range is useful for 
capacitive coupling of current from electrode 
sections located inside insulating catheters. A 
hybrid technique, hereafter labeled inductively 
coupled RF (IC-RF), is also described. 

13.3.1 Resistively Coupled Electrodes (RF-LCF) 

Analytical solutions for the case of ohmic heating 
of tissue with RF currents between needle im
plants have been presented previously (BREZOVlCH 
and YO.UNG 1981; HAND et al. 1991; VISSER et al. 
1993) along with numerical calculations of the 
power deposition patterns for several idealized 
(parallel, equal depth, regularly spaced) electrode 
configurations (STROHBEHN 1983; ZHU and 
GANDHI 1988; PRIOR 1991). Practical considera
tions for heating with clinically realizable LCF 
electrode arrangements are given below. 

Previous theoretical work has clearly shown 
that for two parallel equal-length needles in 
homogeneous tissue, an applied RF potential 
difference produces a uniform electric field at a 
given radial distance from the needle surface 
(neglecting end effects). Although the magnitude 
of the electric field falls off in tissue roughly as the 
inverse distance from each needle, the field and 
hence the distribution of electric current is uniform 
along the needle length in homogeneous tissue. 
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For practical configurations with nonparallel 
needles in heterogeneous tissue, current will pre
ferentially flow along the paths of least resistance 
which result from regions of low-resistivity tissue 
or decreased separation between needles. Con
versely, current will tend to avoid low water con
tent tissues with high resistivity such as fat and 
bone. These basic principles are shown diagram
matically in Fig. 13.6. Power is deposited directly 
in tissue according to the simple relation PD = 
P IJ12/2 where p = 1/(1 is the tissue resistivity and J 
is the current density which is highest at the point 
of smallest cross-sectional area through which the 
RF current must flow (i.e., needle-tissue inter
face). Thus, power absorption is concentrated 
near the electrode-tissue interface and falls off 
rapidly with distance, roughly as 1/r2 depending 
on specific array geometry. Typical electrical 
impedances for the circuit consisting of two 1.5-
mm-diameter metal electrodes implanted either 5 
or 14cm deep in tissue and spaced up to 4cm 
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apart are given in Table 13.2. At both O.5-MHz 
and 5-MHz frequencies, the electrical impedance 
of the interstitial electrode circuit is determined 
primarily by the two needle-tissue interfaces and 
the intervening tissue resistance is small, though 
significant, being on the order of 2-3 Q for each 
added centimeter of separation. Numerical cal
culations show that the power deposited between 
electrode pairs separated by only 1 cm drops to 
less than 10% of the maximum power deposition 
rate within a radial distance of 1.5 or 3 mm from 
1- or 2-mm-diameter electrodes respectively 
(STROHBEHN 1983). While this leads to highly non
uniform power deposition patterns, the resulting 
tissue temperature distribution is considerably 
more uniform due to thermal conduction and con
vective redistribution of thermal energy within 
the array volume. In fact, for electrical conduc
tivity, thermal conductivity, and blood perfusion 
values typical of human soft tissue, fairly uniform 
temperature distributions (with minimum tem-

Skin 

~_IU=O.5 
~~~~~~~ij~~~~ Fat ~ u=O.1 

Muscle 
u=O.4 

E1 =E2= ~ 

J, < J2 = J3 
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E, = E2 = ~ 

J1 < J2 < J3 
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E, < E2< E3 

J1« J2« J;; 
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Fig. 13.6. Basic principles of ohmic heating with RF 
currents between metal needle electrodes. Note that electric 
field distributions at the individual points (Eh E2• E3) vary 
according to the separation between electrodes while the 
current density J = (JE and hense power deposition, also 

depends on variability of tissue electrical conductivity (J. 

Power deposition preferentially avoids high-resistivity fat 
tissue relative to regions of higher electrical conductivity 
or close electrode spacing 
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Table 13.2. Input impedance of LCF needle pair circuit in two different in vivo 
tissues 

Canine muscle (S cm ID) Human tumor (14cm ID) 
Electrode 
spacing SOOkHz 10 MHz SOOkHz SMHz 

lcm 12.3n L-6° lOnL+SS 
2cm 20.Sn L-19° 16.1 n L +4.9° 14.5nL-6° 13n L+7S 
3cm 21.8 n L-19° 17.SnL+8.9° 16.Sn L-So IS n L+7° 
4cm 20.2nL-SS 18.SnL+7° 

perature rises between needles at least 50% of the 
maximum temperature rise) may be obtained in 
homogeneous tissues with this nonuniform power 
deposition pattern for electrode spacings up to 
1.5 cm, as demonstrated with both numerical 
simulations (STROHBEHN 1983) and in vivo mea
sured data (Fig. 13.7). 

13.3.1.1 LCF Electrode Design 

A number of electrode styles have been used to 
date as shown schematically in Fig. 13.8. The 
simplest and most common implant has been an 
array of rigid 1.5- to 2-mm-diameter stainless 
steel needles originally manufactured for 1921r or 
1251 brachytherapy implants. When inserted 
approximately normal to the high-resistance fat 
layer as shown in Fig. 13.6, little current flows in 
the fat layer and heating may be concentrated 
in deeper tissues which have lower resistance 
and/or where needles are closer together from 
convergence of the implant. While power is de
posited in the thin layer of lower resistance skin, 
this superficial tissue tends to cool sufficiently due 
to intact blood perfusion and convective losses 
into air. For planar implants where the electrodes 
are entirely in or near superficial tissue, however, 
the twisting and pulling of skin at the angled 
needle entrance sites can cause significant over
heating of the skin due to restriction of essential 
blood perfusion cooling. In either case, a snug
fitting catheter (CORRY et al. 1989) or thin die
lectric coating (KAPP and PRIONAS 1992; PRIONAS 
et al. 1994) may be installed over portions of the 
needles to minimize power deposition in well
innervated skin and to localize heat in the tumor 
at depth. COSSET et al. (1984) developed an alter
native electrode insulation technique consisting of 
a tumor-length metal tube with sections of plastic 
tubing glued to either end. Electrical contact to 
the central "active" section was made with a 

metal stylet inserted through one of the plastic 
leaders. A flexible version of the insulated sleeve 
electrode was constructed for applications allowing 
through-implants by attaching a fine wire braid 
over the outside of a plastic catheter leader, and 
then covering the metal braid with dielectric 
(KAPP et al. 1988; GOFFINET et al. 1990). After 
removal of a tumor-length section of outer in
sulation, the electrode was drawn into the target 
tissue behind an implant needle and heating 
obtained between exposed sections of wire braid. 
Further improvement in control of SAR within the 
implant array should be possible using segmented 
electrodes (PRIONAS et al. 1989, 1993) to adjust 
heating along the third dimension. These short 
segments should provide a means of varying 
power deposition along the implant length, with 
the potential to better accommodate heter
ogeneous tissue properties and variable separation 
of nonparallel implant needles (KAPP and PRIONAS 
1992). One example of the control possible 
with segmented electrodes is shown in Fig. 13.9 
(PRIONAS et al. 1993) as the measured SAR distri
butions between two parallel four-segment elec
trodes of 2.4 mm diameter and 1.0 cm center-to
center separation. In this case, power deposition 
was effectively localized to the regions between 
the outer two powered segments of each electrode 
and less than 5% of the maximum SAR was 
obtained between the two central segments with 
zero power. 

13.3.1.2 LCF Power Distribution 

Over the past decade there has been an evolution 
of systems used to distribute power to interstitially 
implanted electrodes. The simplest approach 
used was to connect all needles together into two 
to four rows, or concentric rings, and apply power 
to adjacent rows from a single RF amplifier (Doss 
and MCCABE 1976; CETAS et al. 1980; MILLIGAN 
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Fig. 13.7a,b. Study of temperature drop between RF 
electrodes for several separations in two different perfu
sion pig tissues in vivo. Note the acceptable uniformity of 
heating between electrodes for 1.0 and 1.5 cm spacing, 
with increasing droop in the tissue and difference between 
the two needle temperatures for larger spacings. a Steady 
state temperatures were measured mid-depth in the 
central row of three parallel rows of 17-gauge needles 
inserted 3.5cm in pig liver. "Effective cooling rates" 
(MILLIGAN et al. 1983; STAUFFER et al. 1987a) as deter
mined from thermal washout data measured at a reference 
point in tissue 5 mm from a heating needle remained 
essentially constant at 77 ± 8 m1l100 g per min throughout 

all heat trials which were repeated for each different 
needle spacing, implying very high surrounding tissue 
perfusion. b Steady state temperatures measured mid
depth in the central row of three parallel rows of 17 -gauge 
needles inserted 7 cm deep into pig thigh muscle. Effective 
cooling rates measured 5 mm from a central row heating 
needle were 20.9 ± 2.3m1l100 per min, throughout the 
heat trials, implying moderately low perfusion. Note the 
significantly higher temperatures obtained between 
implants as compared to the higher perfusion tissue in a , 
though temperature differences between needles of each 
pair are still large for electrode spacings> 1.0-1.5 cm 
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Fig. 13.8A-D. Schematic drawing of RF-LCF electrode 
designs with central lumen for multisensor temperature 
probes during heat treatment (as drawn) or subsequently 
for radioactive seeds during brachytherapy. A l.S- to 2.0-
mm-diameter (17- to IS-gauge) stainless steel needles with 
plastic coated multijunction thermocouples inside for 
treatment monitoring and control. B Plastic-coated or 
catheter-covered proximal portion of simple metal needle 
electrode for restricting heating of overlying normal tissue. 

and DOBELBOWER 1984; STAUFFER 1984). An 
alternative configuration of electrodes utilized a 
single external ground plate, belt, or intracavitary 
obturator for the return currents from an inter
stitial array of needles which were all connected 
together to the power source (CETAS et al. 1980; 
BREZOVICH and YOUNG 1981). Since resulting tissue 
temperatures tended to be nonuniform (in relation 
to the heterogeneity of tissue properties), control 
over the induced temperature distribution was 
extremely poor, especially if a large number of 
electrodes were connected together (MANNING et 
al. 1982; MANNING and GERNER 1983). 

A second power distribution scheme provided 
significantly improved control of SAR by con
necting a single power source to a number of 
computer-controlled relays which were hard-wire 

1.5-2.0 mm 0 0 Stainless Steel 
Rigid Implant Needle 

Plastic Catheter 
Leaders 

P. R. Stauffer et al. 

C Stanford/Oximetrix flexible metal braid electrode with 
inner plastic tube for thermometry or radiation sources 
and outer plastic insulating layer for restricting heating to 
the tissue between bare metal sections in contact with 
tissue (KAPP et al. 1988). D Tumor length metal electrode 
with plastic tubing leaders glued to either end. Wire 
connections to the deep electrode section are made through 
one plastic leader and thermometry or radiation seed 
access through the other (COSSET et al. 1984) 

connected to preplanned needle pairs (ASTRAHAN 
and GEORGE 1980; ASTRAHAN and NORMAN 1982). 
During treatment, the computer operated each 
relay sequentially to apply power to each electrode 
pair for a short time (0-0.5 s), adjusted auto
matically in response to temperature feedback. 
Since power was applied to each needle pair for 
only a brief time and then interrupted for a much 
longer time (sufficient to cycle through all other 
pairs), this system had an inherent temporal 
variation of temperature which could cause more 
patient pain at an equivalent average tissue tem
perature than the more recent power distribution 
schemes with more constant output. Additionally, 
because of the hard-wire connections, there was 
no mechanism to correct for temperature dif
ferences between needles of each pair that resulted 
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Fig. 13.9A,B. Measured relative SAR pattern around 
a pair of four segment radiofrequency electrodes spaced 
l.Ocm apart in 5OD-kHz tissue eqilivalent phantom. 
Electrode diameter 2.4mm; segment length 1.4cm; 60W 

from different tissue properties around each 
needle. The effects of even small differences in 
tissue properties are demonstrated in Fig. 13.7, 
which indicates that quite different tissue tem
peratures were obtained even in well-controlled 
parallel needle arrays in essentially homogeneous 
tissue - if needle spacings greater than 1-1.5 cm 
were used. Even so, time-multiplexed hard-wire 
pair RF systems have been commercialized and 
used successfully in the clinic (VORA et al. 1982) 
with a temporal ripple of typically 2°e or less at 
the needle surface for :::::1.5 cm electrode spacing 
in moderately perfused tissue, and a spatial varia
tion within the array quite similar to other inter-
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stitial heating modalities (STAUFFER et al. 1989). 
In fact, for a small number of implants, tem
poral ripple was almost nil as seen in the time
temperature plots for a two-pair needle a~ray in 
normal muscle tissue (STAUFFER et al. 1987a). 
Eventually, however, a third approach was in
troduced which provided separate well-isolated 
power amplifiers for hard-wire connection to each 
preplanned electrode pair. This approach offered 
significant advantages in that all pairs could be 
heated simultaneously to minimize temporal ripple 
and multiple temperature feedback signals could 
be used to control the power of each amplifier 
separately, but still required preplanned hard-wire 
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pairing of electrodes. This configuration has been 
implemented successfully into clinical systems 
which provide independent control of up to 16 
fixed-connection needle pairs, or which power 
needles individually by using a common external 
return electrode (COSSET et al. 1985). 

Subsequently, a fourth drive scheme was in
troduced which utilizes a single power source and 
multiplexed current paths to sequentially connect 
variable combinations of electrodes together 
under computer control (KAPP et al. 1988; CORRY 
et al. 1989; PRIONAS et al. 1994). During treat
ment, power deposition around each electrode is 
controlled by changes to the duty cycle for cur
rent paths involving that electrode. Since this 
computer-controlled multiplexer technique allows 
very simple expansion of channels (determined by 
the number of low-cost switching relays in the 
multiplexer), this system appears well suited for 
driving segmented electrode arrays which require 
a large number of independently controllable 
channels. Due to the single power source con
figuration, however, all electrodes are in one of 
three states at any particular moment - either 
disconnected or at the high or low RF potential. 
Thus, multiple current paths from each electrode 
are unavoidable (unless all electrodes except a 
single pair are disconnected) and may include 
undesirable currents between segments that were 
not intended to be paired together. Future systems 
may provide even more control of SAR with a 
fifth hybrid power generation scheme utilizing 
separate well-isolated power amplifiers for nearby 
electrode segments along with computer-con
trolled multiplexing of dynamically variable elec
trode pairing. 

Depending on the electrode style chosen, there 
are a number of restrictions on implantation and 
applied power schemes which must be observed 
for low-frequency RF heating. Since LCF elec
trodes are normally connected to the generator in 
pairs (either by hardware or time-sequenced 
multiplexing), the conducting portion of each 
electrode should be nearly the same length to 
avoid overheating of tissue near the electrode 
with less contact area. Additionally, the electrode 
sections should be positioned both parallel and at 
about the same depth below the tissue surface in 
order to avoid concentration of current between 
the closest edges of adjacent electrode sections. 
This requires extra caution when planning allow
able power connections for segmented RF elec
trode arrays. Regardless of electrode style used, 
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further improvement in both patient tolerance 
and tumor heating uniformity is predicted for 
electrodes which include circulating temperature
regulated water to cool the electrode surface 
(PRIOR 1991). The ability to control electrode 
temperature should allow use of higher current 
densities and thus increased power deposition 
at distance from the electrodes for an equi
valent maximum implant temperature, as well as 
equilibrate tissue interface temperatures along 
the implant length in heterogeneous tissue. 

13.3.1.3 Key Developments 

1. Metal needle implants with single-channel RF 
generators (Doss and MCCABE 1976; CETAS et 
al. 1980; MILLIGAN and PANJEHPOUR 1983). 

2. Time-sequenced computer-controlled multi
channel power sources (ASTRAHAN and GEORGE 
1980; ASTRAHAN and NORMAN 1982; VORA et 
al. 1982). 

3. Insulated flexible electrodes (COSSET et al. 
1984; GOFFINET et al. 1990). 

4. Computer-controlled mUltiplexing of single 
power source allowing simultaneous inde
pendent power control of electrodes (KApP et 
al. 1988; CORRY et al. 1989; KAPp and PRIONAS 
1992). 

5. Segmented rigid and flexible electrodes (KAPP 
and PRIONAS 1992; PRIONAS and KAPp 1992; 
PRIONAS et al. 1993). 

6. Theoretical simulations of heating with water
cooled RF electrodes (PRIOR 1991). 

7. Template-mounted circuit board with one to 
two (multiwire) quick connects for making 
electrode power connections with reduced 
treatment setup complexity (CORRY et al. 1989). 

13.3.2 Capacitively Coupled Electrodes (CC-RF) 

By moving to higher RF frequencies, electrical 
current may be coupled capacitively from a metal 
electrode through plastic catheter insulating layers 
into the surrounding tissue. In contrast to the 
direct galvanic contact of LCF electrodes, the 
high capacitive impedance of the 27-MHz e1ec
trode-catheter-tissue interface produces a sur
face of nearly uniform current density which 
exhibits little sensitivity to variations in the much 
lower resistance of intervening tissue. In addition, 
the high impedance catheter layer helps diffuse 
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otherwise high current densities occurring at the 
ends of implanted electrodes. Thus, the SAR 
pattern of capacitively coupled electrodes is sub
stantially independent of separation distance and 
relative orientation of adjacent electrodes. In fact, 
relatively uniform SAR patterns have been de
monstrated for a number of implant geometries 
that would be unusable for lower frequency LCF 
systems, such as angled, curved, co-linear, and 
even intersecting electrodes (VISSER et al. 1989; 
DEURLOO et al. 1991). As in RF heating with LCF 
electrodes, the radial falloff of power deposition 
is extremely sharp, with SAR reduced to <10% 
of its maximum within 2 mm of the implant surface 
(MARCHAL et al. 1989). 

13.3.2.1 Electrode Design 

At least five electrode styles have been used during 
the evolution of this technique (Fig. 13.10). Ini
tially, heating was accomplished using a single 
wire electrode inserted inside a snug-fitting plastic 
catheter (MARCHAL et al. 1989). A well-coupled 
external ground plate was used for the return 
current from this single-ended electrode to restrict 
radiation to the desired region and to avoid 
unintentional current paths through inadvertent 
patient contact with nearby grounded objects (in
cluding operating personnel). Two improvements 
to this basic wire implant were described by VISSER 
et al. (1989). The first involved the use of flexible 
coaxial cable with the inner conductor removed 
and replaced with a fiberoptic temperature sensor. 
With the outer coax cable dielectric entirely 
removed, the exposed wire braid was inserted 
into the implant catheter and current paths esta
blished using an external ground plate. While this 
enabled monitoring of temperature inside each 
implant catheter, heating resulted along the entire 
implanted length with no sparing of overlying 
normal tissue. An alternative design left the cen
tral conductor and surrounding dielectric of the 
coax intact for connection to the outer braid at 
the electrode tip. In order to restrict heating to 
this distal section, the outer wire braid was 
removed from the implanted length proximal to 
the target tissue and current effectively localized 
to the distal section where the implant catheter fit 
tightly over the wire braid. A practical improve
ment over this design, consisting of a plastic 
catheter coated with conducting paint over the 
distal section, was described by DEURLOO et al. 
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(1991). Activation of the tip electrode was ac
complished with a thin wire extending through 
the lumen of the catheter alongside a probe for 
monitoring temperature. LAGENDIJK (1990) and 
LAGENDIJKet al. (1994) describe a "dual-electrode" 
configuration having two active sections in the 
same catheter driven 1800 out of phase. As in 
the previous design, the active metal sections 
were driven by thin wires running alongside a 
mUltipoint thermometry probe in the central 
lumen of the applicator, as shown in Fig. 13.10. 
With this electrode, longitudinal control of the 
SAR distribution became possible using separate 
generators for the two segments. Theoretically, 
this design should readily accommodate more 
than two segments per catheter for increased 
spatial resolution of longitudinal control. 

13.3.2.2 Power Distribution 

Initially, 27.12-MHz interstitial heating systems 
used a separate power source with transformer
isolated connections to one interstitial electrode 
and one external ground electrode. In order to 
obtain sufficient isolation of power sources and 
minimize cross-talk between implanted electrodes, 
the external ground plate was segmented and 
each return connection isolated from the others. 
Electrical matching of electrode circuits was 
accomplished via individual tuning coils. In 
practice, the external plate position is not critical 
due to the long wavelength at 27 MHz. To mini
mize undesirable heating of superficial tissues 
under the edges of the external electrodes, the 
surface area of each plate should be at least 10 
times greater than the surface area of the inter
stitial electrode and should be coupled to the skin 
with a saline-filled bolus bag to provide a more 
uniform capacitively loaded impedance for dif
fusing current near the edges. An alternative 
drive scheme was introduced which avoided the 
complexities of external plates by allowing two 
internal applicators to be paired together and 
driven from a single generator. This configuration 
was shown to be more sensitive to relative length 
and orientation of the paired electrodes, however 
(DEURLOO et al. 1991). An improved "hybrid" 
drive scheme evolved using an additional external 
return plate for each internal electrode pair to 
define the ground reference potential and provide 
a return path for any unbalanced current between 
interstitial electrodes (LAGENDlJK 1990; LAGENDlJK 
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Fig. 13.10A-E. Schematic drawing of the evolution of 
CC-RF electrode designs. All applicators are inserted 
inside an insulating plastic catheter and driven at 13.56-
27.12 MHz. A Metal wire style with no provision for depth 
localization (MARCHAL et at. 1989). B Flexible coaxial 
cable applicator with temperature probe in place of inner 
conductor; no provision for depth localization (VISSER et 
at. 1989). C Coaxial cable with outer conductor stripped 

et al. 1995). This allowed the use of separate 
generators for each internal electrode for improved 
lateral and/or longitudinal control of SAR. The 
external plate also helped confine heating to the 
region near the implanted electrodes rather than 
allow unsta:ble current paths through ill-defined 
and undesirable external patient ground points. 
Schematic illustrations of these power distribution 

Conducting Paint 

away except for active tip section (VISSER et at. 1989). D 
Active heating section consists of conductive coating on 
catheter surface with temperature sensors (or radiation 
sources) in central lumen (DEURLOO et at. 1991). E Dual
electrode design with multiple conducting cylinders on 
outside of catheter with temperature sensors or radiation 
sources inside (LAGENDIJK 1990) 

schemes have been given previously (VISSER et al. 
1993). 

13.3.2.3 Key Developments 

1. 27-MHz unrestricted length, flexible, single
ended electrodes with individual external 
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ground plates and individual power control 
(MARCHAL et al. 1989; VISSER et al. 1989). 

2. "Dual-electrode" applicator design with two 
independently driven segments per catheter 

. and external ground plate (LAGENDIJK 1990; 
LAGENDIJK et al. 1995). 

3. Balun-balanced interstitial electrode pairs with 
no external plate (DEURLOO et al. 1991). 

13.3.3 Inductively Coupled Electrodes (IC-RF) 

A third interstitial RF modality was introduced to 
facilitate repeated heatings of permanently im
planted, connectorless electrodes. In this ap
proach, current is inductively coupled from an 
external loop antenna into a surgically implanted 
loop just under the skin, which is connected by 
coaxial cable to an electrode pair within the tumor 
(Doss and MCCABE 1986, 1988). Due to practical 
limitations in body surface area available for 
implantation of subdermal receiving antennas, 
this technique is intended for only a small number 
of implanted circuits, preferably one. Thus the 
technique must use either parallel rows of elec
trodes connected together, or implanted plates 
surrounding the target volume. Heating of tissue 
around the metal electrodes is accomplished via 
resistively coupled currents between electrodes, 
just as in the lower frequency LCF technique. 
Concerns nearly identical to those presented in 
Sect. 13.3.1 apply regarding the need for parallel, 
equal length electrodes. While GREENBLATT (1987) 
and PISCH (1994) have defined appropriate 
methods for surgical implantation of biocom
patible implants fixed into parallel rows in the 
tumor bed using absorbable layers of vicryl mesh, 
uniformity of heating is still adversely affected by 
the number of electrodes connected together to a 
single power source (CETAS et al. 1980; MANNING 
and GERNER 1983). Thus, this technique appears 
appropriate for treatment of small volumes which 
can benefit from the ability to be reheated perio
dically from a small number of electrodes without 
externalized connections. 

Initial "passive hyperthermia implant" (PHI) 
systems have used external power source fre
quencies of 6.78 MHz and 13.56MHz (Doss and 
MCCABE 1986, 1988). For small tissue volumes 
( <25 cm3), sufficient power transfer was achieved 
using transmitting and receiving loop antennas of 
14cm diameter separated by 1.5 mm. For some
what larger tumor volumes, Doss and MCCABE 
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(1988) proposed connecting concentric parasitic 
loops in parallel with the primary receiving loop 
to increase the gain of the receiving circuit. 
Because of the transformer coupling of internal 
and external loop antennas, induced current in 
the receiving loop(s) helped cancel eddy currents 
which would otherwise contribute to superficial 
tissue heating under the transmitting antenna. 
Depending on the target volume, the ratio of 
power deposition around the implanted electrodes 
to that obtained from eddy current heating of 
superficial tissue around the receiving antenna 
varied in the range of 5 : 1 to to: 1, allowing power 
transfer to the internal electrode circuit in excess 
of 50 W per multiple loop antenna. 

An integral feature of the PHI system was the 
ability to remotely estimate volume-averaged 
tissue temperature between electrodes by the 
change in phase of electrode input impedance as 
seen at the external coupled antenna terminals 
(Doss and MCCABE 1986). In addition, Doss and 
MCCABE (1988) described an independent im
plantable circuit for accurately determining a 
single point temperature within the tumor. This 
"passive temperature implant" (PTI) consisted of 
a thermistor connected to a second subdermally 
implanted loop which was coupled inductively 
to an external antenna and 10-MHz low-power 
source for interrogating the thermistor sensor. 
This remote single-point temperature monitoring 
capability may find future application in com
bination with other interstitial or external heating 
techniques as well. 

13.3.3.1 Key Developments 

1. 6- to 13-MHz "PHI" system for connectorless 
LCF heating of a surgically implanted array of 
electrodes via energy coupled inductively 
through the skin, and for connectorless moni
toring of average tissue temperature around 
the electrodes (Doss and MCCABE 1986). 

2. to-MHz "PTI" system for adding remote 
single-point temperature measurement cap
ability to the above PHI system (Doss and 
MCCABE 1988). 

13.4 Thermal Conduction "Hot Source" 
Techniques 

Hot source techniques constitute the most basic 
form of interstitial heating in that no power is 
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deposited directly in tissue and the resulting tem
perature distributions are dependent only on 
tissue thermal parameters rather than heter
ogeneous electrical or acoustical tissue properties. 
For these techniques, maximum tissue tempera
ture is readily determined as the surface tempera
ture of the implanted sources, and minimum tissue 
temperature is dictated by the implant geometry 
and thermal properties which vary both spatially 
and temporally during heat treatment. In prin
ciple, Hot Source implants may be considered 
either "constant temperature" or "constant 
power." Tissue temperatures adjacent to constant 
power sources vary directly with surrounding per
fusion changes since the constant power generation 
along the source provides no accommodation for 
variable thermal loading. Constant temperature 
implants may provide somewhat more uniform 
heating of tissues with heterogeneous thermal 
properties due to their ability to provide more 
or less thermal energy output in response to 
changes in thermal loading (perfusion). Important 
geometry considerations include relative spacing 
and orientation of sources, and source length. As 
with all interstitial heat sources, heat is lost axially 
offthe ends due to thermal conduction, producing a 
tapering off of temperature between sources near 
the ends compared to that near the middle, even 
for constant temperature sources. As source 
separation increases or source length decreases, 
the axial direction temperature profiles become 
increasingly peaked centrally and show less 
heating near the ends (Fig. 13.11). Since Hot 
Source techniques have no mechanism for in
creasing power deposition directly in tissue, at 
least one of the following approaches must be 
used to minimize low temperature regions at either 
end of an implanted target: (a) the sources may 
be placed closer together; (b) the sources may 
be extended beyond the target volume in both 
directions so that the target is located within the 
centrally uniform region; or (c) the sources may 
be broken into multiple sections and the ends 
maintained at higher temperature to counter the 
extra heat losses. These approaches have been 
studied theoretically by numerous investigators 
and shown to produce significantly improved 
temperature uniformity within the target for 
denser implant spacing (MATLOUBIEH et al. 1984; 
HAND et al. 1991; PRIOR 1991), when the implants 
extend at least 1-1.5 cm beyond the target 
(MATLOUBIEH et al. 1984; CHIN and STAUFFER 
1991), or when higher temperature elements are 
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Fig. 13.11. Temperature distribution in tissue adjacent to 
a finite length "equal-temperature" heat source. Note 
rapid shortening of effectively heated length at increasing 
radial distance. (From STAUFFER 1990) Reproduced with 
permission. All rights reserved 

placed at either end of the implant (PATEL et al. 
1991). While segmented sources can provide 
the most adjustable, and potentially uniform, 
elevation of tissue temperature along the implant 
length, not all Hot Source techniques are capable 
of varying temperature along the implant surface. 
The following sections describe three techniques 
which rely similarly upon basic thermal redistri
bution of heat within an array of implants, but 
which differ in methodologies used to heat the 
implants as well as in the controllability of tem
perature along each source. 

13.4.1 Hot Water Tubes 

One of the most straightforward approaches to 
interstitial conductive heating is to circulate water 
at a fixed hyperthermic temperature through an 
array of needles or catheters. Due to the mech
anics of nonturbulent water flow through a tube, 
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there is a velocity profile across the lumen such 
that flow is fastest in the center and slowest near 
the tubing wall. For the case of hot water losing 
energy to cooler tissue , there is a corresponding 
temperature profile across the tube as well as 
along its implanted length. To minimize tem
perature gradients around the tube, water flow 
should be sufficiently rapid that turbulent flow is 
obtained to thoroughly mix the fluid for maximum 
energy transfer across the tube wall and minimum 
transit time and temperature drop along the length. 
For a tube with an internal diameter of 1.5 mm 
implanted 10 cm deep in moderately perfused 
tissue, this requires a water flow rate of roughly 
2.5 mlls to limit the temperature drop to ap
proximately 0.3°-0SC (HAND et at. 1991). 

Cold water 

13.4.1.1 Applicator and Water Distribution 
System Design 
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Initially, hot water was circulated through hollow 
metal or plastic tubes to create surfaces of nearly 
uniform temperature (BREZOVICH et at. 1988) . 
HANDL-ZELLER et at. (1988) introduced an 
improved applicator having three separate 
channels: one for introducing hot water to the 
catheter tip section around a fixed position radio
active source, a second for injecting cold water at 
a point just proximal to the radiation source for 
cooling overlying normal tissue , and a third to 
serve as return path for the mixture of hot and 
cold water. This design was further modified as 
shown in Fig. 13.12 to allow separate channels for 

Feeding system for 
cooling water or 
isotope tube 

Cooling tube and 
isotope carrier 

Isotope 

~COOling zone--fTherapy zone~ 
Manifold 

Sealing system 

Fig. 13.12. Schematic drawing of dual-chamber hot water 
applicators with provisions for cooling of overlying normal 
tissue and simultaneous treatment with LDR or HDR 

radiation sources . (From HANDL-ZELLER and HANDL 1992) 
(© 1992 Springer-Verlag) 
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circulating the hot and cold water in addition to 
an isolated central channel for afterloading low 
dose rate (LDR) , pulsed dose rate (PDR) , or 
high dose rate (HDR) sources during treatment 
(HANDL-ZELLER and HANDL 1991, 1992; HANDL
ZELLER 1993). 

Initial clinical water distribution systems used a 
single temperature-regulated reservoir and pump 
to circulate water into a distribution manifold 
having equal size output ports for generating 
approximately equivalent flow rates through a 
parallel array of identical length and diameter 
tubes (BREZOVlCH et al. 1988; SCHREIER et al. 
1990). This type of system was subsequently 
upgraded to include a second similar distribution 
manifold for circulating water at a cooler tem
perature to the proximal portions of the implant 
tubes which traverse normal tissue (HANDL
ZELLER and HANDL 1991). 

13 .4.1.2 Key Developments 

1. Theory of required water flow rates and heat 
transfer characteristics (HAND et al. 1991). 

2. Clinically viable manifold system for distri
buting water to multiple constant temperature 
implant tubes (BREZOVlCH et al. 1988; SCHREIER 
et al. 1990). 

3. Implant catheters with channels for separate 
hot and cold water sources as well as a port for 
afterloading a radiation source for simult
aneous LDR, PDR, or HDR therapy (HANDL
ZELLER and HANDL 1991; HANDL-ZELLER 
1993). 

13.4.2 Resistance Wire Heaters 

The basic mechanism of source heating is ohmic 
losses from an electrical current flowing through a 
length of high-resistance material which is nor
mally in coiled wire form to increase the total 
length and resistance of axially short elements. 
The power available for heat generation in each 
resistance wire section is P = ]2 R where ] is the 
series current flowing through the wire of total 
resistance R from end to end. This interstitial 
technique is distinguished from other electrical 
wire implants by the use of simple DC voltage 
sources to drive direct current through the re
sistance elements, which avoids the complexity of 
electromagnetic power deposition in tissue. 

P.R. Stauffer et al. 

13.4.2.1 Applicator Design 

Initially, clinical applicators consisted of tightly 
wound coils of high resistance wire coated with a 
plastic catheter sheathing for electrical insulation 
from the tissue (BAUMANN and ZUMWALT 1989; 
MARCHOSKY et al. 1990a,b). A thermistor sensor 
was attached to the inner surface of the heating 
coil, and small diameter electrical connections 
from the heating coil and thermistor extended 
through the inner lumen of the applicator to the 
system electronics. This design evolved into dual
purpose applicators with a wire coil wrapped 
around a central catheter large enough to ac
commodate radioactive sources for simultaneous 
thermoradiotherapy (FEARNOT et al. 1990). For 
a given resistance wire material formed into 
a tightly wound coil, resistance is distributed 
uniformly along the element length and for any 
given current there is a corresponding uniform 
power loss per unit length of the implant. While 
existing commercial resistance wire applicators 
have no provision for varying power dissipation 
along the length, this could be implemented 
in one of three ways: (a) vary the spacing of 
heating coil turns along the axial length with 
lower turns density near the center or wherever 
less heating power is desired; (b) fuse together 
multiple sections of different resistivity material 
and connect them in series to the power source to 
yield higher temperatures around the sections 
with higher resistivity wire (e.g., at the ends); or 
(c) use multiple coil elements in each catheter 
with separate drive electronics for each. PATEL et 
al. (1991) described the theoretical advantages of 
segmented two- and three-section heater coils 
connected in series to a single power source for 
increasing source temperature at either end of the 
implant (Fig. 13.13). 

Resistance wire heat sources offer some unique 
capabilities over other Hot Source techniques. 
Due to the ability to accurately monitor both 
implanted catheter temperature and applied 
power, there is sufficient information to calculate 
approximately the effective thermal conductivity 
of surrounding tissues, which can then be related 
to volume averaged blood' perfusion. Software 
has been written to predict minimum tumor 
temperature between implants from knowledge 
of implant spacing and real time measurements 
of implant power dissipation and surface tem
peratures (BABBS et al. 1990), and furthermore to 
use these calculations for real time control of 
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Fig. 13.13. Schematic drawing of three-section resistance 
wire heater. The heating elements are connected in series 
to a DC power supply with the outer two elements having 

power to each implant (DEFORD et al. 1991a,b). 
Although temperature can vary along the length 
of the "constant power" source in relation to 
variations in perfusion, fairly accurate knowledge 
of maximum tissue temperature is available 
from thermistor measurements of heating coil 
temperature which can be made at several points 
along the length. Substantially more temperature 
information is estimated from the bioheat transfer 
equation-based algorithm used to predict the 
"droop," or variation of temperature between 
implants. DEFORD et al. (1992) have indicated 
that in general, variations of about 10% in 
the thermal properties or implant geometry 
cause errors in the estimates of minimum tissue 
temperature of less than 1°C. In an evaluation of 
22 patient treatments, DEFORD et al. (1991a) 
reported an average estimation error of the 
minimum tumor temperature between implants 
of just O.4°C. 

13.4.2.2 Key Developments 

1. Hardware for controlling DC voltage distribu
tion to multiple implanted resistance wire 
implants with sufficient control and stability 
for use in long-duration heat protocols 
(BAUMANN and ZUMWALT 1989; MARCHOSKY et 
al. 1990a). 

2. Algorithm for feedback control of power 
to each implant, derived from computer
predicted minimum tissue temperatures based 
on measured implanted catheter temperatures 
and associated power levels (BABBS et al. 1990; 
DEFORD et al. 1990). 

3. Applicator design for simultaneous heat and 
radiation (FEARNOT et al. 1990) with multiple 
heating elements (PATEL et al. 1991). 

Center Element 

DC Voltage 
Electrical Connections 

Wire Coil 
Heating Element 

higher resistivity to produce higher temperatures at either 
end of the applicator. (Adapted from PATEL et al. 1991) 

13.4.3 Ferromagnetic Seed Implants 

In principle, magnetic fields may be generated 
quite easily with an RF current in a wire coil. 
These fields can be used to couple energy induc
tively into any lossy conductor in the field with no 
direct contact. Over the past three decades, a 
number of medical applications have emerged 
for magnetic induction heating systems in the 
range of 20 kHz to 27 MHz. Initial investiga
tions reported on the use of magnetic fields 
at frequencies between 37 and 600 kHz to induc
tively couple energy and heat small 1- to 2-mm
diameter ferromagnetic "seed" implants. These 
connectorless implants were heated to tempera
tures of 100°C or more for thermal ablation 
treatment of small focal neurological disorders 
(BURTON et al. 1966; WALKER and BURTON 
1966; BURTON et al. 1971; MOIDEL et al. 1976). 
Subsequently, higher power systems were devel
oped for heating large internal organs or tumor 
masses that had been injected with iron powder
impregnated "ferrosilicone" solutions to localize 
the power absorption (RAND et al. 1977, 1981). 
Due to the small size of particles that could be 
injected intra-arterially upstream of the tumor 
mass, RF frequencies were lowered to the range 
of 20-56 kHz to minimize eddy current heating of 
surrounding normal tissues while generating suf
ficient heat loss in the particles. Subsequent 
investigations have continued this research 
on injectable heating solutions and produced 
materials with significantly higher power absorp
tion efficiency, such as ferromagnetic colloidal 
particles (CHAN et al. 1993) and sUbdomain ferrite 
particle suspensions (JORDAN et al. 1993). These 
materials are currently under investigation for 
producing local hyperthermia of deep-seated 
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regions (entire organs or large tumor masses) 
without the trauma of interstitial needles, and 
potentially with the microscopic particles con
centrated in tumor via tumor-specific antibodies 
or liposome encapsulations. Recently, a large 
development effort of one group has focused on 
delivering hyperthermia via a small ferromagnetic 
seed implant that has been remotely maneuvered 
along the path of minimum neurological trauma 
from a small burr hole in the skull to the desired 
target in surgically inaccessible deep brain 
(MALLOY et al. 1990, 1991; QUATE et al. 1991; 
RrrrER et al. 1992). This project has required 
the integration of several related technologies 
including: (a) noncontact DC magnetic field 
manipulation of the position of a small implanted 
ferromagnetic seed, (b) real time visualization of 
seed position using stereo fluoroscopic imaging 
superimposed over preoperative MRI scans, 
and (c) RF magnetic field induced eddy current 
heating of the ferromagnetic seed. A number 
of applications in interstitial heat-activated 
therapy have been suggested (GRADY et al. 
1990a,b; RITTER et al. 1992). Alternatively, several 
investigators have studied the use of inductively 
coupled fields at frequencies above about 10 MHz 
to produce intentional eddy current heating of 
tissues in the absence of implanted material 
(GUY et al. 1974; ELLIOTT et al. 1982; OLESON 
1982; RUGGERA and KANTOR 1984; TIBERIO et al. 
1988; KATO et al. 1990). The following discus
sion will focus on the production of inter
stitial hyperthermia using induction heating 
systems which couple energy into percutaneously 
implanted, finite size "ferroseed" implants 
that are compatible with needle or catheter 
implant techniques. 

13.4.3.1 Coupling Energy to the Load 

For ferromagnetic cylinders oriented parallel to a 
magnetic field, seed heating results due to ohmic 
losses from circumferential eddy currents induced 
on the implant surface (BREZOVICH et al. 1984; 
STAUFFER et al. 1984a; HAIDER et al. 1991). Power 
absorption per unit length is dependent on seed 
characteristics (radius a, length L, magnetic 
permeability 11, electrical conductivity 0) and the 
frequency (co) and strength (Ho) of the magnetic 
field. For cylindrical seeds implanted in a regular 
array with l-cm spacing, each l-cm length must 
heat 1 cm3 of tissue along the central portion of 
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the implant volume. For these conditions, the 
average power absorbed into a l-cm3 tissue 
volume surrounding a cylindrical metal seed has 
been derived previously (SMYTHE 1950; STAUFFER 
et al. 1984a): 

(13.1) 

Similarly, it has been shown (DAVIES and SIMPSON 
1979; OLESON 1982) that the power deposited 
directly into a l-cm3 volume of tissue at distance, 
from the center of a dielectric tissue mass of 
generally uniform electrical conductivity (1T and 
permeability IlT is: 

P = £.,2/1 2,2(1 H 2 x 1O-6 W/m3 
T l.V ,..T To' (13.2) 

This normalization to 1 cm3 of tissue in each 
case allows direct comparison of power absorbed 
by a metal implant and conducted out into the 
surrounding tissue with the power that would 
be deposited directly in the same tissue volume 
without the presence of the seed. The predominant 
difference is seen to be their functional depen
dencies on frequency and radius of eddy current 
loops. The power absorbed in tissue by these two 
mechanisms is compared graphically in Fig. 
13.14, which gives separate curves for a range of 
typical ferroseed radii and magnetic permeabilities 
along with curves for direct tissue absorption in 
three different size tissue loads. It is readily 
seen that frequencies below 500 kHz should be 
used for localized heating of small implanted 
ferromagnetic materials, and frequencies above 
about 10 MHz for efficient heating of tissue directly 
from the magnetic field. STAUFFER et al. (1984b) 
proposed the use of intermediate frequencies 
(1-10 MHz) for applications that might benefit 
from simultaneous regional eddy current 
tissue warming with local heat boost to the 
tumor implant. ATKINSON et al. (1984) have 
discussed additional considerations for the 
appropriate frequencies to be used in induction 
heating applications. 

Design of induction heating equipment for 
generating magnetic fields around the tumor 
implant is relatively straightforward and is covered 
in general electrical engineering reference books. 
STAUFFER et al. (1994) have reviewed the induc
tion heating coil configurations that can provide 
optimum coupling into ferroseed arrays located at 
any depth or orientation in the body, and have 
described appropriate electrostatic shielding 
techniques for safe operation of magnetic induc
tion heating coils in the patient clinic. 
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Fig. 13.14. Frequency dependence of absorbed power 
density in 1 cm3 of tissue from magnetic field-induced eddy 
currents directly in tissue at distance rt from the center of 
the tissue mass, or from inductively coupled eddy current 

13.4.3.2 ThermoseedDesign 

While most of the parameters in Eq. 13.1 are 
not easily varied during treatment, different 
seed power absorption rates can be preplan ned 
by changes in seed permeability and/or elec
trical conductivity. One such change occurs 
naturally as a consequence of heating the seed. 
The permeability of any ferromagnetic material 
drops rapidly as it is heated up to its "Curie 
point." As this temperature is reached, heating 
efficiency drops, allowing the material to cool 

10-1 1 10 

FREQUENCY (MHz) 

heating of a l-cm-long cylindrical ferroseed implant of 
permeability fJ.t> radius r t • (From STAUFFER et al. 1984) (© 
1984 IEEE) 

below its Curie point and regain lost permeability. 
By alloying together a highly permeable material 
(iron, nickel, or cobalt) with another metal 
having a lower Curie point, the resulting Curie 
point can be lowered to a temperature suitable 
for therapeutic hyperthermia. This produces, 
in effect, inherent proportional temperature 
control with a gradient dependent on constituent 
materials and alloying techniques (CHEN et al. 
1988). 

A number of investigators have contributed to 
the evolution of ferroseed materials for medical 
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applications requiring interstitial heating. BURTON 
et al. (1966), WALKER and BURTON (1966), MERRY 
et al. (1973), and MOIDEL et al. (1976) all described 
studies of high permeability materials such 
as #430 stainless steel, hysterloy, and carbon 
steel which could be implanted in tissue and 
heated via magnetic fields for thermal ablation of 
neurological disorders. BURTON et al. (1971) 
continued the development of brain implant 
materials by introducing the first thermoregulat
ing seeds made from an alloy of palladium-nickel 
(Pd-Ni) which exhibited a sharp transition from 
magnetic to nonmagnetic properties between 95° 
and HO°e. BREZOVICH et al. (1984) introduced 
thermoregulating nickel-copper (Ni-Cu) seeds 
with steep transitions around 46°C which were 
intended for interstitial hyperthermia rather than 
thermal ablation. Others worked on optimiz
ing the alloying techniques for improving the 
sharpness of transition and reproducibility of 
fabrication for a family of different temperature 
nickel-silicon (Ni-Si) thermoseeds in the range of 
46° -65°C (DESHMUKH et al. 1984; DEMER et al. 
1986; CHEN et al. 1988). These Ni-Si alloys 
demonstrated moderately steep transitions with 
power absorption falling from about 90% to 10% 
of its maximum value over a 7° -lOoC range 
of temperature just below their Curie point 
(or a maximum slope of -7% to -12%/°C). 
KOBAYASHI et al. (1986) returned to the study of 
Pd-Ni alloys and reported successful compositions 
having Curie points in the range of 40°-60°C, 
with power absorption transitions on the order of 
-20%/°e. Evolving clinical protocols suggested 
the need for ferro seeds that could be used inside 
needles rather than catheters, so MATSUKI and 
KURAKAMI (1985) reported the development of 
high permeability ferrite materials loaded inside 
high electrical conductivity outer sheaths with 
power absorption transitions over temperature 
ranges as small as 3°C (-33%fOC). Recent work 
with Ni-Pd alloys (VAN DIJK 1993; MEIJER et al. 
1995) has produced further improvement in the 
transition slope, with current seeds demonstrating 
slopes on the order of -30%fOC as shown in Fig. 
13 .15. While alloys with steeper transitions should 
improve results, even seeds with moderately 
steep transitions provide considerable homogeni
zation of temperatures on the seed surface and in 
the immediate surroundings and can accommodate 
relatively large variations in applied magnetic 
field strength or thermal loading from tissue 
perfusion. The experimental data of Fig. 13.16 
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Fig. 13.15. Relative permeability (proportional to power 
absorption) of nickel palladium alloy (17% Ni, 83% Pd) as 
a function of temperature. Note the sharp reduction 
of power absorption (-30.5%fOC) as the Curie point 
temperature is reached. Data supplied by T.C. Cetas 
(personal communication) 

demonstrate the benefits of thermoregulation 
obtained using Ni-Si seeds with a maximum 
power absorption transition of -7% fOe. The
oretical analysis by HAIDER et al. (1993) has also 
demonstrated that tissue temperature between 
implants absorbing power with a transition 
slope of -10%fOC drops only 2°_3°C below that 
obtained for the optimum case of perfectly 
thermoregulating (constant temperature) sources 
for blood perfusion rates encountered clinically. 
Theoretical advantages of constant temperature 
sources as opposed to implants which absorb a 
constant power per unit length have been discussed 
previously (BREZOVICH et al. 1984; MATLOUBIEH et 
al. 1984; HAIDER et al. 1993). 

In parallel with efforts to improve thermoregu
lation capabilities, there has been an evolution of 
seed design to keep pace with changing clinical 
protocols. The first improvement over basic high 
permeability stainless steel implant needles was 
the fabrication of strings of l-cm-Iong thermoreg
ulating segments held end to end in plastic heat 
shrink catheters. This configuration provided 
flexible implants of arbitrary length with the 
capability of interspersing different temperature 
seeds, or even radioactive seeds, along the length 
before afterloading into the implant catheters 
(STAUFFER et al. 1984b). Evolution of ferro
seed design continued with the introduction of 
multistranded wires having higher power absorp
tion per unit length due to the increased surface 
area available for eddy current losses (HAIDER et 
al. 1991). For clinical use, the thermoregulating 
wire strands were twisted together into a single 
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Fig. 13.16. Thermoregulating characteristics of a I-cm
spaced array of Ni-Si thermoseeds in normal pig muscle in 
vivo. Points A and C are midway between two seeds and 
points Band D record "minimum tissue temperature" 
centered among four seeds. All sensors are mid-depth 

1.4-mm-diameter tumor length source, and glued 
to the end of a 1.4-mm-diameter plastic catheter 
for afterloading into the #14- or 15-gauge (1.95-
to 2. 15-mm-OD ) implant catheters (STEA et al. 
1990). MATSUKI and KURAKAMI (1985) described 
an alternative seed configuration consisting of a 
thermoregulating ferrite rod inserted inside 
an outer nonmagnetic copper cylinder. This 
"soft heating" approach has great potential for 
applications requiring rigid needle implants 
since tumor length sections of ferrite may be 
afterloaded (perhaps with interspersed radioac
tive seeds) into nonmagnetic implant needles for 
localized treatment of deep sites. 

The ferromagnetic seed heating technique 
exhibits several unique capabilities: 

1. Ferroseed sources of any length may be im
planted at any depth without the need for 
externalized connections. 

2. Ferroseeds may be broken into short segments, 
each with a different thermoregulating tem
perature, for custom tailoring the axial 
temperature profile. 

3. Due to inherent temperature regulation near 
their Curie point, ferroseeds act more like 
constant temperature sources than constant 
power sources. 

60 80 100 120 

TIME (min.) 

in the 5-cm-long array with 2cm separation from the 
subcutaneous tissue probe. Note the 47°e minimum tissue 
temperature for 52°-53°e thermoseeds, and the minimal 
2°e change in seed temperature for a factor of 8 increase in 
applied power 

4. Connectorless self-regulating seeds may allow 
heat treatments without external temperature 
monitoring. 

While previous clinical applications have failed to 
take advantage of some of these capabilities, 
desirable protocols involving repeated reheat
ing of permanently implanted sources left in 
tumor bed following surgery for combination 
with fractionated radiotherapy or activation of 
multiple drug cycles may require accelerated 
deVelopment of these capabilities. For permanent 
implants, issues of seed migration and biological 
toxicity of ferromagnetic metals must be resolved 
first. BREZOVICH et al. (1990) reported no clinical 
ill-effects after long-term implantation (14 
months) of in vivo rat liver tissues with gold
plated Ni-Cu thermoseeds, though increased 
levels of Ni and Cu were found in tissue near the 
implants. Additional biocompatibility studies are 
required to optimize methods for permanent 
ferroseed implants, including investigation of 
heating with ferrite materials completely encased 
in inert stainless steel tubes (MATSUKI et al. 1987; 
SATOH et al. 1989). Problems of migration of loose 
seeds from the original implant site have also 
been reported (BREZOVlCH et al. 1990), so that 
methods of fixing the implants in place, such as 
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those suggested by GREENBLAIT (1987) and PISCH 
(1994) must also be investigated. 

13.4.3.3 Key Developments 

1. High-temperature ferromagnetic seed mate
rials for thermal ablation (BURTON et al. 1966; 
WALKER and BURTON 1966; MERRY et al. 1973; 
MOIDEL et al. 1976). 

2. Practical induction coil designs for interstitial 
hyperthermia applications in a variety of tissue 
sites (KAMINISHI and NAWATA 1981; STAUFFER 
et al. 1984b, 1994). 

3. Thermoregulating ferromagnetic seed mate
rials in the hyperthermic temperature range 
(BREZOVICH et al. 1984; DESHMUKH et al. 1984; 
KOBAYASHI et al. 1986; CHEN et al. 1988). 

4. Theory of heat source spacing, temperature 
preplanning (MATLOUBIEH et al. 1984; HAIDER 
et al. 1987, 1993; PALIWAL et al. 1989; CHIN 
and STAUFFER 1991; CHEN et al. 1992). 

5. Theory of induction heating principles as 
applied to clinical hyperthermia, frequency, 
and power deposition considerations (OLESON 
1982; OLESON et al. 1983; ATKINSON et al. 
1984). 

6. "Soft heating" method of inserting high 
permeability thermoregulating co~~ in~i~e 
nonferrous tubing for implants requmng ngid 
metal needles (MATSUKI and KURAKAMI 1985; 
SATOH et al. 1989). 

7. Magnetic colloidal solutions for regionally 
localized heating (RAND et al. 1981; CHAN et 
al. 1993; JORDAN et al. 1993). 

8. Interstitial heating following magnetic field 
stereotaxic positioning of ferromagnetic 
implants in deep tissue sites (GRADY et al. 
1989; HOWARD et al. 1989; MALLOyet al. 1991). 

13.5 Implantable Ultrasound Radiators 

Several types of interstitial ultrasound applicators 
are currently under investigation which can be 
classified into one of two basic design schemes: 
devices which consist of tubular piezoceramic 
transducers, or acoustic waveguide antennas. The 
general characteristics of three imp~emen~atio.ns 
of these designs are shown schematIcally m FIg. 
13.17 and described in the following sections. 
Additional discussion of interstitial ultrasound 
technology appears elsewhere in this volume 
(Chap. 12, Sect. 12.5.4). 

P.R. Stauffer et al. 

13.5.1 Tubular Transducer Arrays 

Within the first classification are design schemes 
which utilize single-element or multielement 
arrays of tubular piezoceramic transducers which 
are placed either within a brachytherapy implant 
catheter and surrounded by a coupling fluid 
(HYNYNEN 1992; DIEDERICH and HYNYNEN 
1993), or directly in the tissue (DIEDERICH et al. 
1993, in press). The transducers are thin-walled 
piezoceramic tubes which resonate ac~oss ~he ~all 
thickness, emitting energy in the radIal dIrectIon 
which is well-collimated to the boundaries of 
the transducer length. For interstitial heating 
applications, transducers ranging from 1 .to 
2.5 mm in diameter and operated at frequenCIes 
between 5 and 12 MHz have been investigated. 
Power deposition from these devices falls off 
proportionally as exp{ -2afr}/r, where r is the 
radial distance from the catheter ,fis the frequency 
in MHz, and a (Npm-1 MHz-I) is the atten
uation coefficient of the surrounding tissue 
(DIEDERICH and HYNYNEN 1989). For most soft 
tissues and tumors, a ranges between 4 and 
15Npm-1 MHz- 1 (Goss et al. 1978). The radial 
falloff is due primarily to geometrical losses, with 
the 50% SARmax for a 2.2-mm-diameter 7-MHz 
applicator occurring at approximately 1 mm 
distance in soft tissue. This compares favorably to 
the 27% SARmax value obtained 1 mm from 
comparable RF-LCF electrodes. The power level 
can be controlled separately for each cylindrical 
transducer segment and can be varied during 
treatment. The length and number of transducers 
within an applicator can be selected depending 
on the desired overall length of heating and 
longitudinal resolution of control. The major 
constraints arise from the maximum number of 
RF lead wires that can be passed through the 
central lumen of the tubular transducers, and the 
requirement that each tube be at least 10 A. (10 A. = 
3mm @ 5MHz; lOA. = 1.5mm @ lOMHz) in 
length to ensure effective collimation of the beam 
profile (DIEDERICH and HYNYNEN 1990). 

13.5.1.1 Catheter-Coupled Devices 

Initial design schemes consisted of applicators 
with one or two transducers (PZT material, 1 mm 
OD, 9.5 MHz) attached end-to-end, sealed tightly 
to ensure air backing, and with RF lead wires 
placed within the inner lumen (HYNYNEN 
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Fig. 13.17. Schematic diagrams of three types of inter
stitial ultrasound applicators: catheter-coupled transducers 
with circulating water cooling; direct-coupled transducers 

1992; DIEDERICH and HYNYNEN 1993; HYNYNEN 
and DAVIS 1993). These applicators could be 
placed either within open-end catheters having 
temperature-controlled water circulated through 
the catheter, or within a closed-end catheter filled 
with static water. Devices with temperature
controlled circulating fluid to couple the ultrasound 
energy and control temperature of the catheter
tissue interface demonstrated improved heating 
distributions. A modified design consisting 
of lo5-mm-diameter PZT tubular radiators (8-
11 MHz) mounted in semiflexible segmented 
arrays was described (DIEDERICH et al. 1993; 
DIEDERICH in press), as shown schematically in 
Fig. 13.17. Separate channels for the circulating 
water coolant and electrical connections to the 
transducers and thermocouples were integrated 

for smaller diameter applicators allowing simultaneous 
brachytherapy; and acoustic waveguide antenna with 
plastic/air gap insulation of overlying normal tissue region 

within the support structure to enable insertion of 
the entire assembly into a thin-walled 14-gauge 
closed-end implant catheter. 

Theoretical simulations of tissue temperature 
distributions from these multielement ultrasound 
applicators have clearly demonstrated that 
catheters may be spaced further apart than other 
interstitial techniques to cover a given implant 
volume due to increased radial penetration of 
energy from each source (DIEDERICH and HYNYNEN 
1993; DIEDERICH et al. 1993; DIEDERICH in 
press). The simulations indicate that for typical 
2-cm applicator spacing in a 2 x 2 implant array, 
T90 temperatures ;::42°C can be obtained within 
the array for a T max ~ 45°C using 5- to 9-MHz 
ultrasound applicators in high perfusion tissue 
(10 kg m- I S-1). The simulations also demonstrate 
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the potential improvement in volume heating 
uniformity that is possible from individual control 
of power to each segment of the multielement 
applicators, as illustrated in Fig. 13.1S. Simulated 
heating characteristics were verified with mea
surements of acoustic parameters and tempera
ture distributions in water, in in vitro perfused 
tissue phantoms, and in spontaneous canine 
tumors (HYNYNEN 1992; DIEDERICH et al. 1993; 
HYNYNEN and DAVIS 1993; DIEDERICH in press). 
Measurements of relative pressure squared dis
tributions in degassed water have demonstrated 
the effective collimation of beam patterns and the 
ability to control longitudinal power distributions 
of tubular transducer linear array applicators 
(Fig. 13.19A). The pressure-squared measure
ments are proportional to SAR and are useful for 
determining the shape of the energy deposition 
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Fig. 13.18. Simulated temperature distributions along the 
length of a four-element catheter-coupled ultrasound 
applicator (1.5 mm 00 x l.O-cm-long tubular trans
ducer @7.0MHz, 2.2-mm-OD catheter, perfusion 
2.0 kg m- 3 S- I). Applied power levels to the four elements 
were: (a) peripherally enhanced distribution (100%, 70%, 
70%, 100%) and (b) tip heating only distribution (0%, 
0%,100%, 100%) 
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Fig. 13.19. A Relative pressure squared distributions in 
water along a multiple-element linear array ultrasound 
applicator with two 1.0-mm-OD x 2.5 em-long PZT-5 
transducers. B Temperature distribution along the same 
applicator measured in a perfused in vitro tissue phantom 
5 mm from the applicator. Note significant thermal smear
ing of intensity peaks from thermal conduction, and minor 
differences in transducer efficiency which required dif
ferent power levels (A , left element; B right element) for 
equal power deposition Reproduced with permission, All 
rights reserved (from HYNYNEN and DAVIS 1993) 

in tissue. The diffraction peaks prominent in 
pressure-squared distributions will be thermally 
smeared in perfused tissue so as to produce 
significantly more uniform temperature distribu
tions , as shown in Fig. 13.19B. Additional in vitro 
perfused phantom studies by this group have 
demonstrated that therapeutic temperature dis
tributions are still possible using larger implant 
array spacings up to 2.5-3.0cm. Although 
transducer power requirements increase dramat
ically for larger array spacing, current 1.5-mm
diameter tubes can provide almost 5 W per cm 
length, which should be sufficient to produce 
therapeutic temperatures in tissues of moderate 
to high perfusion (5-S kg m -3 S-1) (DIEDERICH et 
al. 1993; DIEDERICH in press) . 

While feasibility has clearly been demonstrated, 
several technical challenges remain before wide
spread clinical use is practical. First, a very tight 
tolerance on the variation of tube wall thickness is 
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required during fabrication to ensure high ef
ficiency and uniformity of beam distribution 
around the tube circumference as well as along 
the length. Tubes with sufficient uniformity have 
been tested but are not easily obtained from 
manufacturers due to production difficulties and 
low yields. Before ultrasound array applicators 
can be used clinically, RF systems with a large 
number of 10- to 15-W power amplifiers and 
independently adjustable frequency sources 
will be required to provide power for arrays of 
multielement applicators. 

13.5.1.2 Direct-Coupled Devices 

Diederich et al. (1993, in press) have described an 
alternative "direct-coupled" applicator design for 
applying heat simultaneously with standard 
Ir-192 brachytherapy (Fig. 13.17, middle). In this 
design, the transducer elements themselves form 
the outer wall of the applicator (with biologically 
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gauge needle coupled via a "tapered velocity 
transformer" to a I-MHz, 1.3-cm-diameter planar 
disk piezoceramic transducer located outside the 
tissue (Fig. 13.17, bottom). The hypodermic 
needle was clad in plastic shrouding to prevent 
acoustic emissions except at the distal portion, 
which was left exposed. The length of the radiat
ing tip could be altered by repositioning the 
plastic sleeve. Power distributions were shown to 
be well-collimated within the bounds of the 
exposed radiating section (JAROSZ 1991). Peak 
heating rates of 1.1°C/min and temperature 
elevations of 6°-8°C have been measured in vitro 
(JAROSZ 1990). Although the longitudinal power 
deposition is not readily varied along the length, 
advantages of this design stem from the minimal 
invasiveness of using small stainless steel needles 
for precise localization of heat in smaller target 
regions. 

13.5.3 Key Developments 
and acoustically compatible thin insulation 
coating), for direct contact with the tumor. A 
catheter compatible with standard brachytherapy 1. 
sources and remote afterloading devices forms 

Design and evaluation of catheter-coupled 
tubular transducer devices (HYNYNEN 1992; 
DIEDERICH et al. 1993; HYNYNEN and DAVIS 
1993; DIEDERICH in press). 

the inner lumen of the tubular elements. Miniature 
thermocouple sensors are located on the surface 
of each transducer to monitor tissue interface 
temperatures. Due to the location of sensors on 
the applicator wall, effective thermal conductivity 
and blood perfusion estimates may be obtained in 
a manner similar to that described by BABBS et al. 
(1990) and DEFORD et al. (1991a) for resistance 
wire heaters. Simulations by DIEDERICH (in press) 
have demonstrated that these ultrasound devices 
can produce therapeutic temperature eleva
tions up to 8mm from the applicator surface. 
Preliminary experiments have verified that higher 
quality tubes capable of circumferentiallY uniform 
beam distributions are more easily obtained at 
this larger diameter. Heating performance 
of noncooled direct-coupled devices is highly 
sensitive to acoustic efficiency, however, since 
transducer self-heating reduces the effective 
radial penetration for a given T max at the trans
ducer surface. Current fabrication techniques 
provide acoustic efficiencies of 50% - 70%. 

13.5.2 Acoustic Waveguide Antenna 

JAROSZ (1990, 1991) described a novel acoustic 
waveguide antenna design consisting of a 19-

2. Design and feasibility tests of direct-coupled 
tubular transducer applicators suitable for 
simultaneous thermoradiotherapy (DIEDERICH 
et al. in press). 

3. Design and evaluation of acoustic waveguide 
antenna devices (JAROSZ 1990, 1991). 

13.6 Fiberoptic Coupled Laser Illumination 

The first use of lasers for invasive "interstitial 
heating" applications was reported by BOWN 
(1983a,b). For this application, laser light was 
transmitted via small-diameter «1 mm) quartz 
fiberoptic cables into the tissue volume. Initial 
studies have used primarily neodymium yttrium 
garnet (Nd-YAG) lasers with a wavelength of 
1064 nm, though there is increasing interest in 
other sources such as laser diodes (850 JLm 
wavelength) and erbium-Y AG lasers with 2094 JLm 
wavelength (DICKINSON et al. 1991). Because the 
lIe2 optical penetration depth of 1064 nm laser 
light ranges from only 3 to 8 mm for different 
tissues, photon energy incident on tissue is rapidly 
converted into heat and the principal interaction 
of laser light with tissue is thermal in nature 
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(SVAASAND et al. 1985; McKENZIE 1990). 
MATTHEWSON et al. (1986) showed that biological 
effects are similar for continuous wave and pulsed 
laser output. For interstitial heating applications, 
critical components of the technology are the 
methods used to produce multiple implanted laser 
sources, and for diffusing laser light uniformly 
into the target volume surrounding each fiber. 

The most controllable method of distributing 
laser energy to multiple fibers is by using multiple 
independent lasers. Although this method could 
provide the most uniform heating, system cost 
makes this impractical for large tumors. Alterna
tively, beam splitters may be used to illuminate 
several fibers from a single source. While this 
technique can produce a stable, fixed percentage 
of the total light output down each tube, the 
ratio cannot be altered during treatment. Work 
continues on the design of beam splitters (or star 
couplers) with higher power handling capability 
and more even splitting ratios. Current models 
can provide approximately ±20% output vari
ability over the range of powers used when split
ting the source into four or seven beams (STEGER 
1993). A potentially superior light distribution 
scheme is under investigation which could produce 
dynamic control over the laser splitting ratio by 
mechanically translating the group of optical 
fibers across the output of the laser source so 
that each fiber sequentially receives a variable 
proportion of the total output. For any of these 
distribution schemes, laser light is coupled to 
tissue at the end of the optical fiber as it emerges 
from the armor clad waveguide "light pipe." The 
light may be spread over a larger surface area by 
removing some of the protective cladding around 
the fiber tip section to let light escape back along 
the exposed fiber surface as well as from the 
open end. In order to diffuse the laser light 
more uniformly at the tip, several groups have 
investigated the use of diffusing crystals such as 
frosted quartz (HASHIMOTO et al. 1988; NOLSOE et 
al. 1992) and artificial sapphire (DAIKUZONO et al. 
1987; KANEMAKI et al. 1988; PANJEHPOUR et al. 
1990). 

Due to the rapid falloff of SAR in tissue, 
thermal gradients are extremely steep around 
each fiber, especially for high-power short
duration laser applications which allow less time 
for thermal diffusion. MATTHEWSON et al. (1987) 
reported temperatures as high as 100°C at the 
fiber surface to produce 43°-45°C at a radial 
distance of 8 mm from a single fiber. STEGER 
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(1993) estimated that fiber tip temperatures as 
high as 350°C are likely from the higher power 
laser sources. Thus, experimental work with 
"interstitial laser hyperthermia" (ILH) has 
focused primarily on the production of in situ 
necrosis (thermal ablation), rather than traditional 
interstitial hyperthermia within an array of sources 
<45°-55°C. Results of thermal ablation studies 
using interstitial, intracavitary, or intraoperative 
exposure have been reviewed recently (STEGER 
1993). PANJEHPOUR et al. (1990) have reported the 
only work to date on controlled interstitial laser 
hyperthermia, in their investigation of heating 
dog muscle in vivo with an optical fiber-mounted 
1.3-cm-Iong frosted synthetic sapphire diffusing 
tip. Using 3-5 W for 20-30 min, they reported 
satisfactory hyperthermia of cylindrical tissue 
volumes up to 3.5 cm3 but concluded that larger 
diffuser crystals and multilaser sources were 
necessary for heating more realistically sized 
tumors. To date, only the thermal ablation work 
has continued into the human clinic (MASTERS et 
al. 1992). 

13.6.1 Key Developments 

1. Application of lasers to interstitial heating 
via fiberoptic cables (Bown 1983a,b) with 
control feedback for limiting temperature to 
hyperthermic range (PANJEHPOUR et al. 1990). 

2. Crystal diffuser tips for dispersing laser energy 
more uniformly from the fiber tip (DAIKUZONO 
et al. 1987; KANEMAKI et al. 1988; PANJEHPOUR 
et al. 1990). 

13.7 Modality Selection Criteria 

Interstitial hyperthermia treatment protocols vary 
widely between institutions as well as for different 
implant sites in the body. Some clinical situations 
demand stiff metal needles for accurate geometric 
implantation of deep tissue sites while others 
require flexible plastic catheters for improved 
patient comfort. The largest variables in deter
mining optimum treatment configurations are 
tumor location and tissue properties, which vary 
from small <2 cm3 lesions (SNEED et al. 1992) to 
large masses> 200 cm3 located either superficially 
or deep within the body (VORA et al. 1982; STEA 
et al. 1992). Temperature distributions vary 
not only from nonuniform power deposition in 
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heterogeneous tissues but also from dynamic 
changes in blood perfusion during treatment. 
While providing overlapping capabilities, the 
present armamentarium of interstitial heating 
systems provides extremely useful flexibility of 
technical approach for the wide range of clinical 
treatment conditions. Although other combina
tions may exist, Table 13.3 presents a general 
guideline for matching current treatment protocols 
with most appropriate interstitial heating equip
ment in terms of the compatibility of devices with 
clinical procedures. 

Considering heating performance capabilities, 
there are a number of differences in operational 
characteristics which further delineate the selec
tion of best heating modality for each site. 
Figure 13.20 shows a direct comparison of radial 
temperature profiles obtained from 2.2-mm
OD interstitial sources using RF, microwave, 
ultrasound, and thermal conduction technologies, 
with the addition of surface cooling where pos
sible. These one-dimensional thermal simulations 
were obtained using the bioheat transfer equation 
and theoretical expressions for SAR from RF
LCF electrode (MECHLING and STROHBEHN 1986), 
MW dipole-junction plane (B.S. Trembly, 
personal communication), and US transducer 
(DIEDERICH and HYNYNEN 1993) sources. While 
the radial penetration of effective heating from a 
single source is expanded significantly for water
cooled RF, MW, and US sources, there are a 
number of advantages to be gained from the use 
of hot source technologies which make arrays of 
thermal conduction sources a reasonable choice 
for many applications. Clinical applications for 
each of the technologies will be summarized 
below, as derived from physical device capabilities. 
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Fig. 13.20. Simulations of radial temperature gradients 
from single 2.2-mm-OD interstitial sources, comparing a 
catheter-coupled ultrasound transducer, 500-kHz LCF 
electrode, 9I5-MHz microwave dipole antenna (junction 
plane), and thermal conduction hot source. The curves 
were obtained using a one dimensional bioheat transfer 
equation model with perfusion = 2.0kgm-3 s- 1 and SAR 
distributions for the RF, MW, and US sources obtained 
from the literature (see text). A maximum tissue tempera
ture of 45°C was enforced in each case 

Because of power deposition directly in tissue 
at distance from the source, interstitial MW 
antennas appear best suited for small to moderate 
size tumors located near critical normal tissues 
where there is a need to minimize the number of 
implants and provide individual control of each 
source. They have worked well in treatments of 
deep tissue sites such as brain and prostate, 
and in sites requiring a small number of flexible 
and perhaps nonparallel catheter implants. 
Applications for implantable ultrasound radiators 
should be quite similar. Once the difficulties 
in obtaining small-diameter US transducers 
with angular symmetry of power deposition are 
resolved, these sources may assume some of 

Table 13.3. Modality application guidelines: clinical protocols 

Sequential RT Long term 
30-60minHT 2-3 day HT 

Microwave ++ 
RF-LCF ++ ++ 
CC-RF ++ 
IC-RF + 
Ultrasound + 
Res. Wire ++ ++ 
Ferroseeds ++ 
Hot Water ++ + 
Laser + 

Rapid heat Simultaneous 
5-15minHT HTandRT 

+ 
+ ++ 
+ + 

+ 
+ + 
+ ++ 
+ + 
+ + 
+ 

Heat source 
scanning 

+ 

+ 

+ 

+ 

Permanent 
implants 

+ 

++ 

+ +, Currently in clinical use; +, clinical use feasible and practical with minor refinement of current systems 
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the applications treated previously with MW 
antennas due to the ability to measure source 
temperature and vary SAR along the implant 
length. In addition, hollow tubular ultrasound 
sources should enable use in applications requir
ing simultaneous heat and brachytherapy, or 
wherever precise control of the longitudinal SAR 
distribution is critical. While radiofrequency 
electrode systems do not produce heating as far 
radially from each source as the microwave and 
ultrasound techniques (Fig. 13.20), use of RF
LCF systems with reliable software-controlled 
electrode multiplexers in likely to continue for 
protocols involving simultaneous brachytherapy 
and long-duration, low-level heating of moderate 
to large tumors because of simplicity and reliability 
of equipment and minimal additional effort over 
existing brachytherapy procedures. Applications 
in the gynecological region are most common, 
with possibilities for large breast, neck, and 
extremity locations, as well as intraoperative 
abdominal or pelvic masses where uniformly 
spaced parallel arrays of electrodes can be im
planted temporarily. Commercial availability of 
segmented flexible multielement electrodes 
should improve heating uniformity further without 
significant changes in site applicability, though 
at the expense of increased setup complexity. 
Raising the RF frequency to 27.12 MHz produces 
a number of advantages including independent 
source control and improved localization for 
applications requmng flexible, nonparallel, 
plastic catheter implants. DEuRLOo et al. (1991) 
have demonstrated improved uniformity of heat
ing between angled electrodes when driven in a 
transformer balanced configuration, suggesting 
applications in loop implants of the base of 
tongue or other head and neck sites. 

For larger implant volumes, thermal conduc
tion Hot Source techniques may be preferable to 
avoid the rapidly increasing complexity and costs 
of additional power generators and controlling 
thermometry for long multielement RF, MW, 
or US sources. Feedback control routines based 
on estimations of minimum tissue tempera
ture derived from real time electrode power 
and temperature measurements have been 
implemented for the DC resistance wire technique 
suggesting potential tissue temperature control 
advantages over the other Hot Source techniques. 
Additionally, the commercial implementation of 
resistance wire technology has been demonstrated 
to provide reliable control for long-duration heat 
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treatments applied simulaneously with radiation 
from sources within the coiled wire applicators. 
Applications for this "constant power" source 
technology include any size tumor of low to 
moderate perfusion that can be implanted with a 
densely spaced array of sources extending just 
beyond the outer tumor margin. Initial success in 
treating brain tumors suggests use in any implant 
site allowing densely spaced arrays. Ferromagnetic 
sources are now available in a variety of con
figurations including catheter-encased segmented 
ferroseed strings, stranded wires, and ferrite 
core activated metal needles, all of which provide 
accurate localization of heating to any size tumor 
at any depth in the body without the need for 
external connections other than minimal ther
mometry verification of minimum tissue tempera
tures. Some applications may benefit from the 
self-thermoregulation capabilities of Curie point 
ferroseeds which help homogenize temperature 
along the implant length even in nonparallel 
implants of heterogeneous tissue. While recent 
work has produced materials with steeper transi
tions of power absorption up to 30% 1°C, the 
implants have not yet been proven sufficiently 
reliable to completely eliminate temperature 
monitoring. Combination with a noninva
sive monitoring capability such as microwave 
radiometry or inductively coupled passive tem
perature implants may facilitate use in unique 
applications such as permanent implantation of 
radioactive ferroseed sources that can be heated 
repeatedly following surgery. Applications should 
continue in large-volume implants such as GYN, 
intact breast, and extremity, and eventually in 
permanent implants of difficult-to-reach sites such 
as brain, base of skull, and prostate. While there 
are no obvious unique applications for the hot 
water technique, clinical use of this technology 
should continue to expand due to simplicity of 
operation, availability of commercial equipment, 
and advantages of true constant temperature 
sources. Applications should be similar to those 
treated with ferroseed and resistance wire tech
niques. Because of developments supported by 
other medical applications such as interstitial and 
intracavitary thermal ablation, laser hyperthermia 
systems should continue to evolve, particularly 
for applications involving simultaneous heat and 
photodynamic therapy of small regions (WALDOW 
et al. 1985; MANG 1990; PANJEHPOUR et al. 1990) 
since both treatments employ the same equip
ment. These general characteristics of site ap-
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plicability are summarized in Table 13.4, which 
lists general characteristics at the top and addi
tional characteristics specific to each sub-heading 
toward the bottom. 

Table 13.5 presents a comparative evaluation 
of the relative strengths and weaknesses of the 
above-named interstitial heating techniques for a 
list of 15 important characteristics of heating 
performance. In this chart, ratings are given 
separately for phase-modulated dipole and helical 
coil antenna arrays, and RF electrodes are split 
into separate categories for rigid needle and 
segmented water-cooled LCF electrodes, and 
capacitively coupled RF electrodes. These subjec
tive ratings are intended to serve as a concise 
reference of relative heating performance for the 
different modalities and to facilitate identification 
of the most appropriate technique for each 
desired characteristic or group of characteristics. 

13.8 Conclusions 

The last decade has produced rapid progress 
in almost all the interstitial technology fields. 
Important technical advances are summarized in 
Table 13.6. Since companies have been slow 
to commercialize new developments, there 
are a number of significant improvements that 
must still be advanced from laboratory to clinical 
practice. Commercial implementation of these 
recent developments should facilitate increased 
use of treatment approaches that have great 
potential for increased local tumor toxicity, 
including simultaneous, long-duration interstitial 
heat and brachytherapy, permanent thermo
brachytherapy implants of tumor bed following 

Table 13.4. Modality selection criteria: site applicability 

MWandUS 

Small volume, any depth 
Wider spacing allowed 
Nonparallel implants 
High perfusion tissues 
Implant inside margin 
Independent control possible 

US transducers 
Simultaneous HT Irads 
Variable axial SAR 
Variable angular SAR 

RF electrodes 

Moderate volume, any depth 
Variable axial SAR 
Simultaneous HT Irads 
Moderate perfusion tissues 
Implant to margin 

LCF 
Template and needles 
Parallel equal length pairs 

CC-RF 
Nonparallel implants 
Independent control possible 
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incomplete surgery, and heat with chemotherapy 
delivered either systemically, interstitially, or 
via liposomes for enhancement of local drug 
concentration. While engineering development is 
likely to continue in several of the fields due to 
ongoing in-house investigations, existing clinical 
systems involving resistively and capacitively 
coupled RF electrodes, microwave antenna, 
ferroseed, hot water, and resistance wire tech
nologies are already capable of producing rela
tively uniform, well-localized hyperthermia 
of most deep tissue sites and are available for 
distribution to additional hyperthermia treatment 
facilities in current form. Ultrasound transducer 
linear array applicators should be available 
soon. Due to recently added capabilities, these 
interstitial heating technologies are primed and 
ready to begin new protocols aimed at maximiz
ing the therapeutic potential of combined heat, 
radiation, and chemotherapy in the treatment of 
well-localized nonsuperficial disease. 

13.9 Summary 

• There are nine interstitial heating technologies 
with functional equipment systems in at least 
one institution. Some are still under develop
ment and require dedicated research personnel 
for safe operation while others are in routine 
clinical use. 

• Past technical innovations in each field are 
summarized in Table 13.6 and guidelines for 
appropriate clinical use of the modalities in 
Tables 13.3 and 13.4. An evaluation of relative 
performance for a number of test criteria is 
given in Table 13.5. 

Hot Sources 

Any volume or depth 
Variable axial SAR (except hot water) 
Nonparallel implants allowed 
Low-moderate perfusion tissues 
Must implant outside margin 
Knowledgelcontrol of maximum tissue temperature 

Ferroseeds 
Permanent implants 

DC wires 
Simultaneous HT/rads 
Predicted T min feedback 

Hot water 
Localization more difficult 

Laser 
Small volumes 
Simultaneous HT/PDT 
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Table 13.6. Abbreviated summary of technical innovations 

MWantennas 
7-cm-Iong dipole 

antennas 
Dipoles with chokes 
Large dia. sleeves/tip 

heating 
Multinode-extended 

length 
Helical coil-variable 

length 
Rotating phase shift 

arrays 
Air/water surface cooling 
Radiometry control 

RF electrodes 
Solid needle arrays, 1 source 
Multiplexed power 

distribution 
Multipoint temperature 

control 
Partially insulated 

electrodes 
Multiplexed electrode 

pairing 
Water surface cooling 
Prewired templates 
CC-RF needle to plate 
CC-RF needle to needle 
Inductively coupled RF 

implants 

• Recent technological developments have 
facilitated the introduction of new clinical 
approaches intended to increase the effec
tiveness of adjuvant heat, such as concurrent 
interstitial heat with radiation and/or drugs 
for either short (pulsed) or long-duration 
simultaneous therapy. 

• Numerous implantable MW antennas are 
available now for routine clinical use, and 
commercial implementation of developments 
such as air or water cooling, phase modulation, 
and concurrent multifrequency radiometry 
should be available soon to further enhance 
volume heating effectiveness. Negative aspects 
for some applications stem from high system 
cost per channel, poor real time control of the 
longitudinal heating distribution, and incom
patibility with simultaneous radiation sources. 

• Several computer-controlled resistively- or 
capacitively-coupled RF systems (0.5-27 MHz) 
with up to 64 independent generators and 
segmented electrodes for higher resolution 
control of longitudinal power deposition 
are ready for commercial repackaging and 
distribution. Improvements to the clinical 
interface (e.g., template mounted multiwire 
quick connect for electrode connections, 
computer networked remote control) and 
enhancements such as water cooling should 
also be available soon. 

• Several Hot Source techniques have reached 
maturity and are ready for new applications in 
current form. All are appropriate only for 
tissues with low to moderate perfusion that can 
be implanted with closely spaced arrays of 
implants out into the margin around the tumor. 

Ferroseeds 
Solid ferromagnetic needles 
Thermoregulating materials 
Segmented multitemp. 

seeds 
High output stranded wires 
Well-localized H fields 
Injectable colloidal 

solutions 

US transducers 
Tubular linear arrays 
Catheter coupled, water 

cooled 
Hollow direct-coupled 

arrays 
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Resistance Wires 
Embedded thermometry 
Hollow coiled wire implants 
Predictive T min control 

program 

Hot water tubes 
Single temp. water source 
2nd source to cool surface 
Dual-chamber catheters 

Laser 
Variable length diffusers 
Multifiber splitters 

While handicapped by the inability to deposit 
power directly in tissue, the HS techniques 
have the potential to allow more accurate treat
ment planning based on knowledge of maximum 
array temperature. 
a) The dual temperature hot water tube 

system provides the least adjustable tem
perature control of any of the interstitial 
techniques, but offers advantages of hard
ware simplicity and true "constant tem
perature" sources. 

b) The DC voltage-driven resistance wire 
system is commercially available with 
relatively simple to use, variable heating 
length applicators and appears ready for 
new applications of interstitial heat de
livered simultaneously with interstitial 
radiation and/or chemotherapy. New cap
abilities of real time power control from 
predictions of minimum tissue temperature 
between implants and independently
controlled segmented heater implants 
should be implemented soon. 

c) Ferromagnetic seed materials continue to 
evolve with improving thermoregulation 
and compatibility with evolving brachy
therapy implant procedures. Current ma
terials are approaching the performance of 
"constant temperature" sources and should 
be useful for applications requiring a high 
degree of localization with few externalized 
connections. Clinical induction heating 
equipment for producing external magnetic 
fields around the body have been built at a 
number of research institutions and appear 
to be available for distribution. Treatment 



314 

protocols which justify the more complex 
equipment by utilizing the unique potential 
of ferroseeds (permanent, connectorless 
implants with self-regulating temperature) 
have not yet been initiated. 

• While medical grade laser equipment is widely 
available, appropriate interstitial applications 
for this technology have not been identified, 
except perhaps for interstitial hyperthermia 
combined with photodynamic therapy 
(WALDOW et al. 1985; MANG 1990; PANJEHPOUR 
et al. 1990). The optical fiber-coupled laser 
sources appear more suitable for intracavitary 
and intraoperative thermal ablation pro
cedures than for lower temperature adjuvant 
hyperthermia. 

• The feasibility of interstitial ultrasound trans
ducer arrays has clearly been demonstrated 
with both direct-coupled and water-cooled 
applicator types. Commercial developers are 
still required for mass-producing the miniature 
catheter-mounted applicators and developing 
the associated power and control systems for 
driving multiple multi-transducer applicators 
with independently controlled frequency 
and amplitude. These sources should provide 
radial heating characteristics similar to those 
obtained with microwave antennas along 
with the advantages of very adjustable heat
ing along the length, compatibility with si
multaneous brachytherapy, and treatment 
control via source temperature feedback 
and real time estimation of tissue thermal 
parameters. 
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14.1 Introduction 

There is growing interest in combining radio
therapy or chemotherapy with hyperthermia in 
the treatment of cancer since it has been shown 
that hyperthermia in the range of 43°C applied for 
about 60 min enhances the effect of both radio
therapy and chemotherapy. Clinical work has 
been focused on combined local hyperthermia 
treatment and radiotherapy of, for example, 
malignant melanoma and neck nodes (OVERGAARD 
and OVERGAARD 1987; VALDAGNI et al. 1988). The 
main techniques utilised for inducing external 
localised hyperthermia involve the use of micro
wave antennas in various forms (hyperthermia 
applicators), but radiofrequency applicators 
coupled to the tissue inductively or capacitively 
are also used extensively. Another field of interest 
is deep heating, where microwaves, radiofre
quency or ultrasound techniques have been used 
to reach various target volumes inside the body. 
Deep local heating of small target volumes can be 
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performed using microwave antennas or ultra
sound transducers in the form of phased arrays or 
scanning or focusing devices. Deep hyperthermia 
of larger target volumes (regional hyperthermia) 
has also been used in the clinic, with annular 
microwave or radiofrequency applicators. Oc
casionally conductive methods, and rarely per
fusion with extracorporeal heated blood, are 
used. Whole-body hyperthermia can be achieved, 
for example, by conductive heat transfer (e.g., 
infrared light exposure or immersion in hot 
water) to raise the body temperature. However, 
many tumours are localised to the walls of body 
cavities and therefore can be reached using intra
cavitary techniques, where the energy is guided to 
the tumour site and delivered there. Intracavitary 
hyperthermia applicators are designed to be in
serted through the body orifices to be positioned 
at the tumour site. Intracavitary hyperthermia 
is often combined with radiotherapy, mainly 
administered by brachytherapy. The purpose 
of intracavitary hyperthermia (as with brachy
therapy) is to limit the treatment to only the 
tumour volume and to spare normal tissue. 

14.2 Intracavitary Hyperthermia Techniques 
in General 

MENDECKI et al. (1978) were among the first to 
discuss intracavitary hyperthermia and to mention 
treatment sites such as the bladder, the oe
sophagus and the rectum. Various applicators and 
results from heat mapping experiments were 
presented, both from simulated body cavities and 
from in vivo measurements in animals, demon
strating some characteristics of these applicator 
types. After this a lot of theoretical as well as 
experimental reports were published. Many 
papers described tissue phantom material mea
surements of the power deposition pattern or the 
specific absorption rate (SAR) distribution, often 
also making reference to animal experiments. 
Reports on preliminary clinical trials, frequently 
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with a few case reports, showed encouraging 
results, and clinical phase II studies have since 
confirmed these preliminary results. 

In the literature, various techniques are de
scribed to reach treatment sites in different body 
cavities with the purpose of inducing hyperthermia 
of the cavity tumours. The oesophagus is the 
treatment site most frequently reported on, fol
lowed by the prostate, the rectum, the cervix 
uteri, the vagina and the bladder. Less frequently 
mentioned treatment sites are the trachea, the 
bile duct and the nasopharynx (Fig. 14.1). 

The applicator design should be adapted to the 
specific anatomy of the treatment site. Access to 
the tumour site, thickness and extension of the 
tumour along the cavity walls, and the presence of 
critical organs in the proximity of the exposed 
tumour are parameters to be taken into con
sideration in the design of the applicators. A 
specific technique cannot be expected to be ap
propriate for all possible tumour sites, and con
sequently there will be a number of different 
techniques for different types of treatment. Tech
niques variously entail the use of microwave 
antennas, radiofrequency electrodes, ultrasound 
transducers and hot sources, all of which will be 
described in more detail below. Microwave 
antenna techniques are those most commonly 
used, followed by radiofrequency electrodes. The 
use of ultrasound transducers is not yet very fre-

quently reported on, and for hot source techniques 
only a few reports are available. It can be noted 
that microwave antennas have been used in most 
treatment sites and that radiofrequency electrodes 
are mostly used in the oesophagus. 

14.2.1 Microwave Antenna Techniques 

A microwave antenna in tissue emits microwave 
power into the surroundings and, due to the 
absorption, there will be a temperature increase. 
The distribution of the microwave power is the 
SAR distribution which is acting as the heat 
source. To obtain an efficient emission of the 
microwave power, the length of the antenna 
should be in the range of half a wavelength. The 
wavelength of the antenna is determined by the 
antenna diameter, the insulation diameter, the 
tissue dielectric properties, the insulation 
dielectric properties and the frequency . Antennas 
of lengths in the range of a few centimetres will be 
optimally operating at a frequency of 915 MHz in 
muscle tissue. Other frequencies can be used 
but the selection of microwave frequency is also 
guided by the equipment at hand. Since many 
commercial microwave hyperthermia systems 
operate at 915 MHz, this is often the frequency 
used because components are easily available. 

The SAR pattern produced by a typical micro
wave antenna is shown in Fig. 14.2. According to 
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Fig. 14.2. SAR distribution at 915 MHz microwave antenna measured in phantom. The ISO-SAR lines are shown in 
steps of 10% in the range 90% -10% of the maximal measured SAR value 

theory (KING and SMITH 1981; BROCHAT et al. 
1988), the total electrical field (E field) generated 
by an insulated linear coaxial antenna consists of 
two components: the axial E field (along the 
antenna axis) and the radial E field (perpendicular 
to the antenna axis). Within the insulation the 
radial E field is predominant, whereas in the 
surrounding tissue region the axial E field is 
dominant. At the antenna end, however, the 
radial E field component can be significant, 
especially very close to the antenna surface. The 
SAR value at each point is proportional to the 
square of the amplitude of the vectorial sum of 
the two E field components. The size of the 
volume enclosed by, for example, the 50% ISO
SAR contour is in the range of 3 ml for an antenna 
operating at 915 MHz. The length of the 50% 
ISO-SAR contour in the longitudinal plane is 
typically 50% of the antenna length. Recent 
results (VRBA et al. 1992) have shown that the 
radial penetration of the SAR is limited by the 
cavity radius (Fig. 14.3) so that it is not possible to 
obtain a radial penetration larger than the cavity 
radius. The same situation is found for waveguide 
applicators where both the aperture size and fre
quency set the penetration depth (HAND 1987). 

An intracavitary microwave applicator consists 
of an antenna and, depending on the clinical 

situation, an additional outer casing in the form of 
a plastic catheter or tube. The antenna can be 
either centred in the outer casing or eccentrically 
positioned to achieve directed heating (SORBE et 
al. 1991; MANRY et al. 1992). Within the outer 
casing circulating cooling water can be utilised to 
prevent the tissue close to the surface of the 
applicator from being overheated. The cooling 
water acts as a conductive heat transfer and has a 
very limited effect on the temperature level at a 
depth of more than a few millimetres from the 
surface of the applicator. As a result there is a 
peak temperature at a radial distance of about 
1 cm from the surface of the applicator. Theo
retical calculations have been performed (BIFFI
GENTILI et al. 1991) for the SAR distribution as 
well as for the resulting temperature distribution 
at steady state which confirm experimental data. 
Internal water cooling has also been included in 
the calculations. 

Clinically this technique has been used in the 
preoperative treatment of advanced carcinoma of 
the rectum (BERDOV and MENTESHASVILI 1990; 
You et al. 1993), prostatic carcinoma (BICHLER et 
al. 1990) and carcinoma of the oesophagus (LI et 
al. 1982; PETROVICH et al. 1988). Besides the linear 
coaxial microwave antennas, helical structures 
terminating coaxial cables have been designed 
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et al. 1992) 

(SATOH and STAUFFER 1988; ASTRAHAN et al. 1991) 
and used in transurethral treatment of, for 
example, benign prostatic hyperplasia. 

14.2.2 Radiofrequency Electrodes 

Hyperthermia by radiofrequency intracavitary 
electrodes is accomplished by a high-frequency 
(typically 13.56MHz or 27.12MHz) electrical 
field distribution between two electrodes: one in 
the body cavity and one on the outside of the 
body. The electrical field drives a conductive 
radiofrequency current between the electrodes 
and due to the resistivity of the tissue ohmic losses 
will cause a temperature increase. Because of the 
small area of the internal electrode, the electrical 
field strength and thereby the current density is 
high here. The external electrode has a larger 
area and the electrical field strength is much less 
at this site. Consequently a concentrated heating 
will occur close to the inner electrode. 

The radial SAR distribution declines roughly 
exponentially going outwards from the inner elec
trode surface but there is a more or less even SAR 
distribution along the surface of the inner elec
trode. The heat distribution can be influenced by 
the position of the external electrode. If a circum
ferential heating is desired, the external electrode 
should also be circumferential or rotated 
(SUGIMACHI et al. 1990). A good electrical contact 
for the external electrode is critical to avoid 
concentration of the electrical current, causing 
undesired heating of the skin. Special care should 
also be taken to avoid interference with equip
ment for monitoring physiological parameters. 

The internal electrode is positioned inside a 
catheter at the distal end, providing a means of 
reaching the treatment site in the body. As for the 
microwave technique, the catheter often contains 
circulating cooling water. A balloon filled with 
water is utilised at the distal end enclosing the 
electrode (Fig. 14.4). Thermocouples are usually 
fixed at the surface of the applicator to register 
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Fig. 14.4. Internal electrode of a radio
frequency hyperthermia device. (Redrawn 
from SUGIMACH! and MATSUDA 1990) 

Silicon balloon 

the temperature of the surface. However, the 
balloon material should be selected carefully so 
that no radiofrequency energy is absorbed in the 
balloon material. 

This technique has been used clinically in the 
treatment of oesophageal carcinoma (SUGIMACHI 
and MATSUDA 1990) and bladder tumours (BICHLER 
et al. 1990). 

14.2.3 Ultrasound Transducers 

An ultrasonic transducer can be made of a disc or 
tube of ceramic material with a specific resonance 
frequency determined by the dimensions of the 
material. It is driven at resonance at frequencies 
typically in the range of 0.5-4 MHz. Intracavitary 
ultrasound transducers are normally of cylindrical 
shape and the ultrasonic pressure wave is emitted 
from the surface radially into the surrounding 
tissue. The absorbed acoustic power distribution 
is then acting as the heat source. The wavelength 
in tissue is small compared to the radius of the 
emitting applicator surface. This makes it possible 
to focus the power deposition with relatively good 
penetration by using linear multi-element arrays 
(DIEDRICH and HYNYNEN 1990). 

The radial penetration of ultrasonic applicators 
is in the range of a few centimetres and is sig
nificantly larger than corresponding penetration 
of microwave or radiofrequency applicators. The 
rotational power distribution is uneven but this is 
probably smoothed out by the heat transfer of the 
blood flow and thermal conduction in the tissue 
when the technique is used in vivo. Directed 
heating is feasible by means of sectorial cylindrical 
transducers. The power distribution can be con
trolled by individual electrical feed signals to each 
element. Recently, HAND et al. (1993) simulated 
SAR distributions of a 25-element array, demon
strating the possibility of focusing the power to a 
volume at a depth of 6cm (Fig. 14.5). 

~ 

Thermopensor 
Coil electrode 

Perfusion 
water 

The outer casing of an intracavitary ultrasonic 
applicator also includes some form of cooling 
system, which normally is circulating degassed 
water. In this case, too, there will be a temperature 
peak at a certain radial distance. The position of 
the peak is dependent on the radius of the trans
ducer, the frequency and the temperature of the 
cooling water and is typically located about 20 mm 
from the surface (DIEDRICH and HYNYNEN 1989). 
Preclinical phase I studies using non-focused 
intracavitary ultrasound are in progress for the 
treatment of tumours of the rectum and the vagina 
(LEWIS et al. 1992). 

Further technical details of ultrasound intra
cavitary hyperthermia may be found elsewhere in 
this volume (Chap. 12, Sect. 12.5.3). 

14.2.4 Hot Source Techniques 

Intracavitary hyperthermia by hot source 
techniques was first discussed by the Swedish 
gynaecologist F. Westermark almost a century 
ago. A device for hyperthermia treatment of 
cervical tumours using a vaginal spiral copper 
tube containing circulating hot water was pre
sented (WESTERMARK 1898). In modern times hot 
source intracavitary hyperthermia is achieved by 
infusing hot water in the range of 60°C into an 
oesophageal tube or balloon positioned at the 
oesophageal tumour site (SUGIMACHI et al. 1983). 
The hot water can be changed continuously to 
keep the temperature at the desired level during 
the treatment. 

By this method the heat is transferred from the 
surface of the applicator into the tissue. A radial 
penetration of the temperature field of a few 
millimetres is achieved due to both conduction 
and the active heat transport by blood perfusion. 
A treatment depth (temperature level >43°C) in 
the range of a few millimetres can be expected but 
is highly dependent on the rate of the blood 
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Fig. 14.5. Simulated SAR distribution in the plane 
y = 0 for an array focused on a spot 6cm distant. 
The contour intervals are 10% of the maximum 
SAR. (Redrawn from HAND et al. 1993) 
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perfusion. The longitudinal heat distribution is 
relatively even provided that the flow rate of hot 
water within the applicator is sufficiently high. 
The method is relatively simple to use and could 
possibly be performed simultaneously with radio
therapy. A significant advantage of this method is 
that an upper limit to the maximum tissue tem
perature is always known. 

This technique has been used in the preopera
tive treatment of oesophageal tumours 
(KOCHEGAROV et al. 1981; SUGIMACHI et al. 1983). 

14.3 Thermometry 
in Intracavitary Hyperthermia 

14.3.1 Invasive Techniques 

Careful thermometry is essential in all kinds of 
hyperthermia treatments for treatment control 

z 

100 

and for documentation. In the case of intracavitary 
hyperthermia, temperature measurements on the 
surface of the applicator are generally performed 
by means of built-in temperature probes. The 
common types of temperature probes are ther
mocouples, thermistors and fiberoptic probes. 
When microwave or radiofrequency techniques 
are used, self-heating of thermocouples and 
thermistor probes when positioned close to the 
applicator surface is a problem. An electrically 
conductive probe such as thermocouple or ther
mistor picks up microwave or radiofrequency 
energy and will be self-heated. There are two 
ways of minimising this effect: positioning of the 
probe perpendicular to the E field of the antenna 
or measuring when the microwave power is 
temporarily off. The first can be realised if the 
probe leads are wound around the applicator a 
few turns since the major E field component at 
the surface is parallel to the applicator axis. The 
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second is easily realised but compensation for the 
tissue cooling during power off must be made to 
obtain the correct reading of the temperature. 

Temperatures should also be recorded at least 
in the centre and at the periphery of the tumour. 
Thereby we are confronted with a problem of 
thermometry in intracavitary hyperthermia for all 
treatment sites: the tumour is not easily accessible 
for thermometry with the applicator in position. 
This is probably the reason why intratumoral 
temperature levels are rarely reported in the 
literature. However, in the treatment of vaginal 
tumours, intratumoral temperature measurements 
can be performed using an interstitial template 
technique (SORBE et al. 1990). 

14.3.2 Non-invasive Techniques 

From the above one can easily understand that 
non-invasive thermometry is urgently needed, 
especially in intracavitary hyperthermia. Several 
non-invasive methods for obtaining information 
about the temperature distribution can be con
sidered: computer tomography (CT) , magnetic 
resonance imaging (MRI) , active microwave 
imaging, electrical impedance tomography (EIT) 
and microwave radiometry. CT and MRI tech
niques are not practical simultaneously with 
hyperthermia treatments and the microwave 
imaging technique is not yet ready for use in the 
clinic. Consequently, two techniques remain: EIT 
and microwave radiometry. 

The EIT technique is well suited to intracavitary 
hyperthermia since measurements are performed 
externally by placing a ring of electrodes on the 
skin around the part of the body where the treat
ment is given internally. The method is based on 
measurement of the electrical conductivity dis
tribution in the plane formed by the annular 
electrodes (CONWAY 1987; BLAD et al. 1992). 
When the hyperthermia treatment is started, the 
conductivity will change at a rate of about 2%;oC, 
which is large enough to be measurable. The 
spatial resolution of existing EIT systems is in the 
range of 5% of the largest dimension of the plane 
of measurement and the temperature resolution is 
about OSC. The resolutions have to be improved 
to a level of approximately 1 % and 0.2°C, respec
tively. Equally important, however, is extension 
of the peripheral spatial resolution of today's 
systems to the area around the applicator, which 
is often the central region. Today's systems have 
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the best resolution just below the skin and around 
the periphery of the plane of measurement, which 
is unnecessary in intracavitary applications. Since 
we do have the applicator located in the body, 
preferably in the plane of measurement and often 
in the central region, there will be a marked 
conductivity change in the distribution at the 
location of the applicator even without any 
heating. This should be used to modify computer 
algorithms and optimise measurement sequences 
so that the best spatial resolution is moved 
towards this area. 

The microwave radiometer technique is based 
on the emission of electromagnetic energy from 
the heated volume. Due to reciprocity of a micro
wave applicator the same applicator in theory 
could be used as a receiving antenna in a radio
meter. The antenna will then collect the micro
wave energy from the same volume as it was 
delivered, making the technique highly useful 
in intracavitary and interstitial hyperthermia. 
Unfortunately the received microwave power is 
very low, in the range of a few pW. This might 
be solved by the use of a suitable high-gain 
low-noise amplifier. Another problem is the 
spatial resolution, i.e., how each infinitely small 
volume, with different temperatures, will con
tribute to the total received power level. To help 
solve this, multifrequency radiometers are under 
development (MIZUSHINA et al. 1992, FABRE et al. 
1993). 

Further technical details of multifrequency 
microwave radiometry may be found elsewhere in 
this volume (Chap. 16, Sect. 16.3). 

14.4 Summary 

• Among the intracavitary heating techniques 
discussed above, microwave antenna tech
niques are the most frequenctly used to date. It 
cannot be expected, however, that one single 
technique will be appropriate for all treatment 
sites since there are limitations to all the tech
niques presented. In the case of microwave 
antennas the radial penetration can be in
sufficient when tumours are more than 1 cm in 
thickness. 

• Radiofrequency electrodes and hot source 
techniques have less penetration than the 
microwave technique and treatment sites and 
tumour sizes should be selected with this in 
mind. 
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• The ultrasound technique seems from mea
surements in phantoms and theory to have 
deeper penetration and additonal possibilities 
for controlling the power deposition pattern. 
However, the technique is still in a develop
mental phase. 

• Non-invasive thermometry is urgently needed 
in intracavitary hyperthermia in order to 
obtain more information about intra tumoral 
temperature distributions. The EIT technique 
and microwave radiometer techniques might 
provide us with this possibility in the future. 
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15.1 Introduction 

Several reviews of invasive thermometry for 
clinical hyperthermia have previously appeared in 
the literature (CETAS et al. 1980; CETAS 1982, 
1985, 1987, 1990; FESSENDEN et al. 1984; HAND 
1985; MARTIN 1986; SAMULSKI 1988; SAMULSKI 
and FESSENDEN 1990). Since the latest reviews 
appeared, there has been little advancement in 
the development of thermometers for invasive 
thermometry, but several papers have appeared 
which focus on improving the quality and 
standardization of thermometry (DEWHIRST et al. 
1990; EMAMI et al. 1991; SAPOZINK et al. 1991; 
WATERMAN et al. 1991). These papers report 
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the Radiation Therapy Oncology Group (ROTG) 
task force's recommendations for improving 
thermometry for multi-institutional trials, but 
many of the general concepts and guidelines 
presented are applicable to nonprotocol treat
ments. In general, there has been an impetus to 
obtain more temperature data during therapy to 
describe more completely the three-dimensional 
temperature field and for evaluation of thermal 
descriptors which have been found to be of 
prognostic significance. Measurements of tem
perature at a few fixed points are no longer 
considered adequate. Instead, it is recomnended 
that catheters and thermal mapping techniques be 
used in connection with standardized catheter 
placement strategies. 

Highly developed non perturbing thermometers 
are available for microwave or RF hyperthermia 
which are capable of measuring temperature to 
within ±0.2°C, or better. However, equivalent 
thermometers do not yet exist for ultrasound, 
where temperature cannot be measured as 
accurately. 

Thermocouples which are generally used for 
ultrasound are prone to measurement errors due 
to absorption and/or viscous heating and the 
conduction of heat along the wire leads. Several 
papers have recently been published which either 
point out problems in ultrasound thermometry 
or describe advancements in overcoming these 
problems (HYNYNEN and EDWARDS 1989; 
WATERMAN 1990, 1992; WATERMAN and LEEPER 
1990; WATERMAN et al. 1990; GREIG et al. 1992; 
ANHALT and HYNYNEN 1992). 

This review contains much of the same basic 
information on thermometers as is included in 
prior reviews. However, in general, there is less 
emphasis on hardware and more emphasis on the 
clinical use of invasive thermometers, including 
the thermometry guidelines and strategies 
developed by the RTOG task force for quality 
assurance for hyperthermia. Special attention is 
also given to defining the problems associated 
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with the use of thermocouples in both electro
magnetic and ultrasound fields. 

15.2 Thermometers for Hyperthermia 

15.2.1 General Specifications 

Thermometers used for invasive thermometry 
should be miniaturized to the greatest extent 
possible, accurate, stable, and able to function 
in intense electromagnetic or ultrasonic fields. 
Ideally, they should be immune to such fields. 
They should have adaquate spatial resolution 
to measure temperature in the steep thermal 
gradients frequently encountered in the clinic and 
be free of measurement errors caused by the 
conduction of heat along the probe. 

Thermometer specifications for invasive 
thermometry have been recommended by several 
authors (SHRIVASTIVA et al. 1989; DEWHIRST et 
al. 1990; CETAS 1987, 1990; SAMULSKI 1988). 
Although there are some differences in the 
specifications recommended by the different 
authors, there is general agreement on the fol
lowing parameters. 

1. Diameter. The diameter of the thermometer 
probe should not exceed 1.1 mm. A probe with 
a diameter of 1.1 mm will just fit into a 
16-gauge catheter. Smaller diameters are 
desirable in that they introduce less trauma. 

2. Accuracy. The thermometer should be ac
curate to within ±0.2°C at the time of calibra
tion. Greater accuracy is desirable and 
achievable with some types of thermometry. 

3. Drift. The calibration of some thermometry 
units is prone to drift with time. The drift 
should not be greater than O.l°C/h so that 
large errors do not occur during the course of 
60 min of heating. 

4. Insensitivity to moisture. Some early fiberoptic 
probes were sensitive to moisture. Insensi
tivity to moisture is important because some 
catheters are permeable to moisture. 

5. Response time. This is the time required for 
the sensor to respond to a step change in 
temperature. The response time is an im
portant consideration when the thermometer 
probe is used for thermal mapping. The 
temperature should not be recorded until the 
probe has remained in the new position for a 
time interval equivalent to 3 time constants 
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(WATERMAN 1985). The time constant of most 
bare probes is 1 s, or less. However, when 
these probes are inserted into a catheter the 
time constant is typically increased by a factor 
of 2 or more. 

6. Precision. Precision is the uncertainty in the 
temperature reading due to "noise." The 
precision can be measured by recording ten 
readings with the sensor in a constant tempera
ture enviroment and computing the standard 
deviation of the mean temperature recorded. 
This value should be ±.01°C, or less. 

7. Passivity. The thermometer should be passive. 
That is, it should not be perturbed by the 
heat source, nor should it perturb the heating 
pattern. The probe should not experience 
self-heating by either electromagnetic or 
ultrasound fields. 

15.2.2 Thermocouples 

Thermocouples are commonly used to monitor 
temperature during hyperthermia. They are 
attractive because they are commercially available 
at relatively low cost and can even be fabricated 
in-house. However, thermocouples also have 
some distinct disadvantages. They are perturbed 
by both electromagnetic and ultrasonic fields, 
resulting in measurement errors or temperature 
"artifacts." Also, certain types of thermocouples, 
such as copper-constantan, are particularly prone 
to a measurement error due to the conduction of 
heat along the copper wire. This type of error is 
commonly referred to as "thermal smearing" 
or as the "conduction error." The problems 
associated with the use of thermocouples in 
electromagnetic fields can be circumvented by 
using nonperturbing thermometers; however, this 
is not possible with ultrasound because a nonper
turbing probe has not been developed for this 
modality. 

The principle of operation of a thermocouple is 
detailed in several reviews of thermometry for 
hyperthermia (CARNOCHAN et al. 1986; CETAS 
1987, 1990; SAMULSKI and FESSENDEN 1990; 
HAND 1985). Therefore, only an overview of the 
principle is given here, with a greater emphasis 
placed on problems associated with the use of 
thermocouples in the clinic. 

The principle of the thermocouple is based on 
the Seebeck effect, the discovery that when two 
wires composed of dissimilar metals are joined at 
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both ends, and one of the ends is heated, a 
continuous current flows through the circuit 
formed by the wires. If this circuit is broken by 
unjoining the unheated end, the net open circuit 
voltage is a function of the temperature of the 
heated junction. For small changes in tempera
ture, this voltage is linearly proportional to 
the temperature difference between the two 
junctions. However, when the leads of a voltmeter 
are connected to the ends of the two wires to 
measure the voltage, two additional junctions are 
created. 

A basic diagram of a copper-constantan 
thermocouple is shown in Fig. 15.1. Note that one 
of the junctions created by the voltmeter leads is 
copper-to-copper, which creates no thermal elec
tromotive force (emf). Therefore, the number of 
junctions is effectively reduced to the two which 
are labeled 11 and 12, The resultant voltmeter 
reading is proportional to the difference (T1 - T2 ) 

in temperature at these two junctions. Thus, to 
determine the temperature T1 at junction 111 it is 
necessary to know the temperature T2 at 12, the 
junction formed by the constantan wire and the 
copper voltmeter lead. Historically, this was 
accomplished by immersing 12 in an ice bath at 
ODC, as shown in the upper half of Fig. 15.1. The 
configuration used in most thermocouple readout 
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units employed for clinical use is illustrated in the 
lower half of Fig. 15.1. The junction h is bonded 
to a thermally isolated copper block, the tem
perature of which is monitored by a reference 
temperature sensor. Since T2 is known, it is 
possible to correct T2 back to the ice point (ODC) 
by adding or subtracting an offset voltage. This 
correction can be made by computer software 
(software compensated) or by an electronic 
circuit (hardware compensated). 

Thermocouples are rarely used for hyper
thermia in the United States, except for ultra
sound. When thermocouples are used, they tend 
to be copper-constantan because this is the type 
of thermocouple supplied with most commercial 
ultrasound hyperthermia units. Thermocouples 
are more widely used in many other parts of the 
world, but not necessarily copper-constantan 
thermocouples. In Europe, the ESHO protocols 
specify that manganin-constantan thermocouples 
be used (HAND et al. 1989). A Canadian group 
utilizes chromel-alumel (type K) thermocouples 
(GREIG et al. 1992). This is an important point 
because copper-constantan thermocouples are 
more prone to thermal smearing errors than some 
other types, such as manganin-constantan and 
chromel-alumel thermocouples. 

Thermocouples are commonly configured as 
multi sensor probes containing as many as ten 
junctions (CARNOCHAN et al. 1986). To reduce the 
diameter, these thermocouples are often con
structed using a common wire. They are then 
usually encased in a metal needle or sheathed in 

Voltage 
Measurement 

plastic. The needle probes are sterilized and 
inserted directly into tissue. Plastic-sheathed 
thermocouples are sometimes implanted directly 
into tissue (ANHALT and HYNYNEN 1992), but 
are more commonly inserted into indwelling 
catheters. However, if catheters are used, con
siderable care must be exercised to ensure that 
the plastics employed do not create unacceptably 

TI large temperature artifacts due to the higher 
absorption of ultrasonic power in plastic com
pared to tissue. 

Fig. IS.I. Basic diagram of a copper-constantan thermo
couple. In the upper diagram the reference junction J2 is 
inserted in an ice bath. In the lower diagram, J2 is bonded 
to a thermally isolated copper block at temperature T2 , 

which is corrected back to the ice point by computer 
software (software compensated) or by an electronic circuit 
(hardware compensated). (From SAMULSKI and FESSENDEN 
1990) 

15.2.3 Thermistors 

A thermistor consists of a bead of semiconductor 
material which may be made from a variety of 
sintered oxides. Its usefulness as a thermometer 
stems from the fact that its electrical resistance is 
a function of temperature. Two pairs of leads 
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Fig. 15.2. Schematic of a thermistor resistance measure
ment circuit. A small constant current is driven through 
the thermistor (RT) and the voltage drop which is pro
portional to the thermistor resistance is measured at con· 
tact points adjacent to the thermistor sensor. (From 
SAMULSKI and FESSENDEN 1990) 

are generally connected to the thermistor, as 
illustrated in Fig. 15.2. One pair is connected to 
a constant current source which is kept small 
(typically 10 fJ,A) to avoid self-heating of the 
thermistor. The other pair is used to measure the 
voltage drop across the thermistor. The resistance 
is determined from the current and resulting 
voltage drop. 

Conventional thermistors with metallic leads 
can be used to· monitor temperature during either 
electromagnetic or ultrasound hyperthermia, but 
are not as widely used as thermocouples. Like 
thermocouples, they are perturbed by both elec
tromagnetic and ultrasound fields and are prone 
to measurement errors due to the conduction of 
heat along the copper leads. An advantage of a 
thermistor is its sensitivity. The resistance of 
the thermistor decreases exponentially with 
temperature, typically at the rate of 4% per °C. 
Partly because of this sensitivity, a thermistor can 
be made quite small, which provides good spatial 
resolution and enables the thermistor to be 
encased in a small-diameter needle or plastic 
sheath. Still another advantage of a thermistor is 
that its calibration is more stable than that of 
other thermometry systems available for invasive 
thermometry. The calibration of a thermistor has 
been known to remain within specifications for 
years (CETAS 1990). 

The so-called Bowman probe is a nonconven
tional thermistor probe which was developed for 
use in radiofrequency (RF) fields (BOWMAN 
1976). The field perturbation and self-heating 
problems which occur with conventional therm
istors are virtually eliminated by using leads 
which have a resistance similar to tissue. The 
probe consists of high-resistance carbon-
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impregnated Teflon leads connected to a small 
high-resistance thermistor. The high resistance of 
the leads prevents the induction of large currents 
which are the source of the field perturbations 
and self-heating artifacts. A thermistor probe 
utilizing this concept was initially marketed under 
the trade name of Vitek, but became more widely 
known as the "Bowman probe" supplied by BSD 
Medical Corporation (Salt Lake City, Utah), with 
their microwave and RF hyperthermia units. 
These probes are accurate and stable, but have a 
relatively large diameter (1.1 mm) which requires 
a 16-gauge catheter. Multisensor probes of this 
type are not available, although BSD Medical 
Corporation does offer a thermal mapping system 
which allows multiple temperature measurements 
along each catheter track. 

15.2.4 Fiberoptic Thermometers 

Fiberoptic thermometers offer two distinct 
advantages over conventional thermocouples and 
thermistors. Because the probes have no metallic 
components, they are essentially nonperturbing 
in microwave or RF fields, and they produce no 
thermal smearing. Hence, artifact-free tempera
ture measurements can be made while the power 
is on. Several different systems have been pro
posed or developed (CETAS 1990), but only the 
two described below have gained widespread use 
in clinical hyperthermia. 

15.2.4.1 Gallium Arsenide Crystal 

A fiberoptic probe which is nonperturbing 
in an electromagnetic field was developed 
(CHRISTENSEN 1977; VAGUINE et al. 1984) based 
on the temperature dependence of the transmis
sion efficiency of infrared light through a gallium 
arsenide crystal. The probe is fabricated by 
optically coupling a gallium arsenide crystal, in 
the form of a prism, to the ends of two optical 
fibers. A narrow band of infrared light emitted 
from a light -emitting diode (LED) travels down 
one optical fiber, passes through the crystal, and 
returns through the second optical fiber to a 
photo detector. The relative transmISSIOn is 
determined by comparing the intensity of the 
emitted and returning light. Temperature is 
determined from a look-up table of temperature 
versus transmission efficiency established at the 
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time of calibration. The relative transmission of 
the narrow band of infrared light through the 
crystal at 25° and 40°C is shown in Fig. 15.3. 
Note the 25% difference (drop) in transmission 
efficiency over this temperature range. 

Fiberoptic probes based on the gallium arsenide 
crystal technology were originally marketed by 
Clini-Therm, Inc. (Dallas, Tex.) as part of their 
TS-12oo thermometry system. They are currently 
available from The Tex-L Company (Arlington, 
Tex.). Probes are available with both single and 
multiple sensors. The single-sensor probe has a 
diameter of approximately 0.7mm and can be 
inserted into a 19-9auge catheter. The multisensor 
probe has four sensors, which are typically spaced 
1 cm apart, and a diameter of 1.1 mm, which 
requires a 16-gauge catheter. 

The gallium arsenide thermometry system is 
sufficiently stable for a 60-min hyperthermia 
treatment, but lacks long-term stability and needs 
to be recalibrated frequently. The maximum 
temperature is limited to 55°C and the probes are 
susceptible to strain artifacts. Early versions 
of the probe were not sufficiently waterproof 
and were sensitive to the moisture which often 
permeates the catheter walls. Water strongly 
absorbs the narrow band infrared light, which 
reduces the transmission efficiency, resulting in 
an error in the temperature measurement. 
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Fig. 15.3. The relative optical transmission of a GaAs 
crystal as a function of wavelength for a O.25-mm sample at 
25° and 40°C. (From VAGUINE et al. 1984) 
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15.2.4.2 Photoluminescent Thermometry 

A fiberoptic thermometry system based on a 
different principle is the Luxtron Model 3000 
(WICKERS HElM and ALVES 1979) marketed by 
Luxtron Corporation (Santa Clara, California). 
This system is based on the technology of 
SAMULSKI and SHRIVASTAVA (1980) and of SCHOLES 
and SMALL (1980). The sensor a manganese
activated magnesium fluorogermanate phosphor 
mounted on the tip of an optical fiber. The 
phosphor is excited by a light pulse from a xenon 
flash lamp which causes it to exhibit a deep 
red fluorescence. The principle of operation is 
based on the temperature dependence of the 
fluorescence decay time, which is shown in Fig. 
15.4. Temperature is determined by comparing 
the time taken for the fluorescence to decay from 
one intensity level to another to data stored in a 
calibration table. Because the temperature is 
determined from a decay time interval, and 
not from differences in the intensity of the 
fluorescent light, problems with light losses due to 
bends in the fiber or drifts in the light source are 
eliminated. 

Since only one optical fiber is required per 
sensor, the diameter of the probes can be made 
quite small. The single-sensor probe is approxi
mately 0.5 mm in diameter and the four-sensor 
probe is 0.8 mm in diameter. The Model 3000 is 
much more stable than the earlier Luxtron 
Models 1000 and 2000. There is no detectable 
system drift during a 60-min period and the long
term (14 day) stability is <0.25°C (SAMULSKI and 
LEE 1986). 

15.3 The Role of Indwelling Catheters 

15.3.1 Advantages of Catheters 

At many institutions, closed-end catheters are 
inserted prior to the first treatment session and 
left in place for the duration of hyperthermia 
therapy, which may be several weeks. Indwelling 
catheters offer distinct advantages to both the 
patient and the physician. The benefit to the 
patient is that the invasive procedure must be 
endured only once, instead of prior to each treat
ment. The physician benefits by saving the time 
which would be required to insert invasive 
thermometry probes prior to each treatment. 
It can also be argued that the quality of the 
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Fig. 15.4. The process by which temperature is determined 
in the photoluminescent thermometry system. A short 
high-intensity light pulse excites the sensor which causes it 
to emit fluorescent light with an intensity which decays 

thermometry is improved when indwelling 
catheters are used because it is feasible to allocate 
more time and resources to the probe placement 
when it is done only once. For example, it 
becomes feasible to use CT guidance when 
inserting deep catheters and for documenting 
catheter placement. The cost of these procedures 
would be prohibitive if carried out in conjunction 
with each hyperthermia treatment. 

Although many institutions use indwelling 
catheters, there is little information in the litera
ture pertaining to complications caused by leaving 
catheters in place for several weeks. However, 
the Rotterdam Radio-therapeutic Institute (VAN 

DER ZEE et al. 1987) has reported the problems 
and complications which they encountered with 
180 indwelling catheters inserted in 74 treatment 
sites over a period of 21/2 years. The most serious 
problems were infection and the loss of catheters. 
Infection was observed in 16% of the catheters, 
necessitating the removal of 6% of them. 
Another 6% were lost, primarily because they 
were not sutured or glued in place. The authors 
report that their complication rate decreased with 
increasing experience and that the catheters were 
well tolerated by the patients. In additions, this 

with time. The time required for the light to decay from an 
intensity Sl to Sl/e is temperature dependent. This 
parameter is measured, as shown, to determine tempera
ture. (From WICKERSHEIM 1986) 

group (VAN DER ZEE et al. 1992) separately 
reported a case study in which tumor growth 
occurred at the insertion site of a catheter which 
was outside the treatment field. This finding 
indicates that catheters should not be placed 
outside the treatment volume in any locally 
curative treatment. In general, complications 
arising from the use of indwelling catheters 
appear to be relatively minor and tolerable in 
view of the advantages which they offer. 

15.3.2 Types of Catheter 

Closed-end catheters for hyperthermia can be 
made in-house (VAN DER ZEE et al. 1987) 
by melting closed one end of a plastic tube. 
However, because catheters designed specifically 
for hyperthermia are commercially available, 
it is usually more convenient to procure them. 
Unfortunately, there has been only one vendor 
and this vendor has changed three times during 
the last decade. These catheters were originally 
designed for invasive thermometry by BSD 
Medical Corporation and marketed by Deseret 
Medical (Sandy, Utah) until the late 1980s. They 
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STYLET INSERTION TYPE CATHETER 

Closed-end Catheter '- Jb---, 
<c ""============::c::==~ _ Stylet 

Skin is punctured with scalpel and penetration is made with catheter 
itseH supported by a stainless stael stylet. Catheter is fitted with a 
female luer lock. 

STANDARD NEEDLE INSERTION CATHETER 

Needle __ '<:C:::::l<="==================::::::l~~== ............ ==rl~-end Catheter 

Penetration is made with a standard 8-bevel needle (14 gao thin wall 
needle for 16 gao catheters and 17 gao thin wall needle lor 19 gao 
catheters). The needle is then withdrawn over the catheter. There 
is !!!! luer fitting on the catheter to interfere with needle removal. 

SPLITTABLE NEEDLE INSERTION CATHETER 

Needle 

Penetration is made with a splittable needle (14 gao extra thin wall 
needle for 16 gao catheters and 17 gao extra thin wall needle for 19 
gao catheters). The needle is then withdrawn and split to allow for 
removal over the female luer adapter on the catheter. 

Fig. 15.5. Commercially available closed-end catheters for invasive thermometry 

were subsequently marketed by Valley Medical 
Research, Inc. (Fruit Heights, Utah) for a period 
of time and are currently available from Delta 
Research Inc. (Murray, Utah). 

Thermometry catheters are presently available 
in the three different configurations shown in Fig. 
15.5. The uppermost diagram shows a catheter 
which uses a stylet for insertion. The skin is 
punctured with a scalpel and penetration is made 
with the catheter itself supported by a stain
less steel stylet. The center diagram shows the 
standard needle insertion catheter without a Luer 
adapter. Penetration is made with a standard B
bevel needle which fits over the catheter. Once 
the catheter is fully inserted, the needle is 
withdrawn over the catheter. The lower diagram 
shows the splittable needle insertion catheter, 
which has a Luer adapter. Penetration is made 
with the splittable needle which fits over the 
catheter. When the catheter is fully inserted, the 
needle is withdrawn over the catheter to a point 
where the tip is out of tissue. The needle is then 

split to remove it, leaving the Luer adapter in 
place. The stylet insertion catheter is available 
only in 16 gauge, but the other two types are 
available in either 16 or 19 gauge. 

i5.3.3 insertion Techniques 

Techniques used to insert indwelling catheters 
have been described in detail in the literature 
(VAN DER ZEE 1987; SAMULSKI and FESSENDEN 
1990). It is apparent that some details of the 
procedure vary from institution to institution 
depending upon physician preference and the 
products available, but the tasks which must be 
performed are universal. The insertion technique 
used at Thomas Jefferson University Hospital in 
Philadelphia is described below. 

The intended catheter tracks and insertion 
points are first drawn on the skin with a markin§ 
pen. The skin is then cleansed with a Bedadine 
solution and local anesthesia is achieved using 
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1 % lidocaine solution. The needle and catheter 
are then inserted. It is frequently necessary to 
temporarily remove the catheter from the needle 
and infiltrate the tissue ahead of the needle with 
lidocaine solution. After the catheter is fully 
inserted, the needle is withdrawn over the 
catheter while it is held in place. The catheter is 
then sutured in place. To further prevent slippage, 
the catheter is cemented to the suture and 
skin with colostomy cement. Finally, a piece of 
adhesive is affixed over the suture and cement. 
Flexible plastic rods are insertet into the catheters 
between treatments to help prevent the catheter 
from kinking. 

It is often advantageous to insert the catheters 
under CT guidance, particularly when there is a 
risk to critical structures. The catheter depth and 
orientation are first planned on the CT image. 
The needle is then partially inserted along the 
intended track and a CT image is obtained to 
assess progress toward the intended goal. The 
ability to monitor progress with the CT scanner 
gives the physician confidence to insert catheters 
deeper than he or she would generally be willing 
to do based on clinical palpation alone. Problems 
associated with 141 CT-guided catheter insertions 
into deep-seated or half-deep-seated tumors in 95 
treatment areas were reported by FELDMAN et al. 
(1993). Although there were a few problems, the 
procedure and the catheters were generally well 
tolerated. Eight catheters had to be removed 
due to infection. One patient developed acute 
pancreatitis and two patients had an inflammatory 
response. No metastases were observed in the 
catheter tracks. 

15.3.4 Impact on Temperature Measurements 

Although catheters offer distinct advantages, 
they can affect the temperature measurement 
in several different ways. When used in an ultra
sound field, absorption heating of the catheter 
can produce an overestimation of the temperature 
(FESSENDEN et al. 1984; HENYNEN and EDWARDS 
1989; WATERMAN and LEEPER 1990). Catheters 
also enhance thermal smearing (SAMULSKI et al. 
1985, GREIG et al. 1992) and perturb the micro
wave heating pattern slightly (CHAN et al. 1988b). 

Catheters increase the response time of the 
thermometer probe. The catheter can be viewed 
as an insulating material separating the sensor 
from the surrounding medium. Because heat 
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must flow through the catheter wall to reach the 
sensor, it takes longer for the sensor to attain 
thermal equilibrium with the surrounding medium 
whenever its temperature changes. The presence 
of the catheter affects the measurement of 
heating and cooling rates which are used to 
determine the specific absorption rate (SAR) and 
effective blood flow, respectively. The measured 
rate of temperature change lags the true rate of 
change immediately after a transient, but the 
sensor will record the correct rate of temperature 
change after an interval equivalent to three time 
constants. Reliable values of the SAR and effec
tive blood flow can be obtained if the data 
recorded within three time constants of the 
transient are ignored (WATERMAN 1985). 

15.4 Measurement Errors with Thermocouples 

15.4.1 Temperature Artifacts 
(Electromagnetic Field) 

Temperature measurement errors caused by the 
presence of an electromagnetic field are com
monly referred to as temperature artifacts. Three 
different types of artifact may occur: (a) inter
ference with the thermometry electronics which 
causes an error in the indicated temperature; (b) 
reradiation of the electromagnetic energy by the 
thermocouple leads, which causes a perturbation 
in the heating pattern; and (c) self-heating of the 
thermocouple wires. These artifacts have been 
described by a number of authors, including; 
CETAS and CONNER (1987), CETAS (1982), 
CHAKRABORTY and BREZOVICH (1982), GAM
MAMPILA et al. (1982), DUNSCOMBE and McLELLAN 
(1986), CHAN et al. (1988a), CONSTABLE et al. 
(1987), and DUNS COMBE et al. (1988). 

The first of these artifacts, interference with 
the thermometry electronics, can be reduced 
significantly by filtering and shielding. It has 
become standard procedure to turn off the power 
for up to 1 s before recording the temperature to 
eliminate any residual artifact. This procedure 
completely eliminates this type of artifact, but 
may not completely eliminate the other two 
types, a fact which is not always appreciated. 
Care is also required in extrapolating back in time 
to the true temperature at power off. 

The second type of artifact, reradiation of the 
electromagnetic energy produces a perturbation 
of the heating pattern which cannot be eliminated 
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Fig. 15.6. Thermographic images of the perturbation of 
the microwave heating pattern by a thermocouple probe 
inserted parallel, perpendicular, and at an angle of ~5° 
with respect to the electric field. The unperturbed heatmg 
pattern is shown in the upper left. (From CHAN et al. 
1988a) 

by turning off the power. Perturbation of a 
915-MHz microwave heating pattern by a thermo
couple oriented in different positions with respect 
to the electric field is shown in Fig. 15.6 (CHAN et 
al. 1988a). A thermographic image of the unper
turbed heating pattern is shown in the upper 
left. The perturbations that occur when a thermo
couple is inserted parallel, at an angle of 45~, and 
perpendicular to the electric field are shown 10 the 
other images. The perturbation is greatest when 
the probe is parallel to the field. Hence, this type 
of artifact can be minimized by orienting the leads 
perpendicular to the field, if the applicator has a 
defined electric field direction. 

The third type of artifact, self-heating of the 
thermocouple wires, is more complex. The 
thermoocouple junction becomes hotter than the 
adjacent tissue, resulting in an overestimation of 
the temperature. However, this is not the only 
consequence of the self-heating artifact. The 
excess heat generated in the wires is conducted to 
the surrounding tissue, thereby elevating its 
temperature above what it would be if the probe 
were not there. 

The self-heating artifact can be resolved into 
two distinct components (DUNSCOMBE et al. 1988) 
as: 

(15.1) 
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where I1T is the total artifact due to self-heating, 
11 T is the elevation in the temperature of the 

p . d 
tissue immediately adjacent to the probe ue to 
the conduction of heat from the probe, and 11Th is 
the difference between the temperature of the 
themocouple and that of the adjacent tissue. 

The component 11Th is a result of the thermal 
insulation provided by the thermocouple sheath, 
the catheter, and any air gaps which may exist 
between the wires and the adjacent tissue. These 
materials allow a thermal gradient to become 
established between the hot wires and the 
adjacent tissue. When the power is .turned ?ff, 
11Th decays rapidly as the excess heat 10 the WIres 
flows through the insulating material to the 
adjacent tissue. The time required for this por~ion 
of the artifact to dissipate depends on the time 
constant of the probe. To eliminate it, the power 
should be turned off for an interval equivalent to 
three time constants of the probe (plus catheter) 
before the temperature is recorded (WATERMAN 
1985). Note that this is longer than the time 
required to eliminate the interference artifact. 
The power-off interval which will eliminate both 
artifacts can be reduced by reducing the time 
constant of the probe. An effective means of 
accomplishing this is to eliminate the air gaps by 
replacing the air with water (DUNSCOMBE et al. 
1988). 

When the power is turned off, 11Th decays very 
rapidly, but I1Tp does not. The time consta~t of 
I1T is approximately two orders of magmtude 
gr:ater than that of 11Th and is similar to that of 
perfused tissue. Thus, I1Tp which can be as much 
as 1°_2°C, cannot be eliminated by turning off the 
power for a few seconds before reading the 
thermocouple. No satisfactory technique has 
been identified for dealing with the tissue 
heating artifact, I1tp. This artifac.t is genera~ly 
overlooked because its presence IS not readIly 
apparent. 

In summary, artifacts can be minimized by 
reducing the coupling of the electric field by 
orienting the thermocouple wires perpendicular 
to the electric field and by reducing the heat 
generated by use of high-resistance wires 
(GAMMAMPILA et al. 1982; DUNSCOMBE and 
McLELLAN 1986). The interference artifact can be 
reduced by filtration and eliminated altogether by 
reading the temperature with the power off. The 
adoption of these procedures will significantly 
reduce, but not completely eliminate, the mea
surement error due to artifacts. 
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15.4.2 Temperature Artifacts (Ultrasound Field) 

Thermocouples are ordinarily used to monitor 
temperature during hyperthermia induced by 
ultrasound. These probes are prone to measure
ment errors commonly referred to as "tempera
ture artifacts." However, it should be noted that 
this problem is not restricted to thermocouples. 
All of the thermometry systems currently avail
able produce artifacts in an ultrasound field; 
fiberoptic probes, which are non perturbing in an 
electromagnetic field, offer no advantage here. 

Artifacts are a result of viscous and/or absorp
tion heating of the probe. Viscous heating arises 
from the relative movement of the surrounding 
tissue with respect to the probe, thereby causing 
shear forces and local energy absorption at the 
probe surface (FRY and FRY 1954a,b; DUNN 1962; 
Goss et al. 1977; HYNYNEN et al. 1982, 1983; 
CARNOCHAN et al. 1986). Absorption heating 
occurs in probes which have plastic materials 
exposed to the ultrasound beam. Absorption 
heating can be caused by something as seemingly 
insignificant as a plastic coating on the junction 
(HAND 1984), but is generally associated with the 
use of catheters or plastic-sheathed thermocou
ples. An artifact occurs because plastic has a 
larger coefficient of ultrasonic power absorption 
than tissue (HYNYNEN et al. 1983; MARTIN 
and LAW 1983; HAND and DICKINSON 1984; 
CARNOCHAN et al. 1986). Hence, the probe be
comes hotter than the surrounding tissue. 

Absorption heating can be eliminated by 
encasing the thermocouple in a steel needle which 
is then inserted directly into tissue. However, the 
temperature artifact cannot be eliminated com
pletely because viscous heating may still occur. 
Thermocouples encased in steel needles are 
generally recommended for ultrasound hyper
thermia to minimize the artifact. However, this 
approach has a number of disadvantages. Most 
notably, it is necessary to reinsert the probes 
prior to each treatment and the advantages of 
indwelling catheters cannot be realized. For 
these reasons, some investigators are willing to 
accept a potentially larger artifact in return for 
the advantages of using indwelling catheters. 
However, this step should be taken with caution 
because the absorption artifact can become very 
large, on the order of several degrees (FESSENDEN 
et al. 1984), if the wrong plastics are used (most 
notably Teflon) or if high power levels are 
employed. These points are explained more fully 
in the following paragraphs. 
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The magnitude of the viscous or absorption 
artifact is directly proportional to the ultrasound 
intensity (FRY and FRY 1954a,b; HYNYNEN et 
al. 1983; DUNSCOMBE and McLELLAN 1986; 
WATERMAN and LEEPER 1990). Thus, the artifact 
obtained with any probe, with or without a 
catheter, is a dynamic variable which increases 
with the power level. For this reason, it is 
necessary to distinguish between thermometry 
recommendations for planar ultrasound, where 
the intensity is relatively low, and scanned focused 
ultrasound, where the intensity may be an order 
of magnitude greater. For example, a catheter 
which produces an acceptable artifact with planar 
ultrasound would probably produce a totally 
unacceptable artifact at the power levels used for 
scanned focused ultrasound. 

The magnitude of the absorption artifact 
depends upon the type of plastic employed 
(MARTIN and LAW 1983; HAND and DICKINSON 
1984; KUHN and CHRISTENSEN 1986; HYNYNEN 
and EDWARDS 1989). Figure 15.7 shows the relative 
heating of various sheathing materials (KUHN and 
CHRISTENSEN 1986). In this work, a thermocouple 
was inserted in the plastic to be tested, which was 
immersed in a water bath. It was then exposed to 
a I-MHz ultrasound beam with an intensity of 
about 5 W /cm2 and heated until an equilibrium 
temperature was attained. The temperature scale 
in Fig. 15.7 indicates the temperature elevation 
attained. Note that the temperature elevation 
attained with fused silica and polyethylene tubing 
was significantly less than with Teflon. Hence, 
catheters fabricated from these materials would 
be expected to produce a smaller artifact than 
Teflon. Care must be exercised to assure that 
catheters are fabricated from a plastic which will 
minimize the absorption artifact. In particular, 
Teflon should be avoided. 

Fortunately, the commercially available cathe
ters (Delta Research, Inc., Murray, Utah) which 
are widely used for hyperthermia are made from 
polyurethane, not Teflon. The artifacts produced 
by these catheters were evaluated at 72 different 
sensor locations in ten different tumor sites 
heated by use of planar ultrasound transducers 
operated at 1 and 3 MHz (WATERMAN et al. 1990). 
The ultrasound intensity used during these treat
ments was typically 1 W/cm2. Histograms of the 
artifacts observed in these patients are shown in 
Fig. 15.8. Most of the data were obtained with 
multisensor thermocouples inserted into 16-gauge 
polyurethane catheters, as can be seen by the 
larger number of samples in the histogram in the 
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Fig. 15.7. Bar graph illustrating the relative magnitude of the ultrasonic-induced temperature artifact for different 
thermocouple sheathing materials. (From KUHN and CHRISTENSEN 1986) 
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Fig. 15.8. Frequency distribution of temperature artifacts 
observed in human tumors by (a) multisensor thermo
couples in 16-gauge polyurethane catheters at 1 MHz, (b) 
single-sensor thermocouples in 19-9auge polyurethane 

upper left. The mean artifact was O.6°C and only 
15% of the artifacts exceed 1°e. The largest 
artifact observed was 3.0°C. These results indicate 
that the magnitude of the artifact which occurs in 
clinical data when the ultrasound intensity is on 
the order of 1 W /cm2 is generally less than 1°C. 
If higher ultrasound intensities are used, the 
artifacts will be proportionally greater. 
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catheters at 1 MHz, (c) multisensor thermocouples in 16-
gauge polyurethane catheters at 3 MHz, and (d) single
sensor thermocouples in 19-9auge polyurethane catheters 
at 3 MHz. (From WATERMAN et al. 1990) 

The magnitude of the artifact also depends 
on the orientation of the probe relative to the 
direction of the ultrasound beam. According to 
the theory of FRY and FRY (1954a), the maximum 
and minimum artifacts occur when the wires are 
perpendicular and parallel to the direction of the 
beam, respectively. The angular dependence of 
the artifact is shown in Fig. 15.9 (HYNYNEN and 
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Fig. 15.9. Relative artifact as a function of the angle 
between the probe and the central axis of the ultrasound 
beam. These measurements were carried out in water with 
the thermocouple (a) in a O.7-mm O.D. fused silica tube at 
three different frequencies and (b) in a O.96-mm O.D. 
polyethelene tube at two different frequencies. (From 
HYNYNEN and EDWARDS 1989) 

EDWARDS 1989) for a fused silica probe (upper 
half of figure) at three different ultrasound fre
quencies and for a polyethylene-sheathed 
thermocouple (lower half of figure) at two fre
quencies. The angle plotted is the angle between 
the probe and the beam axis. For the fused silica 
probes, the maximum artifactual heating appears 
to be at an angle smaller than 90°, contrary to the 
theory of FRY and FRY (1954a). However, the 
artifactual heating of the polyethylene-sheathed 
probe decreases with the angle in accordance with 
theory. This result demonstrates the potential for 
reducing the temperature artifact by aligning the 
thermocouple probe as closely as possible to the 
direction of the ultrasound beam. 

HYNYNEN and EDWARDS (1989) describe a 
third type of artifact caused by scattering of the 
ultrasound beam by the probe. They found that 
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probes with diameters equal to or greater than 
one-half the square root of the wavelength scatter 
and reflect the waves, and thus distort the heating 
pattern. This scattering can increase the power 
density around the probe, resulting in artificially 
high temperature readings. 

The presence of viscous or absorption heating 
is apparent from the shape of the temperature rise 
curve, as illustrated in Fig. 15.10. In this figure, 
the temperatures recorded by a polyurethane
sheathed thermocouple in a polyurethane catheter 
and by a thermocouple in a steel needle are 
plotted versus time as the power is turned on for 
90 s and then turned off. The circles depict the 
recorded temperatures and the straight line re
presents an approximation of the actual phantom 
temperature. The artifact is the difference be
tween the solid line and the data. Immediately 
after the ultrasound power is turned on, the probe 
temperature increases more rapidly than that 
of the surrounding medium due to viscous and 
absorption heating. As the temperature difference 
between the probe and the surrounding medium 
increases, thermal energy is conducted from the 
probe to the medium, eventually reaching an 
equilibrium after which time the probe tempera
ture increases at approximately the same rate as 
that of the surrounding medium. The abnormal 
abrupt rise in temperature immediately after 
the power is turned on is the signature of the 
temperature artifact. 

The presence of the artifact is also evident in 
the temperature decay curves shown in Fig. 
15.10. Immediately after the power is turned off, 
the probe temperature decays very rapidly 
because the source of artifactual heating is no 
longer present to maintain the temperature dif
ferential between the probe and the surrounding 
medium. This abrupt drop in temperature is 
another signature of the artifact which is evident 
in both clinical and phantom data. 

The artifact can be determined from the 
temperature decay curve, as illustrated in Fig. 
15.11. The linear portion of the temperature 
decay curve is extrapolated back to the time the 
power was turned off. The artifact is the dif
ference between the extrapolated temperature 
and the temperature recorded by the probe at 
that time. In perfused tissue, the temperature 
elevation (T - 37°C) should be plotted on 
semi log paper as a function of time after the 
power is turned off to perform the extrapolation 
(assuming 37°C is indeed the baseline). The 
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Fig. 15.10. Temperature versus time 
recorded by a polyurethane-sheathed 
thermocouple in a 19-9auge poly
urethane catheter and a 23-gauge 
needle probe in a beef phantom 
heated for 90s by I-MHz planar 
ultrasound at an applied power of 
4OW. (From WATERMAN and LEEPER 

1990) 
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artifact should not be determined from data 
recorded immediately after the power is turned 
on by extrapolating the linear portion of the 
temperature rise curve backward. The slope of 
the temperature rise curve decreases continuously 
with time as the temperature increases due to the 
increasing rate of heat dissipation by perfusion 
and conduction. As a result, the artifact may be 
underestimated (WATERMAN 1990). 

Viscous and absorption heating of the probe 
affects the temperature of the surrounding tissue 
in a manner similar to that described in Sect. 
15.4.1 due the self-heating of a thermocouple in a 
microwave field. The probe essentially becomes a 
linear heat source and heat is conducted from the 
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probe to the surrounding tissue, thereby raising 
its temperature above what it would be if the 
probe were not there. This artifactual elevation in 
the tissue temperature is not obviously evident in 
either the temperature rise 01 decay curves, nor is 
it easily removed by backward extrapolation of 
the temperature decay curve (WATERMAN 1992). 
Furthermore, it is very difficult, if not impossible, 
to demonstrate the presence of this artifact ex
perimentally because almost any instrument 
inserted to measure the temperature in the absence 
of the probe would itself produce an artifact. 
Because this artifact is not evident, it is generally 
overlooked and often not accounted for. How
ever, the presence of the artifact can be demon-

0-0-0 
0- ........ 0 t-60 

0
-- --

43 

0---0--- 0---0---0 

____ v--v-v-v--v____ t-90 
v---v---v v---v---v 

BFR • 10 mlllOO gm/min 

SAR· 240 W/kg 

o 2 

DISTANCE FROM PROBE (em) 

Fig. 15.12. Simulation of the decay of 
the artifact at the location of the probe 
and in the surrounding tissue as a 
function of cooling time. Temperature 
profiles are shown at the time the 
power was turned off and after 30, 60, 
and 90s of cooling. (From WATERMAN 
1990) 
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strated by use of a computer model (WATERMAN 

1990). 
Figure 15.12 shows the results of a computer 

simulation of artifactual heating of the tissue 
adjacent to the probe. This figure shows the dis
tribution of temperature along a line which runs 
through the probe perpendicular to its axis, and 
includes 2 cm of tissue on each side. In this 
example, the tissue is assumed to have a uniform 
blood flow of 10 mlllOO g/min. The upper curve, 
labeled t = 0 sec, shows the temperature profile at 
the moment the ultrasound power is turned off. 
An artifact of approximately 1°C is clearly evident 
at the location of the probe (Ocm). Note that 
there is also an elevation in the temperature of 
tissue within 1 cm from the probe. However, at a 
distance of 1.5 cm, or greater, there is no elevation 
in temperature as result of heat conducted from 
the probe. Hence, in the absence of the probe, 

Fig. 15.13. Calculated decay of tempera
ture at the location of the probe and at a 
point in tissue at 1.5 cm distance. This 
temperature represents the temperature 
that would exist at the location of the 
probe, if it were not there. This figure 
illustrates the underestimation of the ar
tifact by backward extrapolation of the 
linear portion of the decay curve recorded 
by the probe 
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the profile would be a straight line equivalent to 
the temperature 1.5 cm from the probe. The lower 
curves show the profiles 30, 60, and 90 s after the 
power was turned off. Note that the temperature 
of the probe and adjacent tissue is still slightly 
elevated 90 s after the power is turned off. 

Figure 15.13 shows how the temperature 
decayed when the power was turned off at two 
points: at the location ofthe probe (triangles) and 
at a point in tissue 1.5 cm from the probe (circles). 
The artifact is generally determined by extra
polating the decay curve recorded by the probe 
backward to the time the power was turned off, as 
illustrated by the dashed line. The difference 
between the extrapolated line and the temperature 
recorded by the probe at t = 0 is normally taken 
to be the artifact. However, the total artifact is 
actually the difference between the temperature 
recorded by the probe and the lower curve, which 
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represents what the temperature would be at the 
probe location if the probe were not there. It is 
apparent that in the technique of removing the 
artifact by backward extrapolation the decay 
curve removes only a portion of it. In terms of the 
nomenclature defined in Sect. 15.4.1, IJ.Tp is 
removed, but IJ.Th is not. The computer simulation 
(WATERMAN 1990) indicates that the artifact may 
be underestimated by as much as 40% by this 
subtraction technique. 

At least 60 s of thermal clearance data are 
required to determine the artifact by the extra
polation technique. Therefore, it is generally not 
feasible to determine the artifact in this manner 
during the therapy because repeatedly turning off 
the power for this period of time could com
promise the patient's treatment. It has been 
shown that it is also possible to determine 
the artifact from a 10-s interruption in power 
(WATERMAN 1992). Turning off the power for such 
a short period would not compromise the patient's 
treatment and would allow essentially on-line 
subtraction of the artifact. However, this tech
nique has not yet been tested in the clinic. 

The temperature artifact is an even greater 
problem for scanned focused ultrasound because 
the intensity is an order of magnitude greater; 
however, the situation is improved somewhat by 
the fact that the scanning beam only impinges on 
the probe intermittently. Hence, artifactual 
heating is more confined to the probe with less 
heating of adjacent tissue and there is an op
portunity for the artifact to dissipate between 
scans. It has been found that a good estimate of 
the tissue temperature can be attained by turning 
off the power for up to 3 s before reading the 
thermocouples (HYNYNEN and EDWARDS 1989). 
When ultrasound absorbing probes are used, 
there are several different techniques which can 
be used to reduce the artifact. One is to turn off 
the scanning beam as it moves over the probe. 
Another is to record the minimum temperature 
between scan cycles (HYNYNEN and EDWARDS 
1989). Still another approach is to insert flexible 
plastic-sheathed thermocouples directly into 
tissue without a catheter (ANHALT and HYNYNEN 
1992). The advantage of this approach is that the 
artifact is lowered as a result of the improved 
thermal contact between the thermocouple junc
tion and the surrounding medium. Other tech
niques have been devised by covering the plastic 
probe at the location of the sensors with a high
(or low-) acoustic impedance material which 

F.M. Waterman 

would scatter the sound around the probe, thus 
preventing energy absorption in the plastic 
(HYNYNEN and EDWARDS 1989). 

15.4.3 Thermal Conduction Errors 

Thermocouples and thermistors having metal 
leads are prone to a temperature measurement 
error caused by the conduction of heat along 
the wires (SINGH and DYBBS 1976; ANDERSON 
et al. 1984; DICKINSON 1985; LYONS et al. 1985; 
SAMULSKI et al. 1985; GREIG et al. 1992). This 
problem is particularly acute for copper-con
stantan thermocouples due to the high thermal 
conductivity of copper. Unfortunately, this type 
of thermocouple is supplied with most commercial 
ultrasound hyperthermia units. The conduction 
error associated with copper-constantan thermo
couples can often be 1°C, or greater, yet this 
source of error has received relatively little atten
tion in comparison to the temperature artifact. 
This is probably because the conduction error is 
not apparent in the data and can only be detected 
by remeasuring the temperature with a fiberoptic 
probe, something which is seldom done, especially 
in the clinic. 

The existence of a conduction error can be 
demonstrated in the laboratory by sequentially 
mapping a thermal step with a thermocouple and 
a fiberoptic probe, as shown in Fig. 15.14. A 
plastic-sheathed thermocouple with six junctions 
spaced at 0.5-cm intervals and a common con
stantan wire was inserted into a 16-gauge 
polyurethane catheter for this test. The measure
ments were made by pulling the probe through a 
lOoe thermal step from left to right. The first 
curve on the right shows the thermal step mapped 
by a fiberoptic probe which has a negligible con
duction error. Note that the profiles recorded by 
the thermocouples become increasingly more 
distorted with each successive junction from the 
tip. This test reveals the existence of a significant 
conduction error which increases with each suc
cessive junction from the tip, as reported by 
DICKINSON (1985). 

The pronounced dip in the profiles of the 
thermal step recorded by the first three junctions 
is evidence of another type of measurement error 
which can occur with multijunction thermocouples 
having a common wire when the thermal gradient 
is so steep that a temperature differential exists 
over the dimensions of the junction (ANDERSEN et 
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Fig. 15.14. Temperatures recorded by a 
six-sensor copper-constantan thermocouple 
having a common constantan wire and by 
a fiberoptic probe (FO) in mapping a lOoe 
thermal step. Sensor 1 is at the tip of the 
thermocouple 
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al. 1984), generating a thermal emf within the 
junction. This effect is small for each individual 
junction, but the emfs are cumulative and can 
result in errors on the order of a degree. This type 
of error is not of as much concern because the 
gradients encountered in the clinic are seldom 
steep enough to cause a significant error of this 
type. This error can be minimized by reducing the 
diameter of the junction, so as to reduce the 
gradient across it. 

The performance of a thermocouple in mapping 
a step function can be quantitated in terms of an 
error length (DICKINSON 1985) or thermal smearing 
length (SAMULSKI et al. 1985). It has been recom
mended that probes or probe - catheter com
binations having a thermal smearing length greater 
than 1.5 mm not be used in the clinic (SAMULSKI 
and FESSENDEN 1990). Copper-constantan ther
mocouples do not meet this criterion (SAMULSKI 
et al. 1985), and it is strongly recommended that 
this type of thermocouple not be used in the 
clinic. Further evidence of the large conduction 
error which can occur in clinical data was obtained 
by testing the ability of a single-junction copper
constantan thermocouple to map a thermal peak 
having an amplitude of 6°C with a full-width at 
half-maximum of 3.5 cm (WATERMAN and HOH 
1992). This peak constitutes a modest test with a 
maximum gradient of only 3°C/cm. However, the 
average error in mapping this profile was ±O.6°C. 
This error is defined as the average value of the 

3 4 5 6 7 8 

DISTANCE (em) 

absolute difference between the true and measured 
profiles, evaluated at O.5-cm intervals over the 
entire span of the peak. 

The condution error can be significantly reduced 
by replacing copper-constantan thermocouples 
with manganin-constantan thermocouples. 
Manganin has essentially the same thermoelectric 
emf as copper at 40°C (copper 421lV 1°C; manganin 
411lVfOC) but a much lower thermal conductivity 
(copper 385 W m/K; manganin 22 W m/K) 
(DICKINSON 1985). Figure 15.15 shows a lOoC 
thermal step mapped with a manganin-constantan 
thermocouple having five junctions spaced at 1-
cm intervals with separate wires to each junction. 
The dramatic reduction in thermal smearing is 
evident by comparing Figs. 15.14 and 15.15. 
Other types of thermocouples, such as chrome 1-
alumel, have been shown to provide a similar 
reduction in the conduction error (GERIG et al. 
1992). 

Although manganin-constantan thermocouples 
are required for ESHO protocols (HAND et al. 
1989), most institutions in the United States con
tinue to use copper-constantan thermocouples. 
The reasons for this are twofold: manganin
constantan thermocouples are not commercially 
available and the thermometry units supplied by 
the Labthermics and Clini-Therm ultrasound 
hyperthermia units were designed for copper
constantan thermocouples. Institutions in the 
United States which do use manganin-constantan 
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Fig. 15.15. Temperatures recorded by a five
sensor manganin-constantan thermocouple in 
mapping a lOoC thermal step. Sensor 1 is at the 
tip. The thermocouple has separate wires to each 
junction 
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thermocouples fabricate them in-house from 
materials which are commercially available. The 
experience of the University of Arizona group in 
fabricating and using such thermocouples is 
detailed in the literature (ANHALT and HYNYNEN 
1992). Because of the similarity of the thermo
electric emf of copper and manganin, manganin
constantan thermocouples can be used in the 
Labthermics LT-lOO (Labthermics Technologies, 
Inc., Champaign, Ill.) and Clini-Therm TS-1200/ 
TM-lOO thermocouple thermometry units without 
loss of accuracy if appropriate calibration pro
cedures are followed (HOH and WATERMAN 1994). 

Finally, it should be pointed out that there are 
factors other than the thermal conductivity of the 
thermocouple wires which affect the magnitude 
of the conduction error. In order for thermal 
smearing to occur, a temperature gradient must 
exist between the junction and the surrounding 
medium. When the junction is surrounded by 
insulating materials, such as plastic or air gaps, 
such a gradient is more readily established. Thus, 
reducing or eliminating these materials is a key 
factor in minimizing the conduction error (GREIG 
et al. 1992). Air gaps, in particular, should be 
eliminated because the thermal conductivity of air 
is much less than that of plastic. The conduction 
error can also be reduced by decreasing the 
diameter of the wire leads. 

15.5 Thermal Mapping 

Insertion of a few static thermometer probes 
generally provides too few samples of temperature 
to provide a reliable determination of descriptors, 
such as T min' T90, or Tso, which have been found 
to have prognostic significance (OLESON et al. 
1989; KApp et al. 1992; LEOPOLD et al. 1992, 
1993). As pointed out by CORRY (1988), the 
observed minimum temperature tends to decrease 
as the number of samples increases. Multisensor 
probes provide more data per catheter than 
single-sensor probes, but usually have no more 
than four sensors which span a total length of 
3 cm, or less. The only practical means of sampling 
temperature over the dimensions of the heat field, 
and thereby providing the data necessary to 
provide meaningful descriptors, is to employ 
manual or automated thermal mapping. For this 
reason, thermal mapping is a requirement of the 
thermometry guidelines developed for RTOG 
(DEWHIRST et al. 1990). Manual thermal mapping 
is a tedious procedure. However, thermal mapping 
can be facilitated by automated systems designed 
to index one or more thermometer probes under 
computer control. 

GIBBS (1983) reported the first system of this 
type which was developed for use with the BSD 
annular phased array. This mapping system 
indexed three probes in unison by means of a 
stepper-motor driven actuator which was con-
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Fig. 15.16. Diagram of the BSD 
Medical Corporation's thermal 
mapping probe driver and acces
sory parts. (From BSD Medical 
Corp.) 

Temperature 
Probe 

Connector 

trolled by a microprocessor in the control console. 
This system was later refined by BSD Medical 
and marketed as an option to their hyperthermia 
units. It is also available as a "stand alone" 
thermal mapping system (TMS-480) which is the 
only commercially available system. The BSD 
system, shown in Fig. 15.16, is designed for use 
with the Bowman probe and uses a pinch roller 
technique to index the probe. It can index up to 
eight probes simultaneously with a length of travel 
ofO-30cm, stopping at intervals ofO.5-30cm for 
a minimum of 6 s to measure temperature. The 
positioning accuracy stated by the manufacturer is 
±0.2cm. 

Noncommercial automated thermal mapping 
systems have been reported by ENGLER et al. 
(1987) and TARCZy-HoRNOCH et al. (1992). The 

Fig. 15.17. Schematic of the 
thermal mapping device showing 
the actuator (A), shaft (B), plug 
(C), magnet (D), reed switches 
(E1, E2), cable (F), outrigger (G), 
outer tube (Hl), inner tube (H2) , 
fitting for thermometry catheters 
(1), junction of thermometry leads 
and tube (K), and cylindrical motor 
clamp (L). (From ENGLER et al. 
1987) 

Thermal Mapping 
Probe Driver 

Pressure 
Release 

Knob 

Motion Limit Switch 
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Temperature 
Probe 

system developed by Engler et al. is shown in Fig. 
15.17. In this approach, each probe is driven by 
a separate device. Translation of the probe is 
achieved by use of a rotational stepping motor 
with a threaded armature shaft which screws into 
the nonrotational actuator. Each rotation of the 
armature shaft indexes the probe 0.005 cm. The 
probe lead is fixed to the actuator, but in such a 
manner that it would slip if the probe accidentally 
struck the end of the catheter or some other 
obstruction. An advantage of driving each probe 
separately is that the length of travel and interval 
between readings can be tailored to each catheter. 
The hysteresis and positioning error of this device 
appears to be smaller than that of devices which 
utilize a roller to move the probe because the 
probe is not as likely to slip when it encounters 
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L 
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frictional resistance in the catheter. ENGLER et al. 
(1987) report a positional accuracy of less than 
0.005cm. 

TARCZy-HoRNOCH et al. (1992) reported four 
different thermal mapping devices which were 
developed and tested at Stanford University. Two 
of the devices were designed to map a single 
sensor, while the others were designed to map 
parallel arrays of sensors. All four devices employ 
a stepper motor actuated roller and idler wheel 
drive to move the probes. Two of the devices 
incorporate positive positioners to obtain higher 
positioning accuracy when there is a significant 
amount of friction between the probe and catheter. 
Figure 15.18 shows one of these devices, a multi
probe mapping device utilizing a rotary position 
defining cylinder. This device has two stepper 

F.M. Waterman 

motors working in unison. One drives the posi
tioning cylinder around which the probe leads are 
wound. This cylinder limits the maximum out
ward travel of the probes and provides the 
primary force for withdrawing the probes from 
the catheters. The drive cylinder and idler provide 
the motion drive for insertion of the probes 
into the catheters. The drive software utilizes two 
procedures to maximize positioning accuracy. To 
eliminate backlash, all probes are driven past the 
desired location and then withdrawn to their final 
location. Second, the relative rates of rotation of 
the positioner and driver cylinders are adjusted to 
keep the probes under constant controlled tension 
during operation. This device can move the 
probes at a speed of 20 cm/s with a positional 
accuracy of 0.1 cm. 

Temperature Probe 
Feed Tubes 
(46 em 19) 

Fig. 15.18. Functional diagram of a multiprobe mapping device utilizing a rotary position defining cylinder. (From 
TARCZy-HoRNOCH et al. 1992) 
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15.6 Application to the Clinic 

15.6.1 Surface Measurements 
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bolus. The significance of these results is that they 
show that surface measurements do provide a 
reasonable measure of the subcutaneous tem-
perature. The difference between the surface and 

Surface measurements are commonly used to interstitial temperatures was typically less than 
monitor temperature at points at risk. With the 1°C, even when the bolus temperature was 21°C. 
advent of multichannel applicators, surface 
measurements may also be used to monitor the 
relative power output of the different channels. 15.6.2 Catheter Placement Strategies 
However, exactly what is being measured by a 
thermometer sandwiched between the skin sur- 15.6.2.1 Mathematical Models 
face and the coupling bolus of an applicator has 
never been very clear. This is particularly true 
when the bolus temperature is very different from 
the skin temperature. 

The interpretation of surface measurements 
was clarified considerably by a recent investigation 
of the influence of the water bolus temperature on 
skin surface and intradermal temperatures using 
human subjects (LEE et al. 1994). Microwave 
applicators with circulating bolus water set at 
21°C and 41°C were placed on the skin surface, 
but no microwave energy was applied. Thermo
couples were inserted interstitially at a shallow 
depth intended to be at the layer of epidermal 
cells just beneath the stratum corneum. Single
sensor Luxtron fiberoptic temperature probes 
were placed on the surface. The temperatures 
recorded by the surface probes in contact with 
both the bolus and the skin were compared to 
those recorded by the interstitial probes. The 
results obtained with a mechanically scanned two
element microstrip spiral antenna applicator 
(without microwave power on) are shown in Fig. 
15.19. The upper half of the figure shows the data 
obtained in the three human subjects when the 
water bolus was approximately 41°C. The lower 
half of the figure shows the results obtained when 
the water bolus was approximately 21°C. The bar 
graphs for each subject show the water bolus 
temperature, the average skin temperature, and 
the average interstitial temperature. Note that the 
surface temperature is closer to the interstitial 
temperature than to the temperature of the water 
bolus. Several applicators were tested. The overall 
results indicated that the average measurement 
offset with the bolus at 41°C was 15% of the 
difference between the interstitially measured 
skin temperature and the coupling bolus tempera
ture, towards the temperature of the coupling 
bolus. The corresponding offset with coupling 
boluses set near 21°C was 32%. The offset errors 
varied with the type and volume of the water 

The use of indwelling catheters allows temperature 
to be measured at a relatively large number of 
points, especially if automated thermal mapping 
is employed. However, these points lie along the 
catheter tracks and are not dispersed throughout 
the tumor volume. As a result, temperature is 
actually sampled over a small fraction of the 
tumor volume and the distribution obtained may 
not be representative of the three-dimensional 
temperature distribution (DEWHIRST et al. 1987). 
The challenge is to place the catheters such that 
several one-dimensional temperature distributions 
will provide a reasonable representation of the 
three-dimensional temperature distribution. 

The key questions are, "How many catheters 
are needed and how should they be placed?" 
These questions have been studied by use of 
mathematical models (DEWHIRST et al. 1987; 
EDELSTEIN-KESHET et al. 1989). The latter in
vestigation used a three-dimensional temperature 
distribution which could be readily calculated to 
test various schemes of catheter placement. The 
schemes were evaluated by comparing thermal 
descriptors calculated from the temperatures 
along the catheter tracks with the same descrip
tors calculated from the three-dimensional tem-
perature distribution. These studies served as 
the foundation for the thermometry strategies 
devised by an RTOG Task Force for clinical 
trials of hyperthermia (DEWHIRST et al. 1990). 
In formulating these strategies it was recog
nized that descriptors obtained in a few linear 
tracks will inevitably have a geometric bias when 
this information is extrapolated to three dimen
sions. Because there is no straightforward way 
to eliminate this bias, the emphasis was placed 
on standardizing the thermometry so that the 
biases would at least be equivalent. The ther
mometry strategies devised for different modes of 
heating and different tumor sites are summarized 
below. 



352 F.M. Waterman 

Measured Skin Surface and Interstitial Temperatures (at steady state) 

Resting 
- ........ -basellne 

r--r::...,.."......--, 

21 

20 

Fig. 15.19. Bar graphs showing a comparison of the water 
bolus, skin , and interstitial temperatures in three human 
subjects. The data in the upper and lower halves of the 

15.6.2.2 Superficial Tumors 

Superficial tumors treated by use of external 
microwave applicators can be subdivided into 
four categories: (a) superficial bulky malignancy, 
(b) multiple small nodules, (c) an isolated single 
nodule, (d) diffuse erythematous dermal infiltra
tion. Each of these types of tumor requires a 
somewhat different thermometry strategy which 
is described below. 

Superficial bulky malignancies extending be
tween 1.5 and 3.0cm depth require a minimum of 

figure were obtained with bolus temperatures of 41° and 
21°C, respectively. (From LEE et at. 1994) 

three thermometry catheters placed in accordance 
with one of the strategies illustrated in Fig. 15.20. 
It is recommended that two catheters be inserted 
orthogonal to each other so as to intersect at the 
center of the tumor. This may be accomplished by 
inserting the catheters parallel to the mid plane, 
as shown in the uppermost diagram and the one 
on the right. The catheters can also be inserted at 
oblique angles, as shown in the diagram on the 
left, provided they are orthogonal to each other 
and cross at the mid plane. The two orthogonal 
catheters should cross the entire tumor and include 
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2 catheter. parallel to midplane 
1 tangential at ba.e ~~~~9";::::..c~ 

,.....~--

2 Catheter. ero •• through midplane 
1 Tangential at ba.e 

2 Catheter. parallel to midplane and 
1 orthogonal, extending through deep 
ba.e along the mldaxl. 

Fig. 15.20. Optimal strategies for catheter locations in superficial bulky malignancies. (From DEWHIRST et al. 1990) 

margins of normal tissue. The third catheter 
should be inserted to the base of the tumor by 
approaching either tangentially, as shown in the 
uppermost and left diagrams, or inserted vertically, 
as shown in the diagram on the right. Tumors 
extending less than 1.5 cm depth (and less than 
1.5 cm in diameter) should have thermometry 
inserted in the manner recommended for multiple 
small nodules. 

Multiple small nodules ranging from 0.5 to 
1 cm in diameter should be instrumented by in
serting catheters, fully interstitially, but at the 
bases of the nodules such that a maximum number 
of the nodules are intersected, as shown in Fig. 
15.21. The number of catheters which should be 
inserted depends on the area encompassed by the 

Fig. 15.21. Optimal strategy forlocating catheters 
and surface probes in treatment sites consisting 
of multiple small nodules. (From DEWHIRST et al. 
1990) 

disease. A 25 cm2 area requires at least one 
catheter, 25-100cm2 , at least two, and an area 
greater than 100 cm2 , three or more catheters. 
Single nodules which are greater than 1.5 cm in 
diameter should be instrumented in the manner 
described for bulky superficial lesions. 

Diffuse erythematous dermal infiltration with 
no discrete nodules should be instrumented by 
inserting catheters interstitially at 0.5-1.0 cm 
depth across the field, as shown in Fig. 15.22. The 
number of catheters needed depends on the area 
of disease and the criteria defined above for 
multiple small nodules should be applied. With 
this type of disease it is not clear whether the 
catheter is in tumor or normal tissue, but it 
should be regarded as being in tumor when 
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Fig. 15.22. Optimal strategy for locating 
catheter and surface probes in treatment 
sites consisting of an inflammatory pattern 
or plaque of breast carcinoma on the chest 
wall . (From DEWHIRST et al. 1990) 
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within the visible margms of the erythematous 
infiltration. 

The guidelines outlined above include only the 
catheters which are inserted interstitially. In 
addition, there is a need to monitor multiple skin 
surface sites. Sites which definitely should be 
sampled are scars, skin flaps, the tops of discrete 
nodules, and regions where high temperatures are 
expected because of maxima in the heating pattern 
of the applicator. 

The strategies adopted for treatment of bulky 
superficial malignancies with ultrasound are 
essentially the same as for microwaves except that 
it is recognized that ultrasound is capable of 
heating larger tumor volumes because of its deeper 
penetration , in which case, additional thermo
metry is needed. For tumors with depths of 
3-6cm, the catheters should be inserted at an 
oblique angle, crossing in the mid plane of 
the tumor in close proximity to each other 
«0.5 cm). It is recommended that at least three 
such catheters be inserted in order to obtain 
an adequate sampling of the larger volume 
(WATERMAN et at. 1991). An additional catheter 
should be inserted to measure the temperature at 
the deepest margin of the tumor compatible with 
patient safety. Insertion of the catherters at 
oblique angles is helpful for reducing the artifact 
due to viscous and absorption heating (HYNYNEN 
and EDWARDS 1989). 

15.6.2.3 Regional Hyperthermia 

Instrumentation of deep-seated malignancies is 
more difficult, but no less important than for 
superficial malignancies. Optimal thermometry 
strategies have been devised for RF capacitive 
heating techniques and for RF annular phased 
array devices (DEWHIRST et at. 1990; SAPOZINK et 
at. 1991). These strategies are device dependent 
to the extent that it is recommended that the 
catheters be inserted parallel to and perpendicular 
to the direction of the electric field . 

The optimal thermometry placement for RF 
capacitive heating devices is shown in the upper
most diagram in Fig. 15.23. With parallel plate 
RF capacitive devices the dominant electric field 
is usually oriented transaxially. One catheter 
should extend from the deep tumor margin to the 
surface parallel to the electric field. A second 
catheter should be inserted to monitor tempera
ture in a direction perpendicular to the electric 
field. The optimal thermometry placement for 
the annular phased array devices is shown in 
the uppermost diagram of Fig. 15.24. Here , the 
dominant electric field is oriented along the 
cranial-caudal body axis. One catheter should 
extend from the deep tumor margin to the surface 
along the longitudinal axis. A second catheter 
should extend from a deep tumor margin to the 
surface oriented to be radially perpendicular to 
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Fig. 15.23. Strategies for catheter placement in association 
with RF capactive heating techniques. (From DEWHIRST et 
al. 1990) 

the longitudinal axis. A third catheter should be 
inserted to monitor temperature along a tumor 
margin. Intracavitary thermometry should be 
used for sites near or around cavities such as the 
rectum, bladder, or vagina. 

Whenever possible, interstitial catheters should 
also be inserted to traverse necrotic or low radio
graphic density areas, the tumor/normal tissue 
interface, and tumor adjacent to regions with 
suspected high blood flow. Other areas, such as 
surgical scars, which are expected to experience 
significant heating as a result of compromised 
blood flow, should be monitored through separate 
thermometry catheters (SAPOZINK et al. 1991). It is 
also important to monitor the patient's systemic 
temperature during regional heating. 

Unfortunately, it is often impossible to imple
ment the optimal strategies because insertion of the 
catheters in the required directions would present 
an unacceptable risk to the patient. For example, in 
the thorax, transpleural placement risks pneumo
thorax and longitudinal mediastinal placement 
requires direct visualization to avoid great vessels. 
In the abdomen or pelvis, trans bowel placement 
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presents risks of perforation or peritonitis and 
transhepatic or trans renal placement risks hemor
rhage. A more comprehensive discussion of the 
problems associated with placing catheters in the 
thorax, abdomen, pelvis, and the extremities and 
axial connective tissue is available in the literature 
(SAPOZINK et al. 1991; FELDMANN et al. 1993). 

Because the optimal thermometry strategies 
often cannot be implemented, it is important to 
define the minimum acceptable thermometry. In 
general, at least one catheter should be placed 
interstitially through the normal epithelial surface 
and connective tissue, extend through the tumor 
center, and traverse as much of the tumor as 
possible. Examples of less optimal and minimal 
acceptable thermometry for RF capacitive heating 
and RF annular phased arrays are illustrated in 
Figs. 15.23 and 15.24, respectively. 

15.6.2.4 InterstitialHyperthermia 

Interstitial hyperthermia includes several different 
modes of heat delivery: microwave antenna, RF 
local current field (RF-LCF), ferromagnetic seeds, 
and hot water or hot wire sources have all been used 
clinically. Each of these heating modes presents 
somewhat different requirements for thermo
metry. A summary of the strategies devised 
(DEwHIRsTet al. 1990; EMAMI et al. 1991) for each of 
these modes of heating is given below. 

15.6.2.4.1 Microwave Antennas. Microwave an
tennas are usually powered in groups of two to 
four antennas. To provide adequate feedback for 
power control, it is recommended that a thermo
metry catheter be inserted at the center of each 
group of antennas parallel to the antennas. In 
addition, it is recommended that at least one 
catheter be inserted on the periphery of the implant 
and that another be inserted at the center. Because 
of the large variation in power deposition along the 
length of the antenna, it is particularly important to 
map the temperature in these catheters. It is also 
recommended that a catheter be inserted through 
the center of the implant orthogonal to the antenna 
and that another catheter be inserted into adjacent 
normal tissue. 

The thermometry for microwave interstitial 
hyperthermia is sometimes carried out using ther
mometer probes inserted into the heating catheters 
together with the antenna. At least one manu
facturer (BSD Medical ..corporation) supplies 
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Fig. 15.24. Strategies for catheter placement 
in association with annular microwave or RF 
array devices. (From DEWHIRST et al. 1990) 
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microwave dipole antennas with miniature ther
mistor sensors embedded inside the coaxial cable 
dielectric near the hottest part of the antenna. This 
approach eliminates the trauma associated with the 
insertion of additional catheters for thermometry, 
but provides incomplete and sometimes erroneous 
information. It is assumed that the temperature 
recorded in the heating catheter is equal to the 
temperature of the tissue immediately adjacent to 
the antenna. However, it has been demonstrated 
(ASTRAHAN 1988) that this assumption is not valid 
when plastic catheters are employed. Another 
disadvantage is that there is no knowledge of the 
minimum temperatures in the field nor data to 
determine thermal descriptors. It is strongly 
recommended that temperatures measured in the 
catheters containing microwave antenna not be 
used for treatment evaluation (ASTRAHAN 1988; 
DEWHIRST et al. 1990). However, such data do 
provide useful feedback information for balancing 
the power supplied to each antenna. 

15.6.2.4.2 RF-LCF Electrodes. RF-LCF heating 
is normally performed using arrays of needle elec-

trodes connected in pairs to an RF power source. 
The thermometry strategy for RF-LCF electrodes 
(DEWHIRST et al. 1990; EMAMI et al. 1991) is 
essentially the same as for microwave antennas. 
However, because the needle electrodes are nor
mally spaced closer than microwave dipole 
antennas, it becomes impractical to place a catheter 
between each pair of electrodes. The thermometry 
can be supplemented by placing multisensor 
probes snugly in the needle electrodes. Because 
the needles are metal, these probes give a reli
able indication of the temperature of the tissue 
in contact with the electrode, but they do not 
give reliable estimates of the minimum tumor 
temperature. 

15.6.2.4.3 Ferromagnetic Seeds. With Curie 
point thermo regulating ferromagnetic seeds, 
tissue heating occurs only by the conduction of 
heat from the seeds which are the points of highest 
temperature. Therefore, the tumor volume does 
not need to be probed to locate local maxima, as 
in the case of electromagnetic heating. Ideally, 
the temperature of all the seeds should be equal 
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and predictable; however, it is required that the 
temperature of at least one seed be verified. It is 
recommended tht the temperature be mapped in 
the regions of expected minimum temperatures, 
namely along the axis of each square array of four 
sources. 

15.6.2.4.4 Hot Water or Hot Wires. Thermometry 
recommendations for implants using tubes of 
flowing hot water or DC resistance wire heaters 
are essentially the same as for ferromagnetic 
seeds. The tissue temperature cannot become 
hotter than the sources; however, the high tem
peratures used may present a risk to poorly per
fused normal tissue (e.g., fat) adjacent to the 
sources. Therefore, additional thermometry is 
required to monitor temperature at the surface 
entrance and exit points in normal tissue when 
this condition occurs. 

Additional discussion of temperature probe 
placement may be found elsewhere in this volume 
(Chap. 21, Sect. 21.6). 

15.6.3 Localization of Thermometers 

It is extremely important to document the location 
of thermometry catheters and the type of tissue 
adjacent to the catheter at each point of tem
perature measurement. Otherwise, it is impossible 
to properly evaluate thermal descriptors or the 
adequacy of heating. Locating catheters only by 
clinical palpation is unreliable. When catheters 
are inserted by clinical palpation, followed by a 
CT scan to document their location, they are 
frequently not in the intended location. Further
more, the catheter sometimes misses the tumor 
altogether (SAMULSKI and FESSENDEN 1990; ENGIN 
et al. 1992), as illustrated in the example shown in 
Fig. 15.25. In this case, the catheter transects the 
muscle, but misses the tumor which is behind it. 
Without the CT scan, the temperatures obtained 
in this catheter would have been assumed to be in 
tumor. Documentation by use of radiographs is 
also inadequate because the tumor cannot be 
visualized. In the case shown in Fig. 15.25, a 
radiograph would not have revealed that the 
catheter was not in tumor. 

The thermometry strategies developed by the 
RTOG Task Force (DEWHIRST et al. 1990) require 
CT verification to the catheter placement when
ever the tumor depth exceeds 1.5 cm. This infor
mation is essential for determining whether the 
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Fig. 15.25. CT documentation of the catheter placement 
in a patient. In this example, the catheter insertion was 
guided only by clinical palpation and it missed the tumor 
entirely 

catheters are in the intended locations and for 
defining which portion of the catheter track 
traverses tumor. The CT scan is also helpful in 
defining the extent of the disease, especially the 
depth below the surface. The depth of disease 
often cannot be assessed reliably by clinical 
palpation alone. If a prior CT scan of the tumor 
site is not available, and the catheters are inserted 
by clinical palpation, the catheter intended to be 
at the base of the tumor is often inserted too 
superficially. As a result, the temperature at the 
deepest extent of the tumor is not adequately 
sampled. 

It is recognized that obtaining CT verification 
is both expensive and time consuming. Further
more, it is sometimes difficult to interpret the 
films. Tumor boundaries may be poorly defined 
and it is often difficult to determine the location 
of each temperature measurement in catheters 
which do not lie in the plane of the scan. Sections 
of these catheters may appear in several adjacent 
CT images and require multiplanar reconstruction 
in order to visualize the entire catheter length 
(MONGE et al. 1990). Nevertheless, CT or MRI 
documentation is essential for proper evalution of 
the effectiveness of hyperthermia therapy. 

15.7 Summary 

There has been an impetus to improve the 
standards of invasive thermometry during the 
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past several years. The state-of-the-art can be 
summarized as follows: 

• Nonperturbing thermometers are available for 
microwaves and RF hyperthermia, but not for 
ultrasound. 

• Temperature can be measured to within ±O.2°C 
in microwave fields, but measurements in 
ultrasound fields with thermocouples are pro
bably seldom more accurate than ±O.soC due 
to viscous and absorption heating artifacts, as 
well as the conduction of heat along the wires 
leads. 

• Thermometry strategies have been devised 
which provide more complete descriptors of 
the temperature field. 

• Measurements of temperature at a few fixed 
points is no longer considered acceptable. 

• Thermal mapping by use of multisensor probes 
or automated mapping devices is essential. 
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16.1 Introduction 

Owing to its evident possible impact on the devel
opment of hyperthermia treatments, noninvasive 
thermometry (NIT) is in clinical demand, especi
ally for deep-seated and/or large tumors. A recent 
International Consensus Meeting on Hyper
thermia (1989) pointed out that (a) measuring the 
temperature distribution and (b) comparing it to a 
specified standard are essential to validate the 
results obtained from clinical trials. As is well 
known, these problems cannot yet be considered 
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S. MIZUSHINA, PhD, Professor, Research Institute 
of Electronics, Shizuoka University, 3-5-1 Johoku, 
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completely solved. Invasive techniques are now 
regarded as sufficiently accurate (except for ultra
sound), but they only indicate the temperature at 
a limited number of points and are considered 
traumatic for patients. For approximately a 
decade, several noninvasive techniques have been 
considered and presented as potential candidates 
for clinical use, but as yet none has achieved a 
marked impact on clinical practice. For this 
reason, there is now a need to update previous 
attempts at a systematic comparison of these tech
niques (e.g., BOLOMEY and HAWLEY 1989; CETAS 
1984; HAND 1984; MIZUSHINA 1987). 

The NIT techniques can be grouped into two 
main classes. Radiometric techniques are based 
on the measurement of the electromagnetic or 
acoustic radiation spontaneously transmitted by a 
body at a given temperature. Microwave radio
metry is the most illustrative example of such 
"passive" approaches, which require no interro
gating radiation. In fact, it is still the only tech
nique to be implemented effectively on heating 
equipment. Quite different is the "active" imaging 
approach consisting of deducing temperature data 
from the response of the heated region to interro
gating radiation. This indirect approach consists 
in (a) producing temperature-sensitive images 
and (b) calibrating these images in terms of tem
perature (Fig. 16.1). Well-established imaging 
modalities such as x-ray tomodensitometry, ultra
sound echotomography and magnetic resonance 
imaging (MRI) constitute representative examples 
of candidate techniques for which equipment and 
technology are available. Other imaging tech
niques such as electrical impedance tomography 
and microwave imaging are less developed but 
must not be neglected. 

During the last few years, significant research 
has been devoted to NIT, and the resultant 
findings have been reported at different work
shops. Two of these workshops have been organ
ized within the framework of the European 
COMAC-BME program on hyperthermia 
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Fig. 16.1. Principle of the active imaging approach to NIT 

(COMAC-BME 1989; COMAC-BME 1991). 
More recently, a special session was devoted to 
noninvasive thermal control at the concluding 
COMAC-BME workshop, in Utrecht (COMAC
BME 1992). Furthermore, another workshop on 
NIT was organized in Tucson in 1992 during the 
6th International Conference on Hyperthermic 
Oncology. Also of importance, though less recent, 
are the results obtained after the completion of a 
Japanese National Research and Development 
Program for Medical and Welfare Apparatus 
aiming to incorporate noninvasive control systems 
in deep-heating equipment. This effort was sup
ported by the Agency of Industrial Science and 
Technology (AIST). All these events, as well as 
other results in the literature, make it possible to 
assess the state of the art in NIT and to try to 
predict future milestones that will be achieved 
within the next few years. Indeed, the quite sig
nificant recent achievements are of assistance in 
answering the questions (how? and when?) asked 
by the clinical community about NIT. 

The object of this chapter is not to explain 
again the basics of NIT techniques, which have 
already been presented in previous papers, but 
rather to report on the results obtained and to 
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point out major trends. The chapter is organized 
as follows. In Sect. 16.2, the evolution of NIT 
specifications is analyzed. One of the most sig
nificant developments over the past few years has 
been the change in attitude of the clinical com
munity with respect to NIT. While absolute NIT 
is still the ultimate goal, noninvasive control is 
recognized as a potentially useful intermediate 
step. In the following two sections, the two main 
approaches used in NIT are discussed. The evolu
tion in microwave radiometry, which is the only 
technique to be integrated in available commercial 
equipment, is analyzed in Sect. 16.3, while new 
advances in MRI are discussed in Sect. 16.4. 
Although MRI remains an expensive technique, 
it has attractive specific advantages which may 
ultimately make it the modality of choice for real
time noninvasive temperature imaging. Section 
16.5 deals with other techniques based on x-ray 
and ultrasound tomography, as well as on diele
ctric imaging in the low and microwave frequency 
ranges via electrical impedance tomography and 
active microwave imaging. Finally, in Sect. 16.6, 
as a conclusion, several questions concerning the 
future of NIT are addressed. 
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16.2 Evolution in NIT Needs and Specifications 

Consideration needs to be given to both NIT 
specifications stricto sensu and noninvasive con
trol (NIC) or monitoring, two aspects that are, in 
fact, intimately related. The change of emphasis 
from NIT to NIC has resulted mainly from the 
difficulties encountered in the practice of deep 
hyperthermia and from the difficulties in devel
oping I perfect NIT providing temperature and 
only temperature. 

The specifications for NIT equipment required 
for clinical purposes now seem to have stabilized 
at reasonable levels. By reasonable, we mean 
more realistic in terms of (a) clinical usefulness 
(taking into account what can be achieved today) 
and (b) the expected performance of NIT candi
date techniques. In all cases , the objective is to 
obtain a thermal image, the specifications of which 
may be summarized by a resolution voxel in the 
space, temperature , and time domains (Fig. 16.2). 
Even if the ultimate goal should consist in 1 mm 
spatial and O.1°C temperature resolutions, with 25 
images per second to achieve real-time display, it 
is recognized that "degraded" performances 
could be very valuable for clinical usefulness. For 
instance, tracking temperature gradients on the 
order of 1°C, extending over 1 cm, in less than 
1 min should provide a very significant improve-
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Fig. 16.2. Temperature/space/time resolution voxel for 
NIT purposes 
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ment and accommodate the most commonly 
encountered variations in these gradients. 

It is worth noting that the resolution voxel 
dimension is not completely sufficient for com
paring different NIT approaches. Indeed, for 
some techniques the intrinsic voxel dimensions 
may be affected by different factors such as 
the anatomical structure and related contrasts, 
the location of the area under investigation, the 
amount of a priori available information, and 
the clinical context. More particularly, special 
attention has to be paid to the artifacts related to 
patient movement. Many available imaging tech
niques make use of subtraction processes to 
achieve the required sensitivity, but it has been 
observed that thermal imaging performance is 
significantly reduced by patient movements. More 
generally, it is clear that too rapid conclusions, 
based only on results concerning resolution, could 
lead to the premature rejection of some tech
niques which, in other respects to be detailed 
later, appear promising. In addition, very good 
resolution results achieved with phantoms in 
laboratory environments are not always clinically 
relevant. 

Independently of the NIT problem stricto 
sensu, a new orientation is emerging which 
extends the debate . Besides temperature itself, in 
terms of which the treatment efficacy can be 
assessed via the thermal dose concept, it appears 
that the global thermal response of the tissues 
could provide interesting clinical information. 
The global thermal response includes both direct 
and indirect effects of heat delivery such as vas
cular thermoregulatory processes, edema for
mation, and burns. As will be shown later, the 
global thermal response can be rendered visible 
by means of imaging modalities. One of the major 
advantages of this approach could be that it will 
allow some discrimination between healthy and 
tumoral tissues. Furthermore, the availability of 
the global thermal response could provide useful 
information on the evolution of the tissues, session 
after session or during the same session. For 
instance, in the case of tumor cells, analysis of the 
global thermal response could indicate whether 
they have been sufficiently heated and may be 
killed. This approach is further supported by the 
development of new techniques such as focused 
ultrasound "surgery," which effectively aims to 
destroy tumoral tissues. Another important aspect 
of NIC concerns the need for the adjustment of 
multiapplicator equipment before heat delivery. 
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To summarize, the following four levels of 
requirement have now been recognized, as 
acknowledged at the final COMAC-BME (1992) 
workshop in Utrecht: 

1. Hot spot detection 
2. Monitoring of the global thermal response 
3. Differential temperature measurements 
4. Absolute temperature measurements 

Points 1-3 would find their immediate application 
in routine deep hyperthermia treatments. By con
trast, absolute temperature measurements are 
ultimately needed to assess the efficacy of hyper
thermia treatments, but also represent the most 
difficult objective. 

16.3 Microwave Radiometry 

16.3.1 Introduction 

Microwave radiometry has been investigated for 
noninvasive monitoring and control of hyper
thermia for more than 10 years (NGUYEN et al. 
1979), and perhaps is the only technique that has 
been used clinically in combination with heating 
equipment (PLAN COT et al. 1987; CHIVE 1990; 
DUBOIS et al. 1993). During the last few years 
there has been a trend toward exploitation of the 
capabilities of multifrequency schemes for the 
reconstruction of temperature profiles and 
thermal images. 

16.3.2 Framework of Multifrequency Radiometry 

In a typical microwave radiometric measurement 
situation in hyperthermia, an antenna is held in 
contact with a bolus filled with distilled water, as 
depicted in Fig. 16.3. The thermal radiation from 
subcutaneous tissues and the bolus is measured as 
a brightness temperature TB,i,meas over a fre
quency-band centered at fi; Ii is typically in the 
range from 1 to 6 GHz due to the electrical 
properties of tissues. The lowest frequency is 
limited by the diffraction of microwaves by the 
antenna aperture and the highest frequency by 
the penetration distance of microwaves in tissue, 
which decreases rapidly with frequency. TB,i,meas 
is a weighted average of temperatures over a view 
field of the antenna. Since the depth of the antenna 
view field decreases as Ii increases at these fre
quencies, a set of TB,i,meas measured at multifre-
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Fig. 16.3. Typical multifrequency microwave radiometric 
measurement situation in hyperthermia 

quenciesli (i = 1,2, ... ,n) contains information 
with regard to temperature-depth distribution in 
the object. It is then possible to retrieve a tem
perature distribution from TB,i,meas (i = 1,2, ... , 
n). 

The first step in the temperature distribution 
retrieval is to analyze the near-field coupling 
between the antenna and the object with the aid 
of a model to derive weighting functions Wier). 
Plane-parallel layered models have been analyzed 
with one-dimensional treatments (BARDATI 
1987a,b; CHIVE 1990; MIZUSHINA 1993) and more 
recently with three-dimensional treatments 
(NIKITA et al. 1989; MAMOUNI et al. 1991; BOCQUET 
et al. 1993; BARDATI et al. 1993). Once Wier) are 
obtained, the brightness temperatures for the 
model TB,i,model can be calculated by: 

TB,i,model = fWiCr)T(r)dv (i = 1,2, ... , n), 
(16.1) 

where T(r) is the physical temperature of an 
incremental volume dv at a position r, provided 
that electrical characteristics of the tissues are 
known (FOSTER et al. 1979, 1981; JOHNSON et al. 
1972; REDDY and SAHA 1984; SCHEPPS and FOSTER 
1980; SCHWAN and PIERSOL 1954; STEEL and 
SHEPPARD 1985; STUCHLY and STUCHLY 1980, 
1990). Then, Eq. 16.1 is to be solved for T(r) 
from a set of TB,i,model (i = 1,2, ... ,n) under the 
constraints: 
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TB,i,model = T B,i,meas at fi (i = 1,2, ... , n). 
(16.2) 

The number of independent measurements or the 
discrete data n is limited in practice, for example 
n = 2-7. The upper limit is set approximately by 
the ratio (6GHz - 1 GHz)/(B + Bsep) where B 
(= Bi) is the bandwidth and Bsep is a reasonable 
frequency separation between adjacent frequency 
bands. In addition, the radiometric data T B,i,meas 
fluctuates randomly with a standard deviation (Ji, 
which is given by the resolution of fi band of the 
radiometer: 

(J' =!!T ' , = 2(TB,i,meas + Tree,i) 
I B,l,mln (Bir) 112 

= 2(310 + Tree,i) (K) 
(Bir) 1/2 ' 

(16.3) 

where Tree,i' Bi, and r are the equivalent noise 
temperature of the radiometer receiver, band
width of the Ii band and signal integration time, 
respectively. In Eq. 16.3 Dicke radiometer theory 
is assumed (ULABY 1981). 

16.3.3 Methods of Temperature Retrieval 

Equations 16.1-16.3 constitute an inverse problem 
whose solutions are prone to instability or poor 
precision. However, during the last few years 
interesting developments have been reported 
with respect to the inversion process based on 
three different approaches, as discussed below. 

16.3.3.1 Singular System Analysis 

Bardati et al. have developed a method of solving 
Eq. 16.1 based on singular system analysis, where 
temperature fields to be retrieved are expanded in 
terms of suitable basis functions (BARDATI et al. 
1987a,b, 1993). The regularity of the temperature 
field is accommodated in the basis functions. This 
method enables one to reconstruct a two-dimen
sional thermal image. The method was tested by 
an experiment in which the radiometric measure
ments were taken by a four-channel radiometer 
(Ii = 1.1, 2.5, 4.5, 5.5 GHz) via four waveguide 
antennas mounted flush, 90° apart on a 11.8-cm
diameter cylindrical phantom containing muscle
equivalent saline solution. An inner tube with the 
same saline solution at an elevated temperature 
was revolved through 360° at a fixed distance from 
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Fig. 16.4. Tomographic thermal image retrieved by the 
singular system method from radiometric data measured 
on a cylindrical phantom containing muscle-equivalent 
saline solution by a four-channel radiometer. Outer 
cylinder diameter: 1l.8cm. Inner tube diameter: 3cm. 
!:iT = +SOc. Shading, negative portions. (Courtesy of 
F. Bardati) 

the wall of the outer cylinder. Two-dimensional 
temperature images were successfully obtained to 
demonstrate the potential of the method. A two
dimensional thermal image for a !! T = + 5°C case 
is reproduced in Fig. 16.4 from BARDATI et al. 
(1993). The isothermal contours are separated by 
20% of the maximum postive value of the retrieved 
temperature. The black shaded area corresponds 
to the region where the retrieved temperature is 
not less than 98% of the maximum value. 

16.3.3.2 Combined Model Fitting and 
Monte Carlo 

Mizushina et al. have developed a method 
(HAMAMURA et al. 1987; MlZUSHINA et al. 1992, 
1993) in which use is made of a temperature 
profile model function: 

T(z) = T mode/(Z; model parameters), 
(16.4) 

where z is the depth. The model function must 
have an appropriate form to describe temperature 
profiles that would be expected under given 
heating conditions using only a limited number of 
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model parameters m, for example, m = 3-7. The 
rational for this approach is that the use of a priori 
knowledge would improve the precision at the 
expense of generality of solution. Substituting the 
model function into Eq. 16.1 and integrating, one 
obtains a set of algebraic equations containing m 
model parameters. Of the m model parameters, 
the bolus water and body surface temperatures 
are determined by direct probe measurements, 
and m - 2 unknown model parameters are deter
mined by fitting the model to the radiometric 
measurements, i.e., by seeking a combination of 
the model parameters that minimizes the error 
function: 

n 

L (TB,i,model - T B ,i,meas)2 
i=i 

= FerrorCmodel parameters), 

with n > 2m - 2. 

(16.5) 

The above procedure permits one to find a 
temperature profile T(z) that fits a particular set 
of TB,i,meas data. However, TB,i,meas fluctuate 
randomly, resulting in random fluctuations in 
T(z). The spreading in T(z) at a value of z can be 
taken as a measure of the precision of tissue 
temperature at that depth. A Monte Carlo tech
nique has been developed to calculate the con
fidence interval of T(z) (MIZUSHINA et al. 1992, 
1993). The model-fitting/Monte Carlo method 
was tested by a phantom experiment. The radio
metric measurements were taken on a muscle 
equivalent agar phantom through a l-cm layer of 
distilled water via a. single waveguide antenna 
using a five-band radiometer operating at:h = 
1.2 GHz (0.074°K), 1.8 GHz (0.067°K), 2.5 GHz 
(0.056°K), 2.9 GHz (0.065°K), 3.6 GHz (0.075°K), 
where the numbers in parentheses are measured 
values of I1T B,i,mim at r = 5 s. A typical result is 
presented in Fig. 16.5, where the area bounded 
by +a and -a shows the evolution of 2a interval 
with depth. The 2a interval increases with z, as is 
to be expected for a homogeneous medium, and 
is 1.8°K at z = 4 cm. It is desirable to reduce the 
2a intervals, particularly at deeper locations. A 
numerical simulation study has shown that 
an improvement in the radiometer resolution 
I1T B,i,min is quite effective: I1T B,i,min = O.03°K (i 
= 1,2, ... ,5) will have a 2a interval of 0.8°K at z 
= 4 cm. The simulation has also shown that the 
use of tighter constraints on Eq. 16.5, i.e., n > m 
- 2 rather than n = m - 2, is effective in reducing 
the 2a intervals. I1TB ,i,min = O.03°K can be 
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Fig. 16.5. Temperature-depth profile 20' values retrieved 
by the model-fittinglMonte Carlo method from radiometric 
data measured on a muscle-equivalent agar phantom 
by a five-channel radiometer. 0' = standard deviation. 
Open circles, temperatures by thermocouple probes 
for comparison 

achieved by a radiometer that employs a modern 
low-noise microwave amplifier and low loss micro
wave components at r = 8 s. 

16.3.3.3 Radiometry-Matched Bio-heat 
Transfer Analysis 

Chive developed a method in which a temperature 
profile T(z) is first calculated by solving the bio
heat transfer equation (PENNES 1948) in one
dimensional form under 915-MHz heating condi
tions (CHIVE 1990; DUBOIS et al. 1993): 

d(z)c(z) aT~, t). = :z [KaCZ) aT~~ r) 

+ B(z, t) + Pa(z, t) + Qm(z) ] (16.6) 

where T( z), z, t are the tissue temperature, space, 
and time variables; d(z), the tissue density; c(z), 
tissue-specific heat; Ka , the tissue thermal con
ductivity; B(z, t), the rate of heat exchange with 
blood; Pa(z, t), the rate of energy input due to 
microwave heating; and Qm(z), the rate of 
metabolic heat generation. The B(z, t) term is 
assummed to be given by: 

B(z, t) = Vs[Ta - T(z, t)], (16.7) 

where Ta is the arterial blood temperature and Vs 
the product of flow and heat capacity of blood. 
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The heat conduction at the body surface is given 
by: 

aT(O, t) 
Ka az = h[T(O, t) - Te], (16.8) 

where h is the heat conductance between the skin 
and the bolus, Te is the temperature external to 
the body and 0 refers to the body surface. A 
temperature profile T(z) at a given time t is cal
culated from Eqs. 16.6-16.8 for a set of Vs and h. 
T(z) thus obtained is substituted into Eq. 16.1 to 
compute T B,i,model at 1 GHz and 3 GHz. The 
computation is repeated with variable Vs and h 
until TB,i,model and TB,i,meas at 1 GHz and 3 GHz 
match within ±0.2°C. A hyperthermia system 
that combines I-GHz and 3-GHz radiometers 
with 434-MHz or 91S-MHz heating equipment 
has been built, tested, and used in the clinic 
(CHIVE 1990; DUBOIS et al. 1993). A feature of the 
system is that the same applicator, which is a 
microstrip-microslot applicator, is used for both 
heating and radiometry. A temperature profile 
obtained after 1 h of heating of a cervical node is 
reproduced in Fig. 16.6 from CHIVE (1990). The 
above method has recently been extended to 
obtain the two-dimensional thermal profile 
(DUBOIS et al. 1993). It is anticipated that the two
dimensional thermal profile may permit reason
ably accurate estimation of thermal dose in a 
heated volume. 

16.3.4 Conclusion 

Advances in microwave radiometry for non
invasive monitoring and control of hyperthermia 
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during the last few years have been reviewed. It is 
now possible to obtain temperature-depth profiles 
with 20- intervals, and two-dimensional tempera
'tun:i profiles or tomographic temperature images, 
using multifrequency microwave radiometry 
employing three different techniques of inversion 
from the radiometric data to tissue temperatures. 
Among these, the technique based on the com
bination of two-channel radiometry and the bio
heat transfer equation has been used in the clinic 
to treat superficial tumors. This technique appears 
to permit reasonably accurate estimation of 
thermal dose in a heated volume for some situa
tions. With these recent developments, it has 
been shown that microwave radiometry is useful 
for hyperthermia treatments of superficial tumors. 
However, further improvements in the accuracy 
and the depth of measurement sensitivity are 
needed for wider clinical applications. This calls 
for further studies to develop (a) a radiometer 
with high sensitivity and stability (Eq. 16.3), (b) 
weighting functions with improved accuracy for 
various anatomical sites (Eq. 16.1), and (c) inver
sion processes that permit solutions with a 
sufficient degree of precision (Eqs. 16.1-16.3); 
in addition it is necessary to compile exten
sive data on the electrical properties of normal 
and tumorous tissues (Eq. 16.1). It is import
ant to recognize that no factors other than the 
weighting functions are involved in connecting 
tissue temperatures to radiometric data in Eq. 
16.1, which is the basis of microwave radiometry, 
and that all progress on the aforementioned 
points is bound to improve capabilities of micro
wave radiometry for non-invasive thermal control 
and dosimetry. 

Bolus skin muscle Tumor Muscle 

Fig. 16.6. Temperature-depth profile obtained by 
the two-channel radiometrylbio-heat transfer 
equation method on a cervical node. (Courtesy of 
M. Chive) 
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16.4 Nuclear Magnetic Resonance Imaging 

16.4.1 MRI and NIT Requirements 

Magnetic resonance imaging offers a safe approach 
since no ionizing radiation isinvolved. Tomo
graphic images may be acquired in any part of the 
body in any orientation. Multiple slices and even 
a three-dimensional data set can be obtained. 
Ultrafast imaging techniques now provide images 
with a millimeter spatial resolution in a few tens 
of milliseconds. These achievements have largely 
resulted from the significant progress recently 
made in MRI technology, especially in radiofre
quency and gradient system hardware stability. 
Suitable gradient coil sets have been designed 
which allow strong gradient pulses to be switched 
quickly without significant eddy current problems 
and with reasonable power amplifiers. These coils 
permit fast imaging, such as echo-planar imaging 
(EPI), to be performed. Fast imaging is required 
to monitor physiological changes in temperature 
of other physiological parameters at a subsecond 
time scale. Furthermore, fast scanning limits 
effects of motion artifacts. The concept behind 
EPI is to acquire the data corresponding to a 
whole image from a single echo signal, hence the 
nickname "single-shot" imaging (STEHLING et al. 
1991). To achieve this goal, the main signal (echo, 
either spin-echo or gradient-echo) is split in a 
series of 64, 128, or 256 gradient-echoes according 
to desired image resolution, each encoding for a 
separate line in Fourier space. Such fast scanning 
requires fast switching (typically in less than 
200 ms) of large gradient pulses (typically 
20 mT/m) , which is a difficult technical challenge. 
Among compromises made are the use of long 
acquisition sampling times (about 50 ms) which 
make EPI very sensitive to chemical shift and 
field inhomogeneity artifacts. Nevertheless, EPI 
is probably one of the best techniques available 
when acquisition time is a premium, e.g., in order 
to acquire motion artifact-free multiple data in a 
reasonable time, as for diffusion imaging. EPI is 
now being implemented on clinical MRI systems 
by manufacturers. 

Magnetic resonance imaging may also have a 
significant impact on the evaluation of important 
parameters other than temperature during hyper
thermia. For instance, blood flow, which is the 
dominant factor in bioheat transfer, cannot be 
evaluated routinely during hyperthermia pro
cedures. Monitoring and, perhaps more impor-
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tantly, active control of blood flow should play a 
determinant role in hyperthermia treatment. In 
this respect, MRI has recently been shown to be a 
very promising technique for evaluating blood 
flow with high spatial and temporal resolution (LE 
BIHAN 1992). In addition, metabolic parameters 
(e.g., metabolite concentrations, metabolic pro
cess rates, oxygenation status, and production of 
radicals) which change upon heating may be 
suitable indicators of the success of hyperthermia 
treatment. Theoretically, at least, these para
meters are measurable by nuclear magnetic 
resonance imaging or spectroscopy. 

16.4.2 Current Achievements and Limitations 

Several MRI parameters have been suggested for 
the evaluation of temperature. Using MR spectro
scopy techniques temperature may be evaluated 
in samples with extremely high accuracy by 
observing the chemical shift of particular mole
cular groups of specific compounds introduced 
into the sample as tracers (KNUTTEL and 
JURETSCHKE 1986). Unfortunately, the potential 
toxicity of these compounds, in combination with 
the rather poor sensitivity of localized MR 
spectroscopy, precludes their clinical use at 
present. Looking indirectly at chemical shift of 
water through phases effects may be an interesting 
alternative. The relaxation time, T1, of water has 
also bee proposed (PARKER et al. 1983; DICKINSON 
et al. 1986; HALL et al. 1990). However, the 
sensitivity of Tl to temperature seems low and 
tissue dependent. Deviation from linearity has 
been seen in some biological tissues when tem
perature reaches 40°C. Furthermore, measuring 
T1 with good accuracy from MRI images is dif
ficult. The most recently suggested candidate for 
MRI-based temperature imaging has been the 
diffusion coefficient of water, D (LE BIHAN et al. 
1989a). This approach has so far been the most 
successful. Diffusion is not per se an MRI para
meter and its relationship with temperature (T) 
was empirically established in liquids long before 
the age of MRI as D exp (-EalkT), where Ea is 
the activation energy for diffusion a, and k is the 
Boltzman constant. In the physiological tempera
ture range, the sensitivity of diffusion to tempera
ture is about 2.4%rC, which is about twice as 
high as that of Tl. MRI pulse sequences can 
generate maps of diffusion coefficients. From these 
maps, images of temperature changes may be 
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Fig. 16.7. Temperature image obtained by diffusion MRI. 
A gel phantom was heated inside the MRI unit using a 
radiofrequency annular phased-array (MAPA) clinical 
hyperthermia device made compatible with the MRI unit . 
Brightness in the image directly reflects temperature . 
Maximum heating was achieved off-center, due to the 
position of the phantom within the MAPA. The periphery 
of the phantom was cooled using a cold water bath 

calculated. MR temperature imaging based on 
diffusion has good potential for application in 
hyperthermia . Phantom results demonstrate 
resolution on the order of 0.2°C over 0.3-cm3 

regions (ZHANG et al. 1992) (Fig. 16.7). Although 
diffusion images may require ultrafast acquisition 
schemes, such as EPI, to avoid motion artifacts 
and particularly stable hardward (TURNER et al. 
1990), diffusion measurements from images are 
usually faster, more robust, and more accurate 
than T1 measurements. 

Thus, there is little doubt that this technique 
can meet the desired requirement for tempera
ture , spatial, and temporal resolution in vitro. In 
this respect , the technique might be a useful non
destructive, noninvasive research tool for acquir
ing temperature distributions in complex media, 
for instance to characterize the absorbed energy 
distribution pattern of a heating device or to 
verify numerical models of energy absorption and 
heat transfer. 

The future of this methodology for in vivo and 
clinical applications is less clear, although diffusion 
MR imaging is actively proceeding toward routine 
clinical use (LE BIHAN et al. 1992). First , diffusion 
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imaging requires good signal-to-noise ratios in 
raw images, since diffusion images are calculated 
and not directly acquired (LE BIHAN et al. 1988; 
SOUZA 1992). Achievement of such good signal
to-noise ratios is relatively easy in brain tissues 
where spin-spin relaxation is slow and back
ground field inhomogeneities are low, but 
becomes problematic in other parts of the body. 
Effects of blood flow and perfusion, which may 
mimic diffusion effects (LE BIHAN et al. 1989a), 
also have to be considered, in particular in the 
context of hyperthermia, given the role of blood 
flow in tissue thermal clearance. On the other 
hand, preliminary results have shown that Ea is 
identical in brain , muscle, and liver tissue, but 
variations, and, thus, the need for local calibra
tion, may not yet be completely ruled out. Also, 
changes in tissue intrinsic diffusion properties as a 
result of hyperthermia could exist, as shown in 
brain white matter (LE BIHAN et al. 1989b). Such 
changes might be helpful in understanding or 
detecting lethal effects of heat at the cellular 
level, but would severely affect temperature 
measurements. 

16.4.3 Coupling of Heating and MR1 

To use MRI to monitor hyperthermia, however, 
it is necessary to combine a hyperthermia device 
with an MRI unit. This is not a priori trivial since 
each device might be functionally disturbed, if not 
damaged, by the presence of the other. Compati
bility problems may be expected to arise mainly 
from the interaction of the strong magnetic field 
and the radiofrequency fields used by MRI with 
the applicator of the hyperthermia system. The 
hyperthermia device must be able to work under 
such conditions and must also be physically com
patible, e.g. , must fit inside the MRI transmitter 
and receiving coils. The most difficult challenge, 
however, is to assure the correct operation of the 
MRI unit in the presence of the heating device. 
The magnetic field of the MRI unit should not be 
distorted by the presence of any ferromagnetic 
parts. Also, the hyperthermia device must not 
include large metallic parts that could be the 
origin of eddy currents when the gradient pulses 
used for MRI are switched. Finally, and perhaps 
most importantly, the MRI signal, which is on the 
order of nanowatts, must be purged of any radio
frequency pollution emanating from the hyper
thermia applicator. This is especially true for 
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electromagnetic applicators which are operating 
in a close frequency range at the level of several 
hundred watts. (Current clinical MRI systems use 
frequencies from 4 to 85 MHz.) Even if frequen
cies seem well separated, one should always fear 
some leakage out of the expected frequency range. 
A possible solution is to process in a time-sharing 
manner between heating and MRI signal collec
tion (DELANNOY et al. 1990). 

Interstitial techniques requiring metallic elec
trodes may result in severe artifacts, but laser 
interstitial thermotherapy, with Nd: Y AG lasers 
for instance, using optic fibers to deliver energy to 
tissues should not pose any compatibility pro
blems. This approach has been successfully used 
in phantoms and animal models (HIGUCHI et al. 
1992; BLEIER et al. 1991) in combination with T1 
and diffusion echo-planar MRI to monitor thermal 
effects in real time. Clinical applications of MRI
guided interstitial laser therapy have begun in 
neurosurgery. However, the size of laser-induced 
lesions is limited by optical absorption and 
thermal diffusion, so that multiple fibers would be 
required to treat large tumors. 

The specific merits of each noninvasive heating 
technique have not yet been systematically 
examined. Noninvasive heating techniques 
employing ultrasound, microwaves, or radiofre
quency waves may be adapted to function simul
taneously or nearly simultaneously with MRI. 
Initial trials have been conducted using radio-

37.---------------------~ 
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Fig. 16.8. Correlation of temperature, as measured with 
diffusion and Tl-weighted MRI, and optic fiber probes 
(Luxtron) in a polyacrylamide gel phantom positioned 
inside the modified MAP A applicator. The predicted 
temperatures were found to be within 0.2°C and O.5°C of 
the probe measurements using D and Tl, respectively 
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frequency capacitive heating operating at 27 MHz 
in an MRI system operating at 6.68 MHz 
(DICKINSON et al. 1986). More recently, the 
approach based on an annular array of radio
frequency heating antennas (mini annular phased 
array, MAPA) has been demonstrated to be 
feasible in phantoms (Del annoy et al. 1990). 
Moreover, it is possible to integrate in a single 
device the annular arrays of antennas and the 
MRI gradient and imaging coils (DELANNOY et al. 
1990). This particular approach has clinical relev
ance since the annular array heating technique is 
routinely used in hyperthermia (Fig. 16.8). 

The most promising approach, however, relies 
on the use of focused ultrasound beams that 
provide minimally invasive therapy of large ir
regularly shaped tumors in any region of the 
anatomy where the path to focus is free of bone or 
air interfaces. The use of short high-intensity 
pulses which elevate almost instantaneously the 
temperature at the focus to the range of 60° - 70°C 
until tissue is destroyed by coagulation necrosis 
reduces the effects of variable perfusion. It is well 
known that with conventional hyperthermia, 
blood vessels can create cold spots that interfere 
with therapy. This focused ultrasound "surgery" 
technique has been successfully combined with 
MRI and applied to in vivo animal models (CLINE 
et al. 1992; see also Chap. 12, Sect. 12.5.6). 
Temperature measurement is not a significant 
issue with this technique, but both T1 and dif
fusion MRI have been used to visualize induced 
lesions. 

16.4.4 Conclusion 

Noninvasive temperature mapping with MRI 
is feasible and potentially fulfills clinical require
ments regarding safety, temperature accuracy, 
and spatial/temporal resolution. Several pa
rameters may be used, but molecular diffusion 
seems the most accurate. Accurate, artifact-free 
measurements would require the use of ultrafast 
acquisition schemes, such as EPI. Coupling of 
MRI and heating is a difficult challenge but has 
been shown to be feasible, for instance using 
radiofrequency heating (capacitor systems and 
annular phased-arrays). Important developments 
are expected in the field of "interventional MRI," 
mainly using laser or focused ultrasound beams. 
At this time, however, the potential of MRI 
to monitor interventional procedures and tem-
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perature remains to be evaluated in vivo and in a 
clinical environment. 

16.5 Other Imaging Techniques 

16.5.1 X-rays 

In 1988, x-rays [computerized tomography 
(CT) scanners] were considered to be probably 
very close to operational performance in terms 
of space and time resolutions - such were the 
conclusions at the end of the Symposium on 
Equipment for cancer therapy. This Symposium 
has been organized in Tokyo 1988, jointly by the 
Agency for Industrial Science and technology 
(AIST), the Association of Medical and Welfare 
Apparatus and the Ministery for International 
Trade and Industry (MITI). At that time, very 
encouraging results were presented (SAITO et al. 
1988) by the Shimadzu company, which was 
developing heating equipment combining (a) 4 or 
6 E-polarized waveguide applicators in the 80- to 
90-MHz frequency range and (b) an x-ray scanner 
devoted to noninvasive thermometry. Measure
ments were performed on complex phantoms 
consisting of water and pig organs. By using 
image substraction and spatial averaging tech
niques, a temperature resolution of 1°C over 1 cc 
was typically achieved after a smoothing process 
to eliminate motion artifacts. From the most 
recent information (T. MARuME, personal com
munication, 1993), it appears that this program is 
now suspended without preclinical or clinical 
assessment of the prototype. The main difficulties 
were (a) subtraction artifacts due to patient 
movements, especially those resulting from 
patient translation between the heating equip
ment and the x-ray scanner, and (b) poorly 
known temperature coefficients of the density 
of living tissues. The basic question concern
ing the possible use of x-rays for noninvasive 
thermometry, despite their ionizing effects, has 
been analyzed by G. GABORIAUD (personal 
communications, 1993) on the following basis. 
Temperature measurements are assumed to be 
performed every 5 min, the patient being moved 
on each occasion from the heating equipment 
into an x-ray scanner. Typically, the duration 
of the hyperthermia session is 1 h and the total 
hyperthermia treatment consists of ten sessions. 
Accordingly, the patient is subjected to 120 
scanner sessions. For imaging an abdomen 
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slice, the irradiation dose ranges between 8 and 
20mGy, according to the desired image quality. 
Consequently, an estimation of the total dose 
required for x-ray NIT would be between 0.96 
and 2.4Gy.1t should be expected to be larger due 
to the high sensitivity required by temperature 
measurements. If this dose is compared to the 
therapeutic dose for the first couse of treatment 
of a tumor in the abdomen - typically between 
40 and 55 Gy .- it is seen that the latter is ap
proximately 20 times larger than the dose required 
by NIT. However, decreasing the temperature 
measurement interval to 1 min leads to com
parable doses for treatment and measurements. 
This estimation illustrates the limits of using x
rays in NIT during hyperthermia sessions. 

16.5.2 Ultrasound 

As is well known, the acoustic parameters of 
living tissues depend on temperature. With 
available ultrasound equipment, the echoes 
on temperature. With available ultrasound 
equipment, the echoes are processed on the basis 
that the ultrasound velocity is constant over 
the whole tissue volume. The time resolution is 
usually not better than 50 ps and the temperature 
change cannot be measured. More sophisticated 
processing techniques have been considered. 
Despite very encouraging phantom experiments, 
no real implementation associated with heating 
equipment has been reported. However, it 
is worth observing that there is some renewed 
interest in techniques which had been abandoned. 
This is the case for the diffraction tomography 
approach (DUCHENE and TABBARA 1985; NADI et 
al. 1992), which is, in principle, only valid for low
contrast imaging and which is limited by bone or 
air shadowing. 

Greater success has been achieved with the 
nonlinear approach to NIT. This approach con
sists in superimposing probe and pump pulse 
waves (FuKUKITA et al. 1987; UENO et al. 1989). 
The acoustic parameters, and hence temperature 
changes, can be derived with the help of simple 
equations from the spectral response of the 
echoes. However, despite the fabrication of an 
advanced prototype by Matsushita (UENO et al. 
1990) and preliminary assessments on animals, 
the development program is now completed. 
Figure 16.9 shows the equipment and some results 
obtained during a hyperthermia session on a 
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pig. One of the recognized major difficulties in 
developing this measurement technique was 
in preparing a data base for the temperature 
dependence of acoustic properties for various 
living tissues; a further difficulty has been the 
time required to develop a commercial product 
(T. YANO, personal communication, 1993). 

It is expected that ultrasound-NIT could 
be very much stimulated over the next few years 
by taking advantage of the technological devel
opments in ultrasound lithotripsy and in the 
emerging focused ultrasound surgery field. 

16.5.3 Electrical Impedance Tomography 

Electrical impedance tomography (EIT) aims to 
retrieve the conductivity of the tissues under 
observation and, accordingly, provides images 
which are dependent on temperature via the 
conductivity of these tissues. Low-frequency 
EIT, which is widely used in industrial process 
tomography (XIE 1993), exhibits very attractive 
features in terms of NIT. Basically, the con
ductivity temperature coefficient is significantly 
high. Secondly, the process is rapid and the 
equipment is cheap. However, the images pro
vided by such equipment suffer from certain 
weaknesses. The spatial resolution is limited to 
approximately one-tenth of the radius of the ring 
of electrodes that encircles the body part, and the 
sensitivity is significantly decreased at the center 
of the ring. Furthermore, the reconstruction 
algorithms are not linear and are very sensitive to 
the contrrast of the tissues. 

Some assessment of EIT equipment on phan
toms has been organized within the framework of 
the COMAC BME program. The Sheffield 
equipment, which operates at 50 kHz, has been 
combined with a 27-MHz capacitive ring ap
plicator (CONWAY et al. 1992a,b; HAWLEY et al. 
1992). For this study, a leg phantom was used 
consisting of a 127-mm muscle equivalent cylinder 
with foam inserts. The EIT ring of electrodes 
was located in the middle plane between the 
two capacitive ring electrodes (Fig. 16. lOa). 

Fig. 16.9. a Measurement configuration for anesthetized 
pig; 1, focused ultrasound applicator at 0.8 MHz; 2, 
nonlinear ultrasound probe; 3, optic fiber sensors. b B
mode image and temperature increase distribution in 
pig's thigh. c General view of the nonlinear ultrasound 
thermometry equipment. (Courtesy of T. Yano) 
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Fig. 16.10. a Schematic representation of an RF 
ring capacitor applicator heating a cylindrical tissue 
phantom during EIT imaging of the central plane. 
b Correlation between temperature increase 
and EIT signals at all sensor sites. (Courtesy of 
J. Conway) 

373 

RF ring plate '_~~_ .. _'" 

RF ring plate 2 

EIT signal (xl000) 
800r.=============~--------------------~ 

- All ~xcept ceDter 

600 -+- Center 

400 

200_-.4- '. 
o' 

o ·-':i I'" +- + + I 

-200 L-___ '--___ '--__ ---''--__ --"'--__ ---' 

o 

Comparison between fiberoptic invasive tempera
ture measurements and EIT regional analysis 
has demonstrated a good correlation between 
measured temperature increase and EIT signal 
(Fig. 16.10b), except at the center, where the 
agreement is less good. The temperature resolu
tion was about 0.75°C. The same trends have 
been observed on a human thigh, though with 
much lower sensitivity (GRIFFITHS and AHMED 
1987). 

From a practical point of view, past trials have 
shown some difficulties in integrating an EIT 
system into heating equipment. For example, for 
the purposes of electromagnetic compatibility, it 
is recommended that a "power-off protocol" be 
used. Such a protocol entails collecting EIT data 
during pauses in the treatment. Off-pauses are 
expected to be on the order of 30 s, incorporating 
delays for transient decay and EIT data collec
tion. Such a sequence protects against 
interference between heating and imaging 
equipment, and, more particularly, RF currents 
circulating on EIT equipment wiring. Such 

2 468 
Temperature increase ee) 

10 

induced currents have been shown to be decreased 
by suitable materials and orientation. 

Furthermore, in vivo measurements over long 
periods of time show some artifacts and drifts in 
the measured impedance. Such drifts probably 
result from changes in electrode contact im
pedance. These changes are due to the deteriora
tion of the electrodes or to skin modifications, 
such as sweating. In addition, in vivo measure
ments demonstrate a far lower signal to noise 
ratio than phantom measurements. As a result, 
the temperature resolution seems to be at least 
one order of magnitude poorer than what is 
required in ESHO protocols (HAND et al. 1984). 

A potential way to compensate for EIT draw
backs could be to integrate EIT data with other 
external complementary data (HENRIKSON 1993, 
private communication). External images, con
sisting of a 64 x 64 matrix, can be imported from 
x-ray or MRI systems. Such a high-resolution 
image can be used to identify reference points 
where temperature is measured with high ac
curacy, for instance with fiberoptic or thermistor 
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Fig. 16.11. a Pelvis phantom permittivity. The dashed 
lines show the contours of the heated regions. b Dif
ferential imaging of dielectric contrast reconstructed when 
two zones of adipose tissue surrounding the bladder in the 
pelvic phantom are heated 5°C above normal temperature. 
c Differential imaging of dielectric contrast reconstructed 
when two muscle regions in the pelvic phantom are heated 
5°C above normal temperature, in addition to those of b. 
(Courtesy of A. Broquetas) 

probes. If these points do not correlate with the 
imported image, then the image can be corrected. 
If the object is nonhomogeneous, the imported 
image can be used to identify different areas 
with different temperature coefficients. Further
more, in the event of movement, the absolute 
EIT image can be used to keep track of the 
movements. This partial list of examples illustrates 
that a lot of possibilities exist for combining EIT 
and an imported image. However, it is clear 
that the best way of combining them in clinical 
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situations is still to be found: an interesting area 
of investigation for the next few years. 

16.5.4 Active Microwave Imaging 

Active microwave imaging is expected to provide 
convenient basic sensitivity, i.e., the temperature 
coefficient of the complex dielectric constant. 
However, it suffers from the need for complex 
nonlinear reconstruction algorithms. Such algo
rithms are required to compensate for the dif
fraction of microwave beams. Furthermore, 
the spatial resolution may change significantly 
within the field of investigation according to the 
complexity of anatomical structures. Linearized 
forms of the reconstruction process, such as 
spectral diffraction tomography, have shown 
difficulties in processing highly contrasted struc
tures. In situ assessments of a 2.45-GHz planar 
microwave camera have been conducted within 
the framework of the COMAC BME Hyper
thermia program, in Amsterdam on a dual
waveguide applicator (JOISEL et al. 1991) and at 
the Institut Curie on the ring capacitive applicator 
developed by the Rotterdam group (GABORIAUD 
et al. 1991). Such assessments have clearly shown 
major difficulties resulting from the need for a 
water bolus. The bolus results in leakage around 
the patient larger than the signal propagating in 
the patient. At 2.45 GHz, the losses in tissues 
are very significant and the maximal depth of 
investigation proved to be limited to around 
26 cm to maintain a convenient signal to noise 
ratio. In such circumstances, reconstruction via 
diffraction tomography is useless. Additional 
simulations have been performed on a cylindrical 
microwave scanner (MARTIN et al. 1991). The 
objective was to investigate the possible use 
of lower frequencies in order to achieve better 
sensitivity. However, decreasing the operating 
frequency decreased the spatial resolution, 
which is on the order of half a wavelength in 
tissues. Two-dimensional numerical modeling of 
abdominal or pelvic configurations at 434 MHz 
has shown that the spatial resolution is low but 
sufficient to record the main hot spots produced 
in the heated region (MALLORQUI et al. 1992) (Fig. 
16.11). Some attempts have been devoted to 
reducing artifacts by (a) improving microwave 
penetration through the use of immersion media 
approximating living tissue characteristics and (b) 
making more valid the assumptions involved 
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in the reconstruction process, namely the uni
formity of the illuminating field in inhomogeneous 
targets, which is responsible for image distortions 
(BROQUETAS et al. 1993). 

More recently, studies have been devoted to 
nonlinear iterative processes aiming to quantitate 
imaging, i.e., to retrieve the value of the complex 
permittivity (JOACHIMOWICZ et al. 1991; CHEW 
and WANG 1990). Currently these algorithms are 
very time consuming and their sensitivity to noise 
or systematic errors has to be more extensively 
assessed. Taking into account a prior information 
has been shown to yield a valuable decrease in the 
computation time. A promising feature of such 
algorithms is the fact that, for instance, the spatial 
resolution should not be limited by diffraction to 
one-half of a wavelength but could be significantly 
smaller, as shown by preliminary simulations. 

Another "hardware" solution to compen
sate for diffraction effects is based on time 
domain spectroscopy (LARSEN and JACOBI 1986; 
MIYAKAWA 1991; MIYAKAWA· et al. 1992). The 
selection of the shortest path contribution be
tween the transmitting and the receiving antenna 
is a means of eliminating the effect of multiple 
scattering, and this allows the use of classical x
ray tomographic algorithms. 

16.6 Discussion and Conclusion 

In recent years significant advances have been 
made with respect to NIT and NIC. The most 
significant points with respect to the various 
modalities are as follows: 

1. Improved performance of microwave 
radiometry can be expected from more soph
isticated multi probe and/or multifrequency data 
collection procedures. Both model and imaging 
approaches are worthy of further consideration 
for tumor configurations that are not too deep. 

2. MRI is undoubtedly the technique which 
has realized the most important step, namely a 
drastic reduction in the measurement duration. 
At present, MRI equipment is probably the closest 
fit to clinical requirements in terms of sensitivity 
and spatial resolution. However, extensive as
sessment is still needed to validate its clinical 
usefulness, taking into account the key points of 
mechanical and electromagnetic compatibility. 

3. X-rays seem to have been abandoned 
during recent years, despite good results obtained 
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on phantoms. The resulting global dose would 
have been a major problem for time resolutions 
of less than 1 min. 

4. One can observe renewed interest in ultra
sound, but the best approach has not yet been 
identified. It is expected that technological 
advances stimulated by focused ultrasound surgery 
will contribute to the maintenance of research 
efforts in this area. 

5. In the case of EIT, only a few attempts have 
been devoted to exploitation of existing equip
ment with advanced software. Both algorithmic 
and technological difficulties remain to be resolved 
before the technique will become very attractive 
clinically. The fusion of EIT data with other 
imported images as well as with local temperature 
measurements is probably a way of achieving 
adequate performance for hot spot detection and 
qualitative assistance during deep hyperthermia 
treatment. The technology developed for industrial 
applications is also expected to have a positive 
impact on EIT development. 

6. In the case of active microwave imaging, 
studies using existing microwave cameras have 
revealed difficulties related to both equipment 
and algorithms. These difficulties may be over
come with a new generation of equipment which 
is being developed for incorporation into the 
coaxial TEM applicator of the Utrecht clinical 
group (LAGENDIJK and DE LEEUW 1986). This new 
equipment uses integrated microwave antennas 
and quantitative algorithms. 

These observations call for some comments. 
Firstly, the possible role of the global thermal 

response in assessing the efficacy of hyperthermia 
treatments needs to be more thoroughly investi
gated, modality by modality. The most important 
challenge would then be to produce temperature
sensitive images and to correlate these images 
with the treatment efficacy. Such a global approach 
eliminates the need for specific tissue temperature 
calibration, which was one of the reasons for the 
abandonment of x-rays and nonlinear ultrasound. 
This difficulty will have to be overcome for the 
remaining imaging techniques if the ultimate goal 
of absolute thermometry is to be realized. 

Secondly, the past years are rich in very prom
ising phantom experiments that have not been 
successfully extended to in vivo and/or clinical 
situations. Taking into account realistic environ
ments is now of essential importance, and the 
decisive improvement in MRI imaging per-
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formance awaits clinical validation. All NIT 
or NIC techniques face the same problem with 
respect to validation: validation can be relatively 
easily considered using phantoms, but in vivo the 
situation is more difficult. There is a need to 
ascertain the most convenient references for 
demonstrating that the technique being tested 
achieves the expected performance. 

The cost aspect is not, for prototype systems, 
of prime importance. Indeed, the problem is not 
at the moment to disseminate MRI controlling 
setups to every hyperthermia site. Rather, it 
is to answer the basic question of whether deep 
hyperthermia can be achieved via noninvasive 
heating and monitoring modalities, or whether 
equipment inadequacies, hostile physiological 
factors, etc. will result in only local interstitial or 
endocavitary modalities being efficient. The 
compatibility of NMR equipment with focused 
ultrasound surgery should provide a powerful 
therapeutic tool. 

Mechanical and electromagnetic compatibility 
has proven very important. Off-pause protocols, 
consisting in alternatively heating and imaging, 
are probably one feasible approach as long as the 
duration of the imaging phase is short enough not 
to perturb the heating process. 

Dielectric imaging, even if faced with more 
complex reconstruction processes, should be 
continued. Indeed, in addition to noninvasive 
thermal imaging, dielectric imaging is, by essence, 
probably the most convenient modality to obtain 
the complex permittivity distribution inside 
the patient. The knowledge of the permittivity 
distribution is expected to allow significant 
improvement in the prediction of the specific 
absorption rate (SAR) which is performed via 
numerical modeling. Finally, it is worth observing 
that even the most advanced prototypes previously 
reported have not been commercialized. It 
would be interesting, but difficult, to establish the 
reasons why the requisite research and develop
ment and commercial efforts have not been 
made. Was the technology inappropriate in terms 
of performance? Or was the market too uncertain 
to justify these efforts? It is clear that, to demon
strate proper efficiency, both NIT and NIC 
systems need to be integrated into heating 
equipment. But, conversely, the market offered 
to hyperthermia equipment is evidently propor
tional to its expected efficiency. There is some 
kind of vicious circle to be broken. 

J.C. Bolomey et al. 

16.7 Summary 

• Noninvasive thermal control constitutes a key 
issue for the development of deep hyper
thermia. Even if none of the candidate tech
niques is now fully recognized as operationally 
effective for clinical applications, significant 
advances have been reported in the literature. 

• This chapter summarizes the most recent 
results with special emphasis on microwave 
radiometry, the only modality to be already 
integrated in hyperthermia equipment, and 
magnetic resonance imaging which appears to 
be today the most advanced technique and 
very close to fit clinical requirements. 

• The evolution of other imaging modalities, 
including x-rays, ultrasounds and dielec
tric imaging, is also adressed. All these ap
proaches are compared and expected future 
developments are discussed. 
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17.1 Introduction 

The interest in phantoms patients emanates from 
different viewpoints: a clinical interest in simu
lating a patient undergoing a treatment, a practical 
interest regarding technical maintenance of a 
clinical device, or a more technical interest in 
research and development. 

C.J. SCHNEIDER, PhD, Department of Radiotherapy, 
Amsterdam University Hospital, Academisch Medisch 
Centrum, Meibergdreef 9, NL-ll05 AZ Amsterdam, The 
Netherlands 
R. OLMI, PhD, IROE - National Research Council, Via 
Panciachiti 64, 1-50127 Firenze, Italy 
J.D.P. VAN DUK, PhD, Department of Radiotherapy, 
Amsterdam University Hospital, Academisch Medisch 
Centrum, Meibergdreef 9, NL-ll05 AZ Amsterdam, The 
Netherlands 

Most of the clinical hyperthermia systems are 
RF systems, of which the heating capabilities 
strongly depend on the dielectric characteristics 
of the patient's or the phantom's tissue. In the 
range of radio and microwave frequencies applied 
for hyperthermia, the dielectric properties of dif
ferent biological tissues show a variation of at 
least a factor of 10 both in the permittivity, deter
mining wavelength and diffraction, and in the 
conductivity, i.e., absorption (STUCHLY and 
STUCHLY 1980). Besides their dependency on 
tissue type, the dielectric characteristics also vary 
with frequency of the applied EM field and with 
temperature: for biological tissues the dielectric 
constant decreases with increasing temperature, 
whilst the conductivity increases with temperature 
(SCHWAN 1965). As a consequence, the descrip
tion of the electric field distribution throughout 
the heterogeneous tissue composition inside a 
patient is a complex problem (PAULSEN 1990). 
The fact that different patients represent different 
loads for the system is one reason for the difficulty 
in the control and the description of especially 
a deep body hyperthermia system. Applying a 
phantom as a stable load, the performance of a 
system can be determined under standardized, 
repeatable conditions, with a reduced number 
of variables (AAPM 1987). Nevertheless, in RF 
multiapplicator systems the number of variables 
already inherent in the device is great, e.g., the 
relations of phases and amplitudes of the ap
plicators or the frequency (TURNER 1984). For 
experimental verification a great diversity of tissue 
substitutes and phantom designs are reported in 
the literature (GUY 1971; CETAS 1982; CHOU 1987; 
BINI et al. 1984; HARTSGROVE et al. 1987). 

The objectives of phantom experiments fall 
into two main categories: understanding of the 
physical processes inside the phantom and under
standing of the behavior and control of the power
delivering RF equipment, e.g., impedance of the 
applicators, cross-coupling, and interference con
trol. These objectives can be further divided into 
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applicator characterization, comparative studies 
of applicators, improvement and development, 
and quality assurance. 

In this chapter we will discuss the different 
objectives of phantom experiments, the diversity 
of phantoms designed for various purposes, the 
different application of phantoms, and the relia
bility of measuring techniques. While the discus
sion is focused on the application of phantoms in 
RF deep-body hyperthermia systems, it generally 
covers most of the subjects inherent to the other 
hyperthermia techniques. 

17.2 Standard Phantoms 
and Objectives of Experiments 

Depending on the objectives of experiments, 
phantoms have to fulfill different demands: quality 
assurance phantoms have to be practical and easy 
to use in rapid checks, whereas phantoms for 
improvement and development of hyperthermia 
systems have to provide data which are as precise 
as possible. 

17.2.1 Standard Phantoms 

In 1988 the CDRH phantom, made of a l-cm fat
equivalent shell and filled with muscle-equivalent 
gel (DURNEY et al. 1986), was developed as a 
standard phantom for RF deep body hyperthermia 
(ALLEN et al. 1988). Furthermore, in the con
sensus report of the COMAC-BME workshop 
on quality assurance (QA) in hyperthermia 
(September 1990, Sabaudia, Italy), guidelines 
concerning the three main fields of clinical hyper
thermia (superficial, deep body, and interstitial) 
were prepared. As an extension to the European 
Society of Hyperthermic Oncology (ESHO) 
guidelines, the use of a layered (fat - muscle) 
polyacrylamide phantom (BINI et al. 1984; BINI 
and OLMI 1990) was proposed for QA in superfi
cial hyperthermia (HAND and FESSENDEN 1991). 
The Amsterdam phantom with a light-emitting 
diode (LED) matrix, filled with a saline solution 
of 3 g NaCl per liter of water at 22°-26°C, was 
recommended as a standard phantom for deep 
body hperthermia (LAGENDIJK and MOLLS 1991). 
At the same workshop, liquid crystal plate (LCP) 
thermography in transparent phantoms was pro
posed for QA in interstitial hyperthermia devices 
(SEEGENSCHMIEDT and VISSER 1991). 

C.J. Schneider et al. 

17.2.2 Applicator Characterization 

The power deposition pattern of a hyperthermia 
applicator is an essential part of QA and needs to 
be defined prior to its introduction in clinical 
practice, as advised in the QA guidelines of the 
RTOG (DEWHIRST et al. 1990) and the ESHO 
(HAND et al. 1989). In the ESHO guidelines on 
superficial hyperthermia a phantom setup in which 
the applicator is to be measured is described as 
constructed from muscle-equivalent material ac
cording to CHOU et al. (1984) and covered by a 
l-cm layer of a fat equivalent. 

In RF multi applicator deep body systems the 
degrees of freedom (phase and amplitude settings, 
frequency, patient positioning, patient size, and 
dielcetric properties) are numerous. Up to now, 
there is no consensus on which setups have to be 
used to achieve sufficient characterization of a 
deep body device. For practical reasons a con
sensus will have to be a compromise in terms of 
the number of setups, the time needed to conduct 
experiments, and the required spatial data density 
throughout the irradiated volume. 

17.2.3 Comparative Studies of Applicators 

GUY (1971) and CHOU (1987) investigated the 
heating patterns of different applicators operating 
at frequencies between 433 and 2450 MHz by 
means of a thermographic camera and various 
splittable, layered phantoms. A first study com
paring three different units of a commercially 
available RF deep body system was done by 
ALLEN et al. (1988) using the CDRH phantom 
together with a high-precision thermometry sys
tem. LA MAITRE et al. (1992) measured the effective 
field size at 1 cm depth in saline and the penetra
tion depth of various types of RF superficial 
applicators in a program involving site visits to 
several institutes in Europe. For this study, a flat 
phantom covered with a l-cm-thick fat-equivalent 
plate (GUY 1971) was used according to the ESHO 
guidelines, and filled with saline solution of 6 g 
NaCl per liter of water. A first QA study on 
different RF deep body systems was carried out 
applying the Amsterdam phantom with an LED 
matrix (SCHNEIDER et al. 1994a). 

17.2.4 Improvement and Development 

Experimental data are essential for the improve
ment and development of applicators and the 
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control of parameters such as power and phase 
settings. They are also necessary for the devel
opment and evaluation of computer models 
describing power deposition and temperature dis
tribution, leading to clinical hyperthermia pl,an
ning systems. While the knowledge of SAR 
patterns in homogeneous phantoms is the minimal 
knowledge required to characterize a hyper
thermia applicator, scientists who have gathered 
profound experience in these experimental setups 
continue their investigations by designing new 
phantoms which are closer to the anatomical 
reality of patients (SULLIVAN et al. 1992). 

17.2.5 Quality Assurance 

Necessary contributions to QA are performance 
evaluation of the hyperthermia equipment 
(AAPM report no. 26,1989), including applicator 
characterization, checks on RF disturbance 
[especially on the registration system acquiring 
data from the patient or the phantom (ther
mometry, E-field probes)], and recognition of 
potential sources of perturbations and artifacts, 
e.g., in phase and amplitude monitoring. The aim 
is to provide a standard means of describing the 
physical properties, as opposed to clinical effec
tiveness, of a particular hyperthermia device 
during the course of time or in a comparison of 
various heating modalities or applicators. 

17.3 Phantom Tissue Characterization 

17.3.1 General Requirements 

The quantity of electromagnetic (EM) energy 
absorbed by biological tissues depends on their 
dielectric characteristics. The microscopic inter
actions of the EM field with tissue molecules can 
be described at a macroscopic level by the com
plex permittivity, i.e., by dielectric constant e and 
conductivity (J, which gives the amount of dis
placement of molecular dipoles and conduction 
current of ions in the biological material. 

General requirements for a phantom material 
are: 

1. Reproducibility and reliability of prepara
tion. Dielectric characteristics must be repro
ducible and the preparation procedure must be 
reliable, since only a few institutes have the 
facilities to measure the complex permittivity by 
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themselves. Moreover, the phantom should not 
have hysteresis: e and (J should revert to their 
original values after heating and cooling. The pro
cedure must guarantee that e and (J are constant 
throughout the volume of a prepared mixture. 

2. Stability. Dielectric characteristics and ther
mophysical properties, i.e., specific heat, thermal 
conductivity, and density, must not change for 
a reasonable time, e.g., by evaporation, which 
means at least from the time of preparation to 
that of experiments. Phantoms should have a 
lifetime long enough to allow repetition of experi
ments. Also, the low viscosity of gels or other 
semiliquid materials necessary to avoid convec
tion in measurements of the temperature increase 
should not be lost during heating up, e.g., 
due to SAR peaks in the vicinity of interstitial 
applicators. 

Other requirements are associated specifically 
with the type of technique used to construct the 
SAR distribution. For example, electric field 
probe techniques require liquid phantoms, a 
phantom for the LED matrix method must be 
liquid and transparent, and LCP dosimetry needs 
a transparent, solid phantom. A phantom must 
not be toxic, although its constituents can be, and 
its preparation procedure should not be too 
complex. 

17.3.2 Classification of Phantom Types 

Phantoms can be classfied with regard to their 
volume and shape, and with regard to the treat
ment technique they are used for: 

1. Interstitallsuperficial hyperthermia. These 
phantoms are of medium size. Their borders are 
outside the irradiated volume with the exception 
of the contact surface of superficial applicators, 
and thus their size does not influence the irra
diated volume. Their shape is often that of a 
flat block or cylinder, either whole or in slices 
(LEYBOVICH and NUSSBAUM 1984; SUROWIEC et al. 
1992), and for superficial applicators covered with 
a fat layer or a very thin plate. 

2. Deep body hyperthermia. These phantoms 
are of human scale, i.e., their size is similar to the 
irradiated volume and therefore influences the 
irradiation pattern. Phantoms with a circular 
(MYERSON et al. 1991) or square cross-section 
feature symmetry with respect to all four appli
cators, whereas phantoms with an elliptical cross-
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section are symmetric with respect to opposing 
applicators. The filling is usually homogeneous, 
but phantoms have been described in which a 
"permittivity contrast object" is inserted by blocks 
(LAGENDIJK and DE LEEUW 1986), a cylinder 
(PAULSEN and Ross 1990), or a composition of 
two halves of a cylinder and a block with a hole, 
e.g., the Utah phantom (SULLIVAN et al. 1992). 
There are also human-shaped phantoms such 
as the BSD mannequin, or anthropomorphic 
phantoms such as the Franconi mannequin 
(RICCI et al. 1991). 

The wall material of phantoms is assumed to 
influence the RF irradiation conditions. However, 
experiments comparing an elliptical phantom with 
a 2-mm PVC wall, an elliptical phantom with a 1-
cm wall of fat-equivalent material, and a square 
phantom with a 2-mm PVC wall showed only 
minor differences (SCHNEIDER et al. 1993). For 
this experiment, the irradiation efficiency was 
defined as the ratio of power delivered to an 
applicator, to the square of the electric field at a 
predefined point in the phantom. The power was 
supplied to a 70-MHz waveguide radiator, on 
which three types of phantoms were fixed at 
various bolus thickness. Then the power level was 
adjusted in order to keep the signal on a dipole, 
which was positioned at 12 cm invasive depth in 
the phantom, i.e., the center of the elliptical 

_ 400,---------------------, 

:! 
g waveguide 4 

.:: 300 
I! 

i s 200 

j 
&. 100 

i 
OL--~-~--~-~--~-~-~ 

o 2 4 6 8 10 
bolus thickness [cm] 

• ellipse of 10 mm fat &qU ... ellipse of 2 mm PVC 

•. square of 2 mm PVC 

12 14 

Fig. 17.1. Irradiation efficiency as a function of bolus 
thickness, for three phantoms with different shapes and 
wall materials. The power supplied to a 70-MHz wave
guide radiator on the phantoms was adjusted in order to 
keep the signal on a dipole, positioned at 12cm invasive 
depth, i.e., the center of elliptical phantoms, at a constant 
level. ..... , elliptical phantom with 2-mm PVC wall; ... , 
elliptical phantom with lO-mm fat-equivalent wall; .. , 
square phantom with 2-mm PVC wall 
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phantoms, at a constant level. The experiment 
revealed the bolus thickness to be an important 
parameter (Fig. 17.1), but not the wall material or 
the shape of the phantom. 

Regarding the type of measuring technique, 
phantoms can be classified as follows: 

1. Liquid phantoms to scan an E-field probe or to 
visualize the E field by an LED matrix 

2. Semisolid and solid phantoms to measure the 
temperature increase: 
a) Saline-equivalent phantoms, designed to 

match E-field scans in saline phantoms 
b) Tissue-equivalent phantoms, designed to 

match dielectric properties and to model 
thermal effects of microvascularization in 
biological tissue 

c) Real tissue phantoms (excised animal 
organs), used with artificial vessel perfusion 
to simulate heat sinks in biological tissue. 

17.3.3 Techniques of Complex Permittivity 
Measurement 

The measurement of the dielectric properties of 
materials can be performed by means of several 
different techniques, which can be broadly classi
fied into three main subgroups based on the fre
quency range of interest: (a) lumped constant, (b) 
transmission line, and (c) fringing-field methods. 
These techniques are usually performed in the 
frequency domain, but recently time-domain tech
niques using short pulses have been introduced as 
a fast alternative. The presence of both a high 
value of permittivity e and conductivity (J causes 
several problems in the measurement of the di
electric characteristics of various biological sub
stances and their tissue-equivalent materials. 

17.3.2.1 Lumped Constant Technique 

Lumped constant methods are especially suitable 
up to short wave frequencies, i.e., approximately 
100 MHz, where the dimensions of the measuring 
cell are such that it represents a lumped capacitor. 
The parallel plates or cylinder capacitor (GRANT 
et al. 1978) is filled with the dielectric under 
study. At low frequencies, for example below 
1 MHz, bridge techniques are generally used, 
while for higher frequencies vector-impedance 
meters are usually preferred. The frequency limit 
for lumped constant operations is also determined 
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by the filling dielectric, with a maximum of about 
100 MHz for muscle-like materials and about 
twice that limit for fatty tissues, for reasonable 
cell sizes. 

By measuring the conductance G and a capa
citance C of the filled cell, er (the relative per
mittivity) and a can be obtained by the following 
expressions: 

a = eoGICo (17.1) 

er = CICo, (17.2) 

where Co is the capacitance of the empty cell. 

17.3.2.2 Transmission Line Technique 

Above a few hundred MHz, transmission lines 
are employed. Depending on the type of line, 
whether it is coaxial or waveguide, techniques 
having different characteristics can be imple
mented. Below 3 GHz, in the frequency range 
of interest for hyperthermia applications, coaxial 
line cells and reflection methods are most com
monly used. 

The dielectric sample can completely or par
tially fill the transmission line, giving rise to some
what different measuring procedures (VON HIPPEL 
1966). Complex permittivity is finally obtained by 
measuring the reflection coefficient at a reference 
plane usually coincident with the interface of the 
dielectric under test. In the past, when slotted 
line methods were used for these measurements, 
minima and maxima of RF voltage had to be 
sought manually by means of a probe inserted in 
the line (CHOU 1987). With network analyzers 
having high phase precision, these measurements 
can now be automated. 

One of the most used configurations is that in 
which the measuring cell consists of a section of 
coaxial line, short-circuited at one end, with 
the sample material filling a length d starting from 
the shorted end (VON HIPPEL 1966). In this case, 
the impedance Zm of the filled coaxial part, 
referred to the interface of the dielectric sample, 
can be easily shown to be: 

(17.3) 

where ko is the free-space wave number and Zc is 
the characteristic impedance of the empty coaxial 
line. Solution of the above equation, which is in 
implicit form, is obtained by standard iterative 
methods. 
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The lumped constant and transmission line 
techniques are both volume techniques, in that 
the information on the dielectric sample is aver
aged on the whole volume it occupies. They both 
allow very good precision, well above the needs 
for phantom applications: proper sample dimen
sions lead to a measurement accuracy better than 
1 %. The major drawback of these methods stems 
from the necessity of "filling" the measuring cell 
with the sample material, which is done during 
phantom preparation. Dielectric measurements 
on an existing solid phantom, such as checks on 
material properties during the course of time, are 
generally not allowed with the lumped constant 
and transmission line methods. 

17.3.2.3 Fringing-Field Technique 

In the range of frequencies between about 
100 MHz and more than 10 GHz the fringing-field 
technique represents a valid alternative to those 
described above. The measuring probe consists of 
an open-ended coaxial line, sometimes with the 
inner conductor protruding for a short length 
(short monopole probe). The dielectric properties 
of the material under test are in this case deter
mined by measuring the terminal impedance of 
the probe (BURDETIE et al. 1980). 

The "lumped equivalent circuit" method is 
commonly adopted: the terminal impedance is 
seen as a parallel combination of the radiation 
conductance of the open coaxial (or short mono
pole) and a fringe complex capacitance including a 
part resulting from the electric field lines crossing 
the sample material (Cs), and a part due to the 
fringing field in the dielectric of the coaxial line 
(Cd). Cs and Cd are determined from measure
ments on reference liquids. Finally, if the mea
sured terminal admittance of the open coaxial is 
Y m = Gm + jwCm, complex permittivity e' - je" 
can be calculated as follows: 

e' = (Cm - Cd)ICs 

i' = GmlwCs. 

(17.4) 

(17.5) 

With this last method, good precision can be 
achieved using suitable calibration techniques, 
generally by making use of reference liquids of 
known permittivity. A commercially available 
system for nondestructive measurements (HP 
85070A) has a typical accuracy of ±5% in di
electric constant measurements and of ±0.05% in 
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loss tangent measurements, as reported on the 
manufacturer's data sheets. The closer the permit
tivity of the reference liquid to that of the sample 
material, the higher the accuracy/precision. An 
analysis of the uncertainties in permittivity mea
surements with reference liquid calibration has 
been performed by NYSHADHAM et al. (1992). 

The most attractive characteristic of the 
fringing-field technique is the possibility of non
destructive measurements on solid and semisolid 
materials. The main drawback of open-ended 
coaxial methods is related to their character as 
surface techniques. In fact, the principal contri
bution to the terminal impedance comes from a 
region very close to the discontinuity: a poor 
contact with the surface of the dielectric, when 
measuring solids, or a slightly inhomogeneous 
superficial condition, e.g., due to evaporation 
of water, greatly reduces the accuracy of the 
measurement. 

A brief mention should be made of the very 
promising class of time-domain (TD) techniques, 
based on TD refiectometric measurements. This 
type of technique, which is based on cumbersome 
algorithms and usually requires powerful com
puters and long computation times, has the 
attractive property of allowing in principle a com
plete determination of the dispersion curve of the 
test dielectric from only a single measurement. In 
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this case, a short steep pulse is passed through the 
sample material: comparing in time the input and 
output pulses and taking their Fourier transforms, 
the dielectric properties of the material are finally 
obtained. 

17.3.4 Recipes for Phantom Materials 

More than 20 years of research on hyperthermia 
have produced a large number of different phan
tom materials. This section gives an up-to-date 
list of references on the subject. 

Table 17.1 shows a selection of some commonly 
used phantom materials, together with main com
ponents, consistency, and frequency range as the 
principal characteristics. The reader is referred to 
the reference citations in the table for extensive 
information about the phantom recipes. 

Overviews on phantom recipes have been pro
vided by STUCHLY and STUCHLY (1980), CETAS 
(1982), and CHOU (1987). A gelatin phantom for 
the frequency range 10-50 MHz has been pro
posed by MARCHAL et al. (1989), while a technique 
for SAR reconstruction based on a multilayer 
polyacrylamide phantom has recently been pro
posed by SUROWIEC et al. (1992). 

Saline solutions with a proper NaCl concentra
tion are commonly used as phantoms associated 

Table 17.1. A selection of some materials used for RF phantoms 

Simulated Main Consistency Frequency Reference 
tissue components range (MHz) 

Muscle TX150 (Superstuff), Moist gel 13.56-2450 GUY (1971) 
NaCI solution, 
polyethylene powder 

Muscle Acrylamide, NaCI Solid gel 10-2450 BINI et at. (1984) 
solution ANDREUCCETII et at. (1988) 

Muscle Eudispert (R) Gel 13.56-2450 GAUTHERIE et at. (1988) 

Muscle Natrasol (R) Semiliquid 10-2450 HARTSGROVE et at. (1987) 

Bonelfat Laminac polyester Solid 200-2450 GUY (1971) 
resin 

Bone/fat Acrylamide, Solid gel 13.56-2450 BINI et at. (1984) 
ethylene glycol ANDREUCCETII et at. (1988) 

Bone/fat Flour, oil, saline Solid 433 LAGENDIJK (1984) 

Bone/fat Epoxy resin, Solid 100-1000 HARTSGROVE et at. (1987) 
KCI solution 

Bone/fat Microemulsion Liquid 100-1000 HARTSGROVE et at. (1987) 

Mix Saline (NaCI) Liquid 60-100 This chapter 

Mix MethyIcellulose, Semiliquid 60-100 This chapter 
saline (NaCI) 
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with E-field probe techniques. The concentration 
of salt needed to obtain the target absorption a is 
often extrapolated using the formulas given by 
STOGRYN (1971); a direct measurement of these 
solutions with the methods reported in Sect. 17.3.3 
is, however, recommended because the dielectric 
constant varies a little in the RF frequency range. 
The dielectric constant can be adjusted: it can 
be reduced by adding glycerin or other low
permittivity liquids, or increased by substances 
producing a dielectric increment such as glycine 
or other amino acids. 

17.3.5 Measured Permittivity of Saline 
and Saline Gel 

A new semiliquid phantom, based on saline gel 
made of wallpaper paste (WPP) dissolved in saline 
solution, has been developed by the authors. 
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Fig. 17.2. Measured dielectric constants (Olmi, IROE, 
Florence) of saline, with 3.0g NaCl per liter distilled 
water, as a function of temperature and frequency 
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Various recipes have been prepared to simulate 
the conductivity of muscle and fatlmuscle tissues 
at the frequency of 70 MHz and 433 MHz (the 
dielectric constant equals that of saline). As an 
example, a gel phantom was obtained with die
lectric characteristics measured to be equivalent 
to those of saline (Fig. 17.2), by mixing 27 gil of 
WPP in a saline solution with 3 gil of NaCl. The 
phantom is low cost, readily available, and of 
simple preparation. It can be used for the charac
terization of deep body systems, both with short
pulse thermal techniques and with E-field probe 
techniques. At 70 MHz, the interpolation func
tions for e' and a are, with T in °C (Fig. 17.2): 

Saline: e(T) = 84.002 - 0.3531T 

a(T) = 0.2754 + 0.0109T[S/m] 

e(25°C) = 75 

a(25°C) = 0.55 [S/m] 

WPP: e(T) = 81.82 - 0.2595T 

a(T) = 0.3273 + 0.008895T[S/m] 

e(25°C) = 75 

a(25°C) = 0.55 [S/m]. 

This phantom was used for the comparison 
between LlT-measurements and E-field scans in 
saline in the Amsterdam deep body hyperthermia 
system (see Fig. 17.3). 

17.4 Phantom Application in SAR Measurements 

For a rapid qualitative and even limited quantita
tive check on system performance the LED matrix 
is the most efficient tool. Its real-time visualization 
is especially convenient for the monitoring of 
interference fields. E-field scans offer the highest 
resolution along scanned paths and under cer
tain conditions can reveal the three orthogonal 
components of the electric field, which are of par
ticular interest for the investigation of multiappli
cator interference systems. These techniques, 
applied in liquid phantoms, offer the advantage 
that the phantom temperature and its dielectric 
characteristics are constant throughout the phan
tom with proper mixing. It is easily stabilized by 
circulating the liquid through a thermostatically 
controlled cooling unit, even if the RF irradiation 
lasts for hours. On the other hand, measuring 
the temperature increase in solid or semisolid 
phantoms with small temperature sensors offers 
the advantage of high spatial resolution, or of full 
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plane monitoring if thermographic imaging is 
applied. These techniques are the typical ap
proach for experiments applying heterogeneous 
phantoms, e.g., studies on interfaces between 
muscle and fat or bone (LAGENDDK and DE LEEUW 
1986; SAMULSKI et al. 1987; SULLIVAN et al. 
1992). 

Generally, hyperthermia phantoms do not 
necessarily require that dielectric and thermal 
properties are as close as possible to real biolo
gical tissue. Any type of phantom is more or less a 
marked simplification of the anatomy and physio
logy of a patient. However, attention should be 
paid to making a choice of phantom material that 
is appropriate to the result which is sought in 
experiments. For example, in a deep body phan- . 
tom filled with a material of which the absorption 
is as high as that of muscle, there may exist no 
focus of SAR. However, a lower absorption leads 
to an interference pattern with a relative focus, 
i.e., a local maximum of electric field strength 
surrounded by minima, which are highly sensitive 
to the interference from phase and amplitude 
relations (see Fig. 17.4). 

17.4.1 Measurement of the Electric Field 

17.4.1.1 LED Matrix 

The phantom with LED matrix is accepted as a QA 
tool for rapid checks of the system performance 
(LAGENDIJK and MOLLS 1991; SATHIASEELAN et al. 
1992) and it is used in ten institutes in Europe and 
the United States. It has also been applied for a 
study on the qualitative behavior of various RF 
deep body hyperthermia systems in clinical use 
(SCHNEIDER et al. 1994). Power stepping, i.e., 
a series of photographs of the increasing light 
pattern on the LED matrix at increasing power 
delivered to the system, offers the possibility of 
evaluating SAR patterns quantitatively, as well 
(SCHNEIDER et al. 1992a). 

Another improvement of this visualization 
technique was the arrangement of LEDs with 
their dipoles oriented in the aperture midplane. 
In this way, radial components of the electric 
field, e.g., the fringing fields at the edges of the 
boli, also became visible (SCHNEIDER et al. 1992b). 
Similarly, the radial distribution of the electric 
field in capacitive hyperthermia systems was in
vestigated (VAN DUK et al. 1992). 

17.4.1.2 Antenna-sensor 
and Read-out Equipment 

c.J. Schneider et al. 

For the direct measurement of the electric field, 

which provides SAR values via SAR = ~:E~ms, 
with p being the mass density, various combina
tions of antenna-sensors and read-out transmission 
lines have been described: a monopole or dipole 
connected to a coax cable, a diode dipole read out 
by high-resistance leads or by an optical fiber, and 
isotropic sensors made of three orthogonal dipoles. 
An example of E-field scans with an LED dipole 
and fiberoptic read-out is shown in Fig. 17.3. 

A monopole or dipole connected to a coax 
cable (GAJDA et al. 1979; LUMORl et al. 1990) 
offers the advantage of reading the local RF signal 
in phase and amplitude, e.g., by a vectorvoltmeter 
or network analyzer. These coax sensors are 
unfortunately only reliable for measurements of 
superficial or interstitial applicators at frequencies 
of typically 433 MHz or higher. For experiments 
in deep body systems operating at lower fre
quencies where the penetration depth is greater, a 
coax cable leading through the irradiated volume 
acts as a parasitic antenna. Therefore the local RF 
signal of the sensor has to be transformed into 
another signal type: a DC voltage rectified by 
a diode and read out by high-resistance leads, 
which transmit no RF signals (DE LEEUW et al. 
1987), or a DC current transformed into a 
light signal by an LED and read out by an 
optical fiber (SCHNEIDER et al. 1991). The LED
dipole probe is the cheapest type of probe, the 
components of which are widely available. 

As a consequence of the stray fields of deep 
body systems the data acquisition has to be re
mote, e.g., outside the Faraday cage and carried 
by an optical fiber, which is either directly con
nected to an LED-dipole or by a voltage-to-light 
transformer to the high-resistance leads. A dis
advantage of the undisturbed read-out of a DC 
voltage is that the signal is no longer linearly 
dependent on the E field. As a consequence, the 
sensor has to be calibrated and all measured 
signals have to be processed to represent E-field 
values or SAR. Furthermore, the rectification of 
the RF signal results in the loss of the phase 
information. 

Recently, high-tech designs of E-field probes 
have been presented, which are capable of mea
suring both phase and amplitude in deep body 
phased arrrays, i.e., at frequencies between 60 



Phantom Design: Applicability and Physical Properties 389 

Fig. 17.3. a Experimental setup in the Amsterdam 
matched phased array: four waveguides irradiating in 
the Amsterdam phantom, filled with saline and wall
paper paste. b Liquid versus solid phantom: com
parison of the square of the electric field strength 
measured with a 2-cm dipole in the phantom filled 
with saline (3.0 g NaCl per liter) (small dots) versus 
AT measurements (large dots), extracted along the 
major aJ;ld minor axes from the measurement shown aperture midplane 
in Fig. 17.4 

phantom 

waveguide radiator 
a 

0.6 ..,-------r------, 0.6 ..,-----,-------, 
::i .-
.50.5 
"CI 
'ii 
I;:: 
W 0.4 

ci 

~ 
... ~ .............. . 
~. 

\ .. 

............................. , ... 0.5 • ••••••••••••••••••••••••••••••••••••••• M ••••••••••••••••••• _:_ 

0.4 ....... _-_ . ..., 
!' ! 

1/1 
! 0.3 
(J 

, .-
-\:7--' 0.3 .............. ~~~ 

g, 
CD 0.2 

"CI 

.5 
'; 0.1 
~ 
CD 

.. . .... . I 0.2 

.. j 0.1 .................................... -

! 
C 0 +-~"'"'T"-,......,....-t..,...,...,....,..~--I 

-20 -10 o 10 20 -20 -10 o 10 20 
b position [cm] on major axis position [cm] on minor axis 

and 120 MHz. First applications have included 
the measurement of phase and amplitude in the 
annular bolus of a BSD-2000 phased array (WUST 
et al., this volume), and the measurement of 
the incident field of individual applicators 
inside a phantom (SCHNEIDER et al. 1995). Once 
the incident fields of individual applicators are 
measured, the applicators are completely charac
terized. Furthermore, these individual fields can 
be easily superposed to realize any interference 
pattern (Fig. 17.4). 

E-field scanning is rather time-consuming, 
especially if all three orthogonal components of 
the electric field vector have to be measured. The 
application of isotropic sensors (STUCHLY et al. 
1984) built from three orthogonal dipoles, reduces 
this problem. E-field sensors share some general 
problems, notably: 

1. The dependence of the sensor performance on 
(J and e of the surrounding material and on 
frequency (MOUSAVINEZHAD et al. 1978) 

2. The nonisotropic spatial resolution of a dipole: 
the spatial resolution in the direction of the 
dipole is much worse than in the plane per
pendicular to the dipole 

3. The possible perturbation of the local E field 
by the sensor carrier, especially if the dipole is 
fixed inside an air-filled tube (PAULSEN and 
Ross 1990), or by metallic read-out cable as 
coaxial cable. 

17.4.2 Measurement of the Temperature Increase 

The thermal method to determine SAR consists 
in the measurement of the changes in temperature 
at known points in the phantom following a brief 
period of heating at high power. With this pro
cedure, which involves short periods for the power 
pulse as well as for the measurement of the tem
perature increase, effects of thermal conductivity 
within the phantom are relatively small and SAR 
can be inferred from: 
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where c is the specific heat of the phantom 
material and I1T(r)/l1t, the temperature increase 
at point r. 

The temperature inside the phantom can be 
measured by two types of technique: multiple 
point measurement, i.e., by thermocouples, ther
mistors, or fiberoptic sensors, or thermographic 
imaging, i.e., surface imaging by a thermographic 
camera or imaging at depth by liquid crystal 
plates. Examples of the measurement of the tem-

C.l. Schneider et al. 
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Fig. 17.4. Amplitude and phase scans along the horizontal 
x·axis in a square phantom. The left and right applicator of 
the AMC phased array are radiating with equal amplitude 
and phase shifts of -60°, -40°, -20°,0°,20°,40°, and 60° 
for the left applicator with respect to the right one. The 
crosses indicate the amplitude and the dots, the phases 
derived by superposition of individually measured incident 
fields. The lines indicate the phase and amplitude mea· 
sured in the interference field 

perature change with thermocouples are shown in 
Figs. 17.3, 17.5, and 17.6. 

17.4.2.1 Thermal Condition of the Phantom 

A constant temperature throughout the phantom 
before a heating pulse is advised. In experiments 
irradiating small volumes by interstitial or super
ficial applicators it does not take much time to 
find a constant temperature in the phantom again, 
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Fig. 17.5. 2D SAR distribution, measured by temperature 
increase with 105 thermocouples in the Amsterdam phan
tom, with the maximum increase of 0.42°C normalized to 
be 10. The applied power was 400W for 1OOs, and the 
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Fig. 17.6. Normalized temperature decrease in the 
Amsterdam phantom filled with wallpaper paste. Mter 
a series of numerous power pulses (see Fig. 17.5), the 
temperature in the phantom showed an overall rise in 
temperature of approximately 10°C. Then the heat con-

but in large deep body phantoms the large heat 
capacity results in long cooling periods. Further
more the thermal situation is different for large
volume irradiations: the contribution of the boli 
can become a dominant factor. For example, the 
thermal conduction to a large bolus of at least 
1001 of water, in which convection occurs, can be 
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duction was measured during a measuring cycle of 100 s 
with power off. Except for the three positive values (+ 1), 
which represent an increase of O.01°C, all llT values are 
negative. The maximum value of O.17°C temperature 
decrease is normalized to be 10 

much higher than the thermal conduction inside 
the solid phantom. 

An excessively long cooling period between 
successive pulses prohibits long experimental 
series investigating a greater number of setups 
with, for example, different relations of phases 
and amplitudes. The need to realize a significant 



392 C.l. Schneider et al. 

18o.----- 180 ,------------,---~---, 

l160 +---:;-----+------1 160 +--------+----1 
W 

i 140 +--'k----I-------t-----1 140 ~i-----I-----___l 
c 

i1a~~----~~~~~ 120 +--+-----f-'Ii.'U--IIll---Hr-___l 

~ 
~100~--~~~~_.~~ 
u 

i 80~-------+~.r--~ 80~----I--~~-___l 

iii 
30.8 ·C 3.3311" 

·15 ·10 -5 0 5 10 15 ·15 ·10 -5 0 5 10 15 
Position on minor axis [cm] Position on minor axis [cm] 

Fig. 17.7. Comparison of E-field scans in saline: with a 
constant salt concentration of 3.00 gIl at different tempera
tures (left), and with different salt concentrations at a 
constant temperature of 20.3°C (right). With increasing 

thermal increase in order to gain a good signal to 
noise resolution makes this problem even worse. 
An increase of 5°C in phantom temperature also 
increases the electrical conductivity, which signi
ficantly alters the SAR pattern, as can be seen in 
the experimental result shown in Fig. 17.7. Scans 
in the Amsterdam phantom, irradiated with only 
the top and bottom applicator, demonstrate the 
decrease in the electric field strength with increas
ing temperature or salinity. If series of experi
ments are carried out with short time intervals 
between heating pulses, the heat conduction 
throughout the phantom should be measured, 
e.g., by registration of the temperature change 
after a measuring cycle with zero power (MYERSON 
et al. 1991; Fig. 17.6). 

17.4.2.2 Temperature Sensors 
and Thermal Mapping 

Temperature sensors in hyperthermia are typi
cally thermocouples, thermistors, and fiberoptic 
thermometers. To avoid RF disturbance, ther
mocouples are usually read out in power-off 
periods, whereas thermistors and fiberoptic ther
mometers are free of interference with the RF 
field and thus can be used during power on. 
Thermocouples offer a fast acquisition rate after a 
waiting period of a few seconds for the RF distur
bance to be suppressed. The spatial resolution 
depends on the number of thermocouple points 
and the spacing along a string as well as on the 
number of thermometry channels. Thermal map-

temperature or salt concentration (conductivity) the ab
sorption increases (see Sect. 17.3.4) in both situations 
from 0.50 Slm (upper lines) to 0.55 Slm and 0.60 Slm (lower 
lines) 

ping has the advantage of high spatial resolution 
along the catheter track, but suffers from a slow 
acquisition rate due to the waiting period for ther
mal equilibrium at every point of measurement. 
Furthermore, the number of motorized mapping 
channels limits the number of catheter tracks 
available for a measurement. For experiments in 
the "Utah deep body phantom," SULLIVAN (1992) 
mentions a step size of 1 cm together with a wait
ing period of 4 s, i.e., a measuring time as long 
as 2 min for 30 cm across the long axis of the 
phantom. This is a period during which thermal 
conduction inside a phantom and to the bolus 
might alter the temperature profile (MYERSON et 
al. 1991). 

17.4.2.3 Liquid Crystal Plate Dosimetry 

Liquid crystal plate (LCP) dosimetry allows a fast 
and accurate determination of the SAR on a 
plane inside a phantom. It presents some advant
ages over other techniques like the infrared 
thermographic camera and E-field probe tech
niques, and it has proven to be one of the most 
reliable methods. This is especially true for the 
characterization of applicators for superficial 
hyperthermia. This technique can be used with 
any solid, convection-free transparent phantom. 

The phantom commonly used for LCP dosi
metry is a gel of polyacrylamide, obtained by 
a polymerization process (see Sect. 17.3.3). A 
liquid crystal foil, consisting of a plastic film 
over which a thin layer of thermochromic liquid 
crystals is deposited, is embedded in the phantom 
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Fig. 17.8. Computerized setup 
for liquid crystal plate dosimetry D DIGITIZER 
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material before polymerization. The property of 
thermochromic LCPs to reflect different light 
wavelengths depending on their temperature is 
the basic principle of LCP dosimetry. A typical 
setup for LCP dosimetry is depicted in Fig. 17.8. 
The data acquisition system consists in a TV CCD 
camera connected to a computer via a video 
digitized board. The LCP inside the phantom is 
illuminated by two lamps placed behind the CCD 
camera. 

Two procedures based on LCP dosimetry by a 
CCD camera are principally used at present. The 
first, developed by ANDREUCCETII et al. (1991), 
consists in using a professional black and white 
CCD camera with an infrared blocking filter 
mounted in front of the CCD sensor in order to 
enhance the camera resolution. A narrow band 
interference filter is mounted in front of the lens 
to select a single color from the LCP thermochro
mic palette. The time evolution of the selected 
color curve is recorded to allow SAR reconstruc
tion in the plane of the LCP. The second pro
cedure, developed by CRiSTOFORETII et al. (1993), 
is based on a measurement of the hue by means of 
a color TV camera, After a proper calibration of 
the LCP, hue can be converted into temperature 
and finally, considering the time increment and (J, 

the SAR distribution in the plane of the LCP is 
obtained. 

17.4.2.4 Thermographic Camera 

The use of a thermographic camera to determine 
the SAR profile produced by an EM applicator 

~ 
PHANTOM 

was originally proposed by Guy and has been 
successfully adopted by several researchers, 
especially in the United States. In this method 
a solid, splittable phantom is heated by a short 
EM pulse; after the exposure the phantom is 
quickly opened and the temperature pattern is 
recorded by means of a thermographic camera. 
SAR is finally obtained, knowing the initial 
temperature in the phantom, by means of Eq. 
17.6 of Sect. 17.4.2. 

The thermographic method has the favorable 
characteristic of being very fast. The major draw
backs are the necessity of very high powers (espe
cially for the heating of large phantoms) and the 
unknown error introduced by the deterioration 
of the temperature distribution in the period be
tween the end of the iradiation and the acquisition 
of the thermographic image. The QA guidelines 
for ESHO protocols (HAND et al. 1989) recom
mend a maximum time of 60 s between the start of 
the pulse and the measurement of the temperature 
distribution to minimize the artifacts due to ther
mal conduction within the phantom. The time 
limit comes from experience with the thermo
graphic camera, and it should not be considered 
an exact figure: the maximum time allowed before 
significant errors take place clearly depends on 
the temperature resolution and on the precision 
of the thermographic camera, as well as on the 
intensity of the power pulse and on the ther
mal characteristics of the phantom surface 
environment. 

Additional technical discussion concerning 
SAR measurements with phantoms may be found 
in Chap. 21, Sect. 21.5. 
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17.5 Reliability of Experimental Outcome 

The precision and reliability of experimental 
results can be determined by internal checks, i.e., 
tests on reproducibility, signal resolution, and 
spatial resolution, by the scientists running the 
experiment, and by external checks with respect 
to the adequacy of the description of the applied 
material and of the experimental setup, which 
should enable other scientists to repeat an experi
ment. Besides precision and accuracy, the spatial 
data density determines the conclusion which can 
be drawn from experimental outcomes. 

17.5.1 Accuracy and Precision 

17.5.1.1 Reproducibility 

When the first experiment of a series is repeated 
at the end of a series, the similarity of the results 
indicates the stability of the entire setup. Changes 
in an SAR pattern arise from changes in absorption 
due to heating of material, and possibly the sen
sitivity of a temperature-dependent LED dipole 
as E-field sensor (SCHNEIDER et al. 1991). With 
regard to the reliability of a measured signal, 
particularly crossing E-field scan paths or thermo
metry catheters offer the opportunity to check the 
equality of measured data on the common points. 

17.5.1.2 Recognized Signal Resolution 

There are two approaches to "recognize" the 
signal resolution for E-field scans: 

1. Stepping through a phantom while sampling a 
number of signals at each step during a short 
period (GROSS and RASKMARK 1989). This 
results in a mean value and standard deviation 
for an E-field value at every particular point. 

2. Scanning with continuous sampling of signals 
providing, for example, one sample per milli
meter. If the data points are dense even in a 
strong E-field gradient, then the "noise band" 
of the signal gives information similar to the 
mean value and the standard deviation. 

A recognized signal resolution for AT measure
ments can be determined by: 

1. A AT-measurement with OW to determine the 
ratio of AT noise at OW to the maximum AT 
measured with a high power pulse 

c.J. Schneider et al. 

2. Immediate repetition of a power pulse 
3. Comparison of E-field scans with AT measure

ments (PAULSEN and Ross 1990; Fig. 17.3). 

17.5.1.3 Spatial Resolution of the Sensors 

The resolution of dipoles depends on their size. It 
is good in a direction orthogonal to the dipole, 
but moderate in the direction of the dipole. The 
small size of temperature probes results in a good 
spatial resolution, but artifacts are possible in 
SAR measurements due to poor heat conduction 
through the catheter, heat conduction in the 
phantom as a consequence of the slow acquisition 
rate characteristic for thermal mapping, or cross
talk and limited isolation of the channels in multi
point/multichannel thermocouple systems (see 
also Chap. 15). 

17.5.1.4 Spatial Resolution 
in Thermographic Imaging 

Liquid crystal plate dosimetry and the thermo
graphic camera/splittable phantom techniques 
both offer high spatial resolution. With splitt able 
phantoms as well as with slab phantoms, however, 
care has to be taken that the contact surfaces 
present neither a dielectric discontinuity for the 
incident electric field nor a discontinuity in ther
mal characteristics (e.g., due to thin air layers). 

17.5.2 Spatial Data Density 

The relationship between the greatest SAR gra
dients and the greatest distance between adjacent 
data points indicates the reliability of values inter
polated in between, e.g., by contour plots. For 
the different measuring techniques this has dif
ferent implications: 

1. LED matrix. The LED matrix visualizes E
field patterns in a complete plane with the data 
density determined by the spacing between the 
LEDs, which is typically 1 cm for superficial 
phantoms and 2 cm for deep body phantoms. 

2. E-field scans. A general technical limit, 
which defines the spatial data density for E-field 
scans, is the user-friendliness of the scanning 
mechanics. 

3. AT measurements. The spatial data density 
is defined by the choice of catheter tracks in the 
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phantom and further limited by either the number 
of thermocouples or, for thermal mapping, the 
time needed for thermal equilibrium at each point 
of measurement. On the other hand, liquid crystal 
plates and thermographic phtographs supply data 
on a complete plane. 

4. 3D measuring. For 3D SAR measurements 
in homogeneous phantoms, several planes have 
to be measured either by moving an LED matrix 
or a scanning plane through the phantom, or by 
multilayer phantoms (LEYBOVICH and NUSSBAUM 
1984; SUROWIEC et al. 1992). In inhomogeneous 
phantoms, where thermometry catheters fixed in 
three directions (SULLIVAN et al. 1992) allow SAR 
measurements along preselected lines, the limited 
number of measuring points causes a further 
decrease in spatial data density. However, E-field 
scanning in inhomogeneous phantoms is a com
plex problem due to mechanical considerations, 
the availability of adequate soft material, and 
variations in the sensitivity of E-field probes in 
materials with different dielectric characteristics 
(MOUSAVINEZHAD et al. 1978). 

17.5.2.1 Measured Data and Fit Routines 
Applied for Graphic Presentation 

The number of spatial points at which data are 
measured in the irradiated volume is often limited, 
with liquid crystal plate and thermographic 
imaging giving the highest data density at least in 
a plane. Nevertheless, a complete presentation of 
the SAR distribution is often desired and realized 
in lines connecting data points or in contour plots. 
The fit techniques applied for graphic presenta
tions are general fit algorithms which are not based 
on physical theories describing hyperthermia 
power deposition. Therefore a clear presentation 
of the original measured data points indicates 
the reliability of contour plots (TURNER 1984; 
MYERSON 1991). 

17.6 Summary 

• Today, a great diversity of hyperthermia phan
toms and various techniques to measure the 
power deposition exist. These available com
binations of phantoms and techniques differ in 
their ease of application, the time needed for 
experiments or performance checks, and the 
value of information and reliability of conclu-
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sions. Therefore, prior to phantom experi
ments, a proper choice of phantom should be 
made on the basis of a clear definition of the 
aim of an experiment. Furthermore, a complete 
description of the experimental setup, including 
all applied technical materials as well as an un
equivocal description of the phantom material, 
is necessary for the repetition of experimental 
outcomes in other institutes and with other 
devices. 

• The validity of experimental results depends on 
checks regarding possible sources of random 
error, such as noise and RF disturbance on the 
signal, and sources of systematic errors such as 
heat conduction to a bolus. A clear indication 
of the spatial distribution of the measured sig
nals aids in the interpretation of the graphical 
presentation of experimental outcomes. 

• For experiments in deep body hyperthermia 
devices, saline phantoms filled with 3 g NaCl 
per liter distilled water are advisable as reliable 
standard phantoms. This type of phantom 
offers the advantage that saline is certainly 
identical from one experiment to another, its 
temperature and dielectric characteristics can 
be stabilized for unlimited numbers of ex
perimental runs, and results can be checked 
independently in comparison with qualitative 
results observed on an LED matrix. 

• As yet, standard phantoms and appropriate 
measuring equipment are not available at every 
institute active in clinical hyperthermia. The 
aim of phantom techniques able to measure a 
sufficient data set as input for hyperthermia 
planning systems, which characterizes the treat
ment device and is similar to a QA standard in 
radiotherapy, demands even more progress 
and development. 
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IS.1 Introduction 

One interpretation of the mixed clinical results 
that have been reported over the last decade 
(e.g., see CURRAN and GOODMAN 1992) on the 
therapeutic benefits of hyperthermia as an 
adjuvant cancer therapy is that consistently 
heating tumors is a difficult task which remains 
problematic. A tracking of the device develop
ment for hyperthermic delivery that has occurred 
over this time frame lends support to this view. 
While some relatively simple methods are being 
used with success (e.g., BREZOVICH et al. 1989; 
DEFORD et al. 1991), for the most part hyper
thermia systems have become increasingly com
plex. Multiapplicator devices which rely on an 
intricate interplay among excitation sources are 
now commonplace (e.g., HYNYNEN et al. 1987; 
CAIN and UMEMURA 1986; EBBINI and CAIN 1991; 
TURNER and SCHAEFERMEYER 1989; GOPAL et al. 
1992). 

The development of devices with many degrees 
of freedom has become necessary because of the 
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complex conditions under which the heating of 
tumors must take place. Anatomical complexity 
creates geometry and heterogeneity effects that 
non intuitively shape the power deposition in 
tumor and surrounding tissues, which ultimately 
leads to temperature rise. Further, vascular 
complexity confounds the understanding of the 
temperature elevation realized in tumors for any 
given power deposition pattern. This makes 
power deposition adjustment at both the pre
and concurrent stages of treatment an essential 
capability of any hyperthermia therapy system. 
Methods to expedite the development, operation, 
and control of such systems are critical to the 
realization of hyperthermia equipment that can 
consistently elevate tumor temperatures to a 
predefined set of treatment goals. 

Of particular interest since the early 1980s has 
been the use of computational models to serve 
this purpose (e.g., STROHBEHN and ROEMER 1984). 
The underlying hypothesis has been that com
putational models would advance clinical treat
ment through both enhanced understanding of 
the physical processes involved during therapy and 
improved ability to design, develop, and evaluate 
hyperthermia equipment. The expectation is 
that good numerical modeling will provide the 
therapist with more information about the type of 
device to use for a particular tumor site, where 
thermometry probes should be placed to extract 
the most information from a given treatment, 
where pain-limiting hot spots are likely to occur 
as a result of localized power deposition peaks, 
what kind of temperature distributions can be 
expected for specific assumptions about blood 
flow, etc. Based on this type of rationale, high 
hopes exist for utilizing computational models as 
important contributors in the quest to clarify the 
confusing and conflicting results that have been 
reported on the efficacy of hyperthermia (e.g., 
PEREZ et al. 1991; PHILLIPS 1993). 

The problem of simulating hyperthermic treat
ment has traditionally been divided into two 
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components: (a) the deposition of power or SAR 
(specific absorption rate in units of power per unit 
mass) in tissue and (b) the redistribution of this 
energy due to the heat transfer mechanisms at 
work in vivo, namely thermal conduction and 
blood flow, While these two components are 
closely linked physically in that the deposited 
power is the "driving force" for subsequent 
temperature rise, the complexity of the processes 
taking place in tissue has demanded specialization 
in these two facets of hyperthermic treatment 
modeling. In fact, two separate chapters (18 and 
19) in this monograph have been devoted to each 
of these topics, their merging being discussed in 
yet a third chapter (20) under the general heading 
of Treatment Planning. 

Because power must be absorbed before any 
temperature rise (above normothermia) can 
occur, the power deposition problem is usually 
discussed first and this will be the topic of the 
present chapter. It will begin with a historical 
overview starting with the early 1980s and will 
trace the evolution of power deposition modeling 
to the present day. This presentation will be 
followed by a review of the basic principles and a 
highlighting of the computational advances that 
have been necessary to achieve the state of the art 
in the field. Results that are representative of 
power deposition models that are or have been 
used in treatment simulations will be included. 
Since the two primary sources of thermal energy 
that have been used in hyperthermia therapy 
are electromagnetic (EM) and ultrasonic (US) 
radiation, attention will be limited to these two 
modalities. Where appropriate, an effort will be 
made to unify the discussion of EM and US power 
deposition models, since they possess a number of 
common features. This chapter will conclude with 
a section devoted to an assessment of the state of 
the art and the needs of and future directions in 
power deposition modeling. 

18.2 Historical Perspective 
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tissue geometries. In the former case, a chro
nology of advancement is relatively easy to trace. 
Models in this arena must deal with issues of 
dimensionality, geometry, and heterogeneity -
items which are common to all applicators in that 
they are more concerned with the computational 
domain than the heating device itself. Further, a 
natural progression in the complexity with which 
these items are modeled readily exists. For 
example, model complexity escalates significantly 
as the dimensionality of the computational domain 
increases from one to three dimensions. A logical 
path to the realization of a fruitful 3D model is to 
first implement it in one and two dimensions, 
respectively, and to gain experience and insight 
into its behavior under these simpler scenarios 
prior to full 3D implementation. 

Applicator modeling, on the other hand, does 
not have a chronological path of advancement 
that can be pointed to so easily. For the most 
part, the details of the particular device at hand 
have driven the modeling effort in this area of 
SAR computation. As a result, only a modest 
amount of work has attempted to develop general 
modeling principles for hyperthermia applicators 
(e.g., LUMORI et al. 1990a,b) upon which a 
foundation for future advancement could be built. 
There has been advancement in the sense that the 
applicators being modeled have become more 
complex over time. However, from the point of 
view of the inherent capabilities of the com
putational method used, it is more difficult to 
argue that one applicator model is superior to 
another in the same way that a 2D model is 
superior to a ID model or a CT-based anatomical 
representation is better than a symmetrically 
layered geometry. As a result, this section will 
primarily trace the evolution of patient-based 
SAR modeling; however, some indications will be 
given of the status of applicator modeling as well. 

18.2.1 Early to Mid 1980s 

Some of the first SAR modeling work was 
Two general thrusts in power deposition modeling reported in the early 1980s and corresponded with 
seem to have emerged. One has been aimed at the appearance of the commercial hyperthermia 
performing the requisite calculations under device known as the Magnetrode (YOUNG et al. 
clinical conditions with the goal of providing 1980; HILL et al. 1983a; HALAC et al. 1993). These 
the heat source input to subsequent thermal modeling efforts were one- and two-dimensional 
modeling. The other has focused on computing and utilized ideal geometrical representations of 
SAR patterns of specific applicator configurations the body anatomy. The work of Hill et al. was 
as they radiate into homogeneous or layered particularly noteworthy at that time. It utilized a 
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Fig. 18.1. Early 1980s anatomical model developed by HILL et al. (1983a) to simulate magnetically induced power 
deposition. (From PAULSEN et al. 1984a) 

moment method solution of a low-frequency 
approximation to Maxwell's equations (HILL et 
al. 1983b). The computational domain was two
dimensional with quadrant symmetry where each 
quadrant consisted of a tumor area embedded 
in lung tissue which was surrounded by a sub
cutaneous layer. Figure 18.1 shows a schematic of 
the anatomical model. 

It is important to recognize that prior to this 
Magnetrode modeling there had been some 
pioneering work in the computation of SAR in 
biological tissues (e.g., LIVESAY and CHEN 1974; 
HAGMANN et al. 1979). In fact, this work was 
three-dimensional and utilized heterogeneous 
block models of the human body and thus could 
be viewed as far more advanced than the early 
Magnetrode modeling that was emerging in the 
hyperthermia field circa 1983. However, the 
emphasis in the 3D block model effort was to 
study potential health hazards resulting from 
SAR deposited in the body due to various 
environmental EM sources. As such, it was more 
concerned with full-body exposures and gross 
levels of SAR over large regions of the body. The 
hyperthermia SAR modeling, on the other hand, 
was seeking to compute the fine details of the 

absorbed power over localized portions of the 
body anatomy. The early 3D block models in 
the health hazards research field were far too 
crude to yield this type of information. 

At approximately the same time as modeling 
interest in the Magnetrode was peaking, a second 
commercial device, the APAS (TURNER 1984; 
GIBBS et al. 1984) emerged and a significant 
amount of interest in simulating the performance 
of this system immediately arose. Perhaps one 
of the most important contributions to AP AS 
simulation was that of ISKANDER et al. (1982). 
They utilized a moment method approach, 
but rather than limiting their calculations to an 
idealized body geometry, they incorporated CT
based anatomy into their model. While the model 
used by Iskander et al. did not contain any tumor 
region, others followed suit (e.g., VAN DEN BERG 
et al. 1983; PAULSEN et al. 1984b) and by the mid 
1980s, CT-based, two-dimensional modeling of 
the power deposition patterns produced by the 
Magnetrode ana AP AS in actual cancer patient 
tumors was the norm within the modeling 
community. 

The most complete set of studies in this vein 
were those of PAULSEN et ctl. (1985). They chose a 
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Fig. 18.2. Mid 1980s anatomical model based on CT data 
showing a computed field pattern for an annular array type 
device. (From STROHBEHN et al. 1986) 

variety of anatomical tumor sites and subjected 
2D CT-based anatomical models to heat treat
ments with the Magnetrode and APAS systems. 
Figure 18.2 shows a representative 2D model 
constructed from CT data. This work was suc
cessful in comparing the relative performance of 
hyperthermia devices and for predicting general 
trends observed with these systems during clinical 
treatments (STROHBEHN et al. 1986). It, along with 
the efforts of others, contributed the initial 
support for the hypothesis that computational 
models improve clinical treatment. It also pro
vided proof for the concept that calculations of 
this type would be possible in the hyperthermia 
context. 

Not surprisingly, clinically based power de
position modeling has its roots in noninvasive 
regional heating. Such treatments are more 
difficult to plan, control, and evaluate because 
access to temperature and SAR measurements is 
limited (SAPOZINK et al. 1991). Recent clinical 
studies have borne out the fact that noninvasive 
deep heating devices are capable of delivering 
enough energy to achieve therapeutic temperature 
elevation, but treatments are often limited due to 
pain (e.g., SAPOZINK et al. 1990; EMANI et ~l. 

1991; Samulski et al. 1990; FESSENDEN et al. 
1984). Use of aggressive sedation has been 
precluded to date because of lack of knowledge 
of the heating patterns produced in the clinical 
setting. It was recognized very early in the 
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evolution of noninvasive deep heating systems 
that resolution of power limiting pain problems 
would represent a major advance for this therapy 
and that treatment simulation offered a means for 
obtaining the needed information about the 
heating patterns to be expected clinically. This 
information could be used to diminish the number 
of pain-limiting episodes by highlighting potential 
"hot spots," providing alternate treatment plans 
that might diminish their severity and allowing 
clinicians to prescribe deeper levels of sedation 
based on greater confidence in device operation. 

In applicator specific modeling, a core of initial 
interest centered around interstitial EM radiators. 
The theory and ensuing computation were 
worked out for a linear dipole housed within a 
catheter embedded in a homogeneous infinite 
extent of lossy tissue (KING et al. 1983). Investi
gations were carried out on the heating patterns 
and subsequent temperature distributions for 
arrays of interstitial antennas (STROHBEHN et 
al. 1982). Modeling of implantable RF needles 
(e.g., STROHBEHN 1983) and ferromagnetic seeds 
(e.g., MATLOUBIEH et al. 1984) under similar 
circumstances was also performed very early in 
the evolution of power deposition simulation 
in hyperthermia. Two-dimensional simulation 
studies comparing the relative performance of 
interstitial methods began to appear in the mid 
1980s (e.g., MECHLING and STROHBEHN 1986) at 
about the same time as clinically based modeling 
efforts were reporting similar comparative 
analyses of the Magnetrode and APAS. Because 
it was reasonable to assume (at least initially!) 
that interstitial devices deposit power over length 
scales where tissue properties and geometry are 
relatively uniform, modeling efforts concentrated 
on capturing the details of the energy source 
rather than the surrounding medium. 

Ultrasonic power deposition models began in 
much the same way. With this modality, the 
operating assumption was that ultrasound pro
pagates largely undisturbed in many soft tissues; 
hence, it is reasonable to assume that power 
absorption can be computed by representing the 
details of the applicator as it radiates into a typical 
soft tissue. These models have their origins in the 
diagnostic ultrasound field; however, for hyper
thermia treatment simulation attenuation effects 
due to tissues have been added. Early simulation 
results appeared in the literature, first for planar 
(e.g., CHAN et al. 1974) and later for focused 
ultrasound systems (e.g., MADSEN et al. 1981; 
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SWINDELL et al. 1982), but it was clear that as of 
the mid 1980s considerably more attention had 
been devoted to EM SAR models, both clinical 
and applicator-based, than their US counterparts. 
A comprehensive review of the state of the art 
in hyperthermia treatment simulation until 
approximately 1984 can be found in STROHBEHN 
and ROEMER (1984). 

18.2.2 Mid 1980s to Early 1990s 

The ensuing years saw increased interest in power 
deposition models and it readily became apparent 
that 2D calculations would be insufficient for 
clinical treatment planning and analysis (e.g., 
DEWHIRST et al. 1987; HAGMANN 1987). The 
thrust to develop 3D models of power absorption 
began in approximately 1986 and has continued to 
gain momentum as more data demonstrating the 
inadequacy of 2D models have been reported 
(e.g., WUST et al. 1991; FELDMANN et al. 1991; 
PAULSEN and Ross 1990; PIKET-MAY et al. 1992). 
For example, Fig. 18.3 shows a recent result 
comparing the SAR distribution computed in a 
2D and 3D patient-specific model of the thigh 
irradiated by an external 915-MHz waveguide 
applicator. Interestingly, the 3D model predicts a 
higher SAR maximum for the same normalized 
incident field and a deeper overall penetration of 
the power deposition than its 2D counterpart. 
This is a nonintuitive result because of the overall 
complexity of the problem. Figure 18.3 illustrates 
the magnitude of the importance of the results for 
effective therapy delivery. External heating 
models with anatomically based patient geome
tries received the largest amount of sustained 
effort and had the goal of reaching the level of 
sophistication illustrated by the calculations 
shown in Fig. 18.3. By contrast, many of the 
earlier applicator-based models of SAR were 
already 3D, for example interstitial dipole 
antennas (KING et al. 1983); hence, the need to 
"three-dimensionalize" computed results was 
not felt nearly so strongly for these types of 
simulations. 

Major strides were made when the potential 
of the finite-difference time-domain method 
(FDTD) for computing power deposition patterns 
in anatomically complex, full-scale body models 
was realized (e.g., SULLIVAN et al. 1988). The 3D 
FDTD charge was led by several investigators 
(e.g., SULLIVAN 1990; LAU and SHEPPARD 1986; 
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Fig. 18.3. Computed SAR distributions in a 3D (a) and 
2D (b) patient-specific model of the thigh exposed to 
external waveguide heating. The difference in the power 
level contours between the two models is clear and suggests 
that a more favorable heating pattern is obtained in this 
case when 3D effects are modeled. (From PlKET-MAY et al. 
1992) 

WANG and GANDHI 1989) and has continued to 
gain support since that time (e.g., PIKET-MAy et 
al. 1992). Some of the most recent SAR modeling 
with FDTD has been very exciting (e.g., BEN 
YOSEF et al. 1992; TAYLOR and LAU 1992) in that 
not only have patient-specific simulations been 
achieved in a pretreatment planning mode, but it 
also appears that hot spots predicted with 3D 
SAR analysis do correlate with observed patient 
pain symptoms. This work has provided the first 
real clinical evidence that SAR models can be 
important treatment planning aids. 
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Efforts involving other techniques, most 
notably finite element and integral equations, also 
began the quest for achieving 3D SAR simulation 
on realistic anatomical models of the body in the 
late 1980s. By 1988 homogeneous conforming and 
crude (in terms of spatial resolution) heterogene
ous block models of three-dimensional bodies 
were in existence for finite element and integral 
equation techniques (e.g., HAGMANN and LEVIN 
1986; PAULSEN et al. 1988a,b) but these lagged 
the degree of detail that was being achieved with 
FDTD at the time. Nonetheless, interesting 
findings did emerge from these studies, for 
example, the concept of aberrant heating, which 
is the deposition of significant energy levels 
outside the body region of direct exposure, was 
put forward (HAGMANN and LEVIN 1986) and 
independently verified (PAULSEN et al. 1988a). 
However, throughout the remainder of the 1980s 
and early 1990s it remai.ned the case that the most 
significant progress in SAR modeling in 3D was 
achieved with FDTD. While the reasons for this 
become more clear in the remainder of this 
chapter, the essential difficulties with advancing 
these other techniques were twofold: (a) they 
both lacked the computational efficiency afforded 
by FDTD and (b) the ability to generate con
forming unstructured 3D meshes was not readily 
available . 

Recent advances indicate that the com
putational efficiency question with finite element 
and integral equations is rapidly vanishing. In 
fact, 3D simulations with these techniques which 
rival the impressive FDTD models that emerged 
in the late 1980s and early 1990s have now 
appeared (e .g., ZWAMBORN et al. 1992; PAULSEN 
et al. 1992a, 1993; CLEGG et al. 1993a). On the 
unstructured mesh generation front, significant 
progress has also been made (PAULSEN et al. 
1993; JOHNTSON and SULLIVAN 1993; DAS et al. 
1993; SEEBASS et al. 1992) . While this problem has 
not been completely solved to date, it does 
appear to be solvable and will allow another level 
of detail to be employed in investigations of tissue 
interface and body curvature effects which seem 
to be critical determinants of the SAR patterns 
induced in patients. An example of a 3D patient 
model which is representative of those that are 
presently in use is shown in Fig. 18.4. Given that 
at least · three computational techniques are now 
available which can compute power deposition 
patterns on models such as that displayed in Fig. 
18.4, clinical SAR modeling can be expected to 
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Fig. 18.4. Early 1990s anatomical mesh based on CT data 
which is representative of current capabilities 

be entering a new era of rapid proliferation of 3D 
computed results that should lead to new insights 
into hyperthermia delivery. 

Since the mid 1980s important milestones have 
also occurred in simulation of ultrasonic power 
deposition and specific applicator modeling. 
However, these advances have not been com
putational in that the basic techniques have 
remained largely status quo, but rather the types 
of devices being modeled have advanced in degree 
of complexity. For example, the emergence of the 
sector-vortex ultrasound array (CAIN and 
UMEMURA 1986) has resulted in a number of in
teresting simulation studies that have highlighted 
the potential payoffs in terms of SAR focus and 
control that should be achievable (e.g. , EBBINI 
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and CAIN 1991). Further, the clinical spiral antenna 
which has been used successfully for a number of 
years has just recently been modeled for the first 
time (ZHANG et al. 1993). While advances such as 
these have been forthcoming, it has continued to 
be true through the late 1980s and early 1990s that 
US power deposition modeling has received 
considerably less attention than the EM case and 
that applicator modeling efforts have remained 
distinct from clinically based patient simulations 
in that they have focused on device-specific 
investigations in idealized geometries. This sug
gests that there is a significant opportunity to 
advance the state of the art in applicator modeling 
and general US power deposition calculations. 

As evidenced by a cursory scanning of Figs. 
18.1-18.4, SAR models have advanced dramati
cally over the last 10-12 years. To appreciate the 
present capabilities in this area, it is instructive to 
review a few basic principles and to discuss in 
some detail the current status of SAR modeling. 
These are the topics of the next two sections of 
this chapter. 

18.3 Basic Principles 

In this section the basic principles of power 
deposition modeling are discussed. The focus is 
on the nature of the techniques that are being 
used and their associated computational impli
cations. Discussion of the state of the art and the 
recent advances that have allowed 3D com
putations to become possible are reserved for the 
next section. For presentation purposes, it is 
convenient to consider the two classes of pro
blems identified earlier: (a) those which intend to 
model the tissue geometry and heterogeneity and 
(b) those which center on the details of the hyper
thermia applicator as it radiates into idealized 
tissue structures. A further consideration is the 
fact that within each of these two categories, 
two modalities - electromagnetic and ultrasonic 
heating - need to be addressed. Clearly the 
merging of patient modeling with applicator 
modeling is essential for the most realistic simu
lation of clinical power deposition patterns in 
patients; however, the historical overview given 
in the previous section indicates that they have 
remained distinct in many respects. The com
plexity associated with either modeling of 3D 
anatomical effects or modeling of the details 
of the excitation sources has delayed their con-
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fluence. Because of space limitations a complete 
discussion of patient and applicator modeling for 
both EM and US heating is not possible. Where 
appropriate, analogies between categories will be 
drawn and the discussion streamlined to focus on 
the central points. The reader may also wish to 
consult other rather recent reviews of these 
areas (e.g., PAULSEN 1990a,b; HYNYNEN 1990; 
SATHIASEELAN et al. 1992). 

18.3.1 Patient Modeling 

18.3.1.1 Electromagnetic 

There has been tremendous interest in modeling 
the effects of anatomical structure and com
position on the EM fields induced in tissue. It has 
been known for some time (e.g., ISKANDER 1982) 
that even simple planar interfaces between 
tissues can dramatically alter the electric field and 
resulting power deposition simply based on field 
polarization and the electrical contrast between 
the two tissues forming the interface. Because 
electrical properties vary significantly as a function 
of both tissue type and excitation frequency 
(JOINES 1984), interfaces with substantial electrical 
contrast are prevalent within the body. As a result, 
knowledge of the details of power absorption 
within the treatment field is difficult to gain and 
computational models are viewed as a way to 
obtain the needed information. 

To compute SAR, the spatial and temporal 
behavior of the EM field must be calculated in the 
presence of spatially varying electrical properties. 
As a first approximation, the electrical properties 
of tissues can be assumed to be uniform within a 
given tissue type, but variable from tissue to 
tissue. This gives rise to the so-called electro
magnetic jump conditions (PAULSEN 1990a) which 
act to influence the field and resulting SAR 
dramatically. These jump conditions require con
tinuity in all EM field components at tissue 
boundaries except for the normally directed 
electric field, which is discontinuous at the inter
face by an amount equal to the ratio of the 
complex permittivities of the two tissues forming 
the interface. 

Hence, solution of the EM power deposition 
problem must satisfy the basic Maxwell relations 
subject to the jump conditions and driving 
sources, which must obey conservation properties. 
Since the sources typically do not encircle the 
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entire treatment site, boundaries (either real or 
imaginary) which envelop the region of interest 
where some EM behavior can be dictated do not 
exist. As a result, propagation of EM energy 
cannot be a priori confined to the treatment 
region and must be allowed the degree of freedom 
to travel far from the area of interest. In formal 
mathematical terms, the enclosing boundary 
necessary to accommodate the far-field behavior 
of the EM field is at an infinite distance from the 
region of interest (unless, for example, the treat
ment is carried out in a shielded room in which 
case enough of the behavior of the EM field can 
be specified on the walls of the treatment room 
for it to act as a suitable enclosing boundary). 
Thus, in addition to satisfying the basic Maxwell 
relations, jump conditions, and excitation source 
conservation, the far-field behavior must also 
be captured appropriately. The details of the 
necessary mathematical framework can be found 
elsewhere (e.g., PAULSEN 1990a). 

Three methods - (a) finite differences, (b) 
finite elements, and (c) integral equations - have 
proved to be the most useful in computing SAR 
patterns in anatomically complex models of the 
body. These techniques possess a number of 
similarities and differences which affect their 
suitability for 3D power deposition calculations in 
this context. They are all similar in that they 
attempt to solve the mathematical framework 
described above by dividing the region of interest 
into a finite set of points or nodes which are 
grouped together in an orderly fashion to form 
small subvolumes (often referred to as cells 
or elements) that comprise the computational 
domain. The complete collection of nodes and 
elements is termed the mesh (or grid). The con
struction of the mesh and how best to determine 
the connectivity of the nodes to form elements 
is a research topic itself (e.g., GEORGE 1991), 
especially in the emerging area of unstructured 
meshing and adaptive refinement thereof (e.g., 
SHEPARD and WEATHERILL 1991), which is beyond 
the scope of this chapter. Figure 18.5 shows a 
simple unstructured mesh where a node and 
element have been highlighted. 

Once the mesh or discretization has been 
chosen, the strategy behind these numerical 
methods is to convert the functional equations 
and boundary conditions into an algebraic set of 
relations the solution of which approximates that 
of the functional form. Note that once a particular 
method has been selected, certain choices about 
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Fig. 18.5. An unstructured 2D mesh illustrating the con
cept of a node and element. (From PAULSEN et al. 1990a) 

the nature of the mesh have also already been 
made as a result of practical implementation 
issues. For example, finite difference methods are 
almost exclusively used on uniformly structured 
meshes, since they are naturally represented on 
such discretizations, but are cumbersome on 

. highly unstructured nodal positions. In many 
instances the algebraic relationships generated 
are coupled, which necessitates matrix solution 
(e.g., ZWAMBORN et al. 1992; PAULSEN et al. 
1992a). The properties of the matrix, including its 
size, affect the solvability of the problem. In 
certain cases, the algebraic relations can be 
decoupled, which has potential computational 
advantages in that a costly matrix solution can 
be avoided (e.g., LYNCH and PAULSEN 1990; 
SULLIVAN et al. 1988). 

The differences between finite difference, 
finite element, and integral equation methods can 
be understood in terms of trade-offs between 
computational efficiency and computational 
accuracy (PAULSEN 1990b). In 3D simulations 
involving complex body anatomy, computational 
efficiency has been an overriding concern in that 
without it, solutions to most problems of interest 
in hyperthermia treatment simulation are simply 
not possible. The viability of algorithms in this 
context, at least for present-day computing 
power, is dependent on. achieving essentially 
linear growth in computational costs as the size of 
the problem increases (i.e., as the number of 
nodes increases). In this regard all three tech
niques have realized linear scaling relations, 
though not with equal ease. The way in which this 
has been achieved is method dependent and 
understanding the approaches taken involves 
analyses of operation count trade-offs between 
various matrix solution techniques as well as 
nonmatrix methods. For example, in the case of 
the finite element method the interested reader 
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may wish to consult PAULSEN et al. (1992b) for 
some insights into the important issues. Because 
the computational efficiencies of these three 
methods can now be placed more or less on an 
equal footing, each is capable of computing 
solutions on meshes with enough nodes to 
reasonably represent 3D body anatomy. This has 
not always been the case and as recently as 3 or 4 
years ago, 3D SAR calculations were dominated 
by finite differences largely due to its com
putational efficiency edge over competing 
methods. As evidenced by the most current 
results, this efficiency gap between competing 
methods has closed dramatically (e.g., compare 
JAMES and SULLIVAN 1992; ZWAMBORN et al. 1992; 
PAULSEN et al. 1992a). 

As a result of the advances in computational 
efficiency, issues of computational accuracy are 
now moving to the forefront. In this arena, 
several points merit consideration. They of course 
center around how well the mathematical frame
work is being approximated, which consists of 
the basic Maxwell equations, the boundary and 
interface conditions, and the excitation source 
description. While the implementation details are 
different, the ability of these techniques to satisfy 
the basic relations given by the Maxwell equ
ations, themselves, is not of concern. In the 
absence of tissue heterogeneity and unbounded 
wave propagation, the influence of which is felt 
through the boundary and/or interface relations, 
solution of the Maxwell equations is relatively 
simple and all three techniques are more than 
adequate (arguments for choosing one over the 
other falling back to only computational efficiency 
considerations). For the anatomical modeling 
considered in this subsection, source details have 
been largely neglected, since the emphasis has 
been on representing the computational domain 
(i.e., the patient anatomy), rather than the source. 
In this context the source acts to drive the com
puted solution. Thus, any changes in source 
assumptions can be viewed as changing the 
solution itself, not the inherent accuracy of that 
solution; that is, given equivalent source as
sumptions all three methods should produce the 
same solution within the accuracy bounds of the 
method. It should be noted that no uniformity 
exists with respect to source assumptions and that 
the approaches taken have tended to be those 
which are amenable to implementation within a 
given technique and not necessarily based on the 
most realistic physical considerations. 
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Hence, issues of computational accuracy for 
geometric modeling center on treatment of the 
boundary and interface conditions. The nature of 
the discretization (i.e., the mesh) plays a role in 
this regard. Uniform Cartesian meshing creates 
a "staircasing" effect on curved boundaries 
(PAULSEN 1990a; CANGELLARIS and WRIGHT 
1992) which can be minimized through "over 
resolution" (i.e., resolution at the imaging pixel 
level) of the computational domain. Finite dif
ference methods almost exclusively use such 
meshes as do the integral equation schemes 
showing the most promise in terms of large model 
sizes. The integral equation methods need not do 
this (e.g., WUST et al. 1993), but they become 
significantly less competitive from a compu
tational efficiency standpoint when implemented 
on completely unstructured meshes. The finite 
element method, on the other hand, is well suited 
to unstructured meshes and can be viewed as 
having this advantage without loss of its inherent 
computational efficiency. 

Further, the finite element method can imple
ment discrete forms of the EM jump conditions at 
the conforming boundaries that are made possible 
on an unstructured mesh (YUAN et al. 1991). The 
finite difference technique as commonly practiced 
in this context seeks to satisfy continuity require
ments on individual electric and magnetic field 
components which are positioned at distinct 
spatial locations (TAFLOVE and UMASHANKAR 
1990). By doing so, the jump condition on the 
electric field, which is an important determinant 
of hot spots in highly heterogeneous anatomical 
locations, is not strictly enforced. As a result of 
the strategy taken with finite difference methods, 
some ambiguities also can arise in the tangential 
interface relations (PAULSEN 1990a). Integral 
equation approaches are similar to the finite ele
ment method in that interface jump conditions 
can be enacted (e.g., see WUST et al. 1993); 
however, they are not amenable to the most 
efficient implementation of an integral equation 
approach. It should be recognized that the impact 
of Cartesian versus conforming meshes and 
strong versus weak constraint of the solution to 
obey the EM jump conditions may constitute 
"second order" effects. Nonetheless, in terms of 
the overall accuracy of the computed solution at 
interfaces, it does seem clear that the finite ele
ment method retains an advantage, here (the 
"size" of this advantage is yet to be determined), 
over the other methods in that it completely 
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maintains computational efficiency while also 
achieving a high level of computational integrity 
at such locations. 

Satisfaction of far-field propagation charac
teristics is the other area where computational 
accuracy may be compromised. In this situation, 
finite difference and finite element methods both 
have shortcomings that are absent in integral 
equation methods. Integral equation techniques 
in defining their governing relations establish the 
correct far-field behavior at the outset. In essence, 
the computational domain includes all space so no 
artificial truncation of the computational domain 
is needed. Finite difference and finite element 
techniques do not possess this attribute. The 
termination of the mesh represents the end of the 
computational domain; hence, short of meshing 
out to the walls of a shielded treatment room, 
some approximate conditions must be applied at 
the outer boundary of the mesh which do not 
adversely alter the interior solution. Such con
ditions are known as radiation or absorbing 
boundary conditions and have been the subject of 
active research (e.g., MrITRA and RAMAHI 1990). 
They are localized in· order that the finite dif
ference and finite element methods maintain 
computational efficiency, but they are also 
approximate. In the hyperthermia treatment 
simulation context, there has been little systematic 
study of the effects of artificial mesh termination 
on computed SAR patterns, so the overall im
portance of this issue remains unknown. It should 
be noted that exact mesh terminations do exist for 
finite difference and finite element methods, but 
they result in global relationships which severely 
compromise the computational efficiency of these 
techniques, especially in 3D (LYNCH et al. 1986; 
PAULSEN et al. 1988b; ZIOLKOWSKI et al. 1983). It 
should also be recognized that 3D anatomical 
models must often be truncated due to lack of 
complete imaging data. The effects of this type 
of model termination would be present in all 
computational techniques. Its importance and 
the best approaches for minimizing artificial 
influences on the computed fields in the region of 
interest are largely undocumented at the present 
time. 

18.3.1.2 Ultrasonic 

Because ultrasound can be described mathe
matically via the propagation of pressure waves 
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through tissues, many of the same principles that 
are used to compute EM SAR patterns also apply 
to this modality (HYNYNEN 1990). In fact, under 
assumptions of linearity (i.e., small particle dis
placements), the ultrasound field obeys a go
verning equation of very similar form to that of 
EM fields. Hence, the same numerical techniques 
should be applicable to computing SAR in 
geometry-based anatomical models that results 
from ultrasonic excitation. Even in cases where 
nonlinearities are included, finite difference and 
finite element methods can be brought to bear 
and have been used successfully in other cir
cumstances where nonlinear wave phenomena 
are present. While similarities exist which suggest 
that anatomically based ultrasonic power deposi
tion modeling is exactly analogous to its EM 
counterpart, several important distinctions also 
exist which make it considerably less feasible 
with standard techniques on today's computer 
workstations. 

One significant difference which works in favor 
of the computability of ultrasound fields is the fact 
that they are scalar in nature. Hence, for each 
node in the mesh only a single quantity (which 
may be complex-valued) needs to be found. This 
is in contrast to the EM case, where the quantities 
are vector in nature and thus require three values 
(which may be complex-valued) to be computed 
at each node within a three-dimensional mesh. 
Since for a linear system to have a unique solution, 
one equation is needed for each unknown, EM 
field calculations involve three equations that 
need to be enforced at each node to balance the 
number of unknown variables that exist. Assuming 
that all three unknowns are involved in all three 
equations, this results in a factor of 9 escalation in 
computational overhead for EM relative to US 
fields. 

While the scalar versus vector nature of the 
fields to be computed has major computational 
implications, the overriding factor which makes 
US power deposition difficult to compute on 
geometric models of the body is the very small 
wavelengths of ultrasound relative to typical body 
dimensions. Experience in discretization of pro
pagating equations by finite difference, finite ele
ment and integral equations has suggested that 
for linear field variation between nodes in a mesh, 
approximately 20 samples (or nodes) are needed 
per wavelength to maintain highly accurate 
solutions (e.g., LYNCH et al. 1985). This rule of 
thumb can be understood in the context of piece-
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Fig. 18.6. Linear interpolation of one period of a sinusoidal function sampled at various rates 

wise linear interpolation of one cycle of a 
sinusoidal wave, where it takes about 20 points to 
manufacture a smooth rendering of this function. 
Ten samples per wavelength have also been used 
as a sampling criterion for wave propagation pro
blems, but this resolution should be viewed as 
being at the margin of acceptability. Figure 
18.6 shows a piecewise linear interpolation of a 
sinusoidal function for various sampling rates 
from 5 to 40 samples per wavelength. The 
coarseness of the rendering of this function is 
apparent for sampling rates below 20. Thus, for 
ultrasonic fields which may penetrate over many 
wavelengths, the number of nodes in the mesh 
increases dramatically. For example, in soft tissue 
at 0.5 MHz the ultrasonic wavelength is ap
proximately 3 mm, whereas the distance over 
which 50% or more of the power can be pro
pagated may be 10-15 cm or more than 30 wave
lengths (HUNT 1990). Using a conservative 
sampling rate of only 10 per wavelength in each 
Cartesian direction results in 27 million nodes, 
and this is only to the point where half of the 
ultrasonic power has been lost. The situation may 
be even worse since there is evidence that sampling 
rates must increase significantly as the number of 
wavelengths traversed is increased in order to 

maintain accuracy in discrete wave propagation 
problems (CANGELLARIS and LEE 1992). Hence, it 
becomes clear why no ultrasound power deposition 
calculations of this type have been performed. 
One 2D study using finite elements with an an
atomical model of the body has appeared but the 
frequency used was very low (0.1 MHz) in order 
to keep the wavelength long enough so that a 
quasi-realistic but complete 2D cross-section 
could be discretized with reasonable computa
tional costs (KAGAWA et al. 1986). 

One possibility for making US calculations on 
realistic heterogeneous anatomies would be to 
expand the unknown solution in a higher order 
basis. In particular, a spectral representation of 
the spatial variation of the solution may hold 
some promise (PATERA 1984). This approach 
would significantly reduce the number of degrees 
of freedom needed to represent the field variation 
over each wavelength. Similar techniques have 
been used effectively in fluid dynamics problems 
where highly accurate solutions are desired and 
conventional low-order polynomial representa
tions fail miserably due to the excessive computa
tional costs (e.g., MADAY and RONQUIST 1990; 
MADAY and PATERA 1989). No work has appeared 
in the hyperthermia context in this area to date. 
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However, it would seem urgent that investigations 
begin, given that ultrasound is gaining in po
pularity for use in treating a variety of tumor sites 
and heterogeneous tissue effects can no longer 
be avoided as this modality continues to gain 
momentum. 

18.3.2 Applicator Modeling 

18.3.2.1 Electromagnetic 

Significant efforts have been made to' model 
hyperthermia applicators. For the most part, the 
motivation has been to characterize applicator 
behavior in idealized homogeneous, or perhaps 
layered models of tissues. The techniques utilized 
to make these kinds of"alculations are typically 
different than the finite difference, finite element, 
and integral equation methods employed in an
atomical modeling. They can be viewed as an
alytical or quasi-analytical approaches and a 
variety of possibilities exist. 

One common approach is to view the field 
away from the applicator as a superposition of the 
field due to point or line sources, the composite of 
which approximates the applicator itself. By 
integrating over the collection of elemental 
sources, each with a different weighting depending 
on the location within the applicator, the field 
distribution can be obtained (HAND et al. 1986). 
Usually the strength of the elemental sources is 
dictated by an assumed current and/or charge 
density distribution or through an equivalent field 
representation (JORDAN and BALMAIN 1968). In 
these situations the integrations that need to be 
performed are done so numerically, but the 
integrand itself is completely specified; hence, 
the integral equation that results is different 
than those arising in classical integral equation 
methods, where the integrand is also unknown. 

Other techniques include the use of Fourier 
transforms (GUY 1971) and Gaussian beams 
(LUMORI et al. 1990a,b) to represent fields at 
depths across planar interfaces in terms of known 
aperture distributions. While these types of 
methods remain popular there has also been an 
increased use of numerical methods such as finite 
difference and finite element techniques to model 
the details of EM sources as they radiate into 
simple homogeneous and layered phantoms (e.g., 
SAITHIASEELAN et al. 1992; SHAW et al. 1992; 
JAMES and ANDRAASIC 1992; FURSE and ISKANDER 
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Fig. 18.7. Cross-sectional (top) and longitudinal (bottom) 
SAR distributions computed for a two-antenna array where 
one antenna (on the left) has been designed to produce 
directional power deposition 

1989; ZHU and GANDHI 1988). Figure 18.7 shows 
a sample calculation of the SAR distribution pro
duced by a two-antenna array where the antenna 
on the left has been designed to produce a direc
tional heating pattern. The application being 
investigated is invasive heating of the prostate 
(YEH 1992) and the finite element method has 
been used to model the character of various array 
configurations such as the one shown in this 
figure. Calculations of this type have often been 
used to make comparisons with experimental data 
in order to validate various numerical models 
(e.g., LAU et al. 1986; RINE et al. 1990; SULLIVAN 
et al. 1992), but some work has appeared where 
heterogeneous body models have been part of the 
simulations (e .g., CHEN and GANDHI 1992). This 
has been a positive step for power deposition 
modeling and has brought applicator and an
atomical modeling approaches closer together. 
Further work along this dimension is warranted 
and the merging of anatomical and applicator 
models should become a thrust area for future 
power deposition modeling efforts. 
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18.3.2.2 Ultrasonic 

Applicator modeling has dominated the US 
simulations that have appeared. As indicated 
earlier, geometric modeling for ultrasound has 
been nonexistent to date (e.g., OCHELTREE and 
FRIZZELL 1989). The major assumption has been 
that ultrasound propagation is essentially unper
turbed by variations in soft tissue and except for 
extreme cases of bone and air, computation of 
ultrasound fields in homogeneous medium is 
sufficient for accurate simulations. As a result, 
the primary techniques that have been utilized 
are analogous to those used in EM simulations 
(HUNT 1990). The most popular results in an 
integral equation over the ultrasound source 
where the field away from the source is described 
as an integral of known quantities over the source 
surface (HUNT 1990). Figure 18.8 conceptually 
illustrates this approach. These calculations, 
while straightforward, can nonetheless be lengthy 
because of the rapid spatial variation of the field 
to be computed, and efforts to speed up the 
computations have been reported (e.g., MADSEN 
et al. 1981; SWINDELL et al. 1982; HARTOV et al. 
1990). As a result, many closely spaced samples 
of the field must be computed in order to capture 
the true distribution. For the most part, cal
culations of this type have appeared in homo
geneous tissues, although models incorporating 
layered medium have also appeared (e.g., FAN 
and HYNYNEN 1992). 

--t- Transducer 
Face 

Observation 
Point 

Fig. 18.8. Schematic of US field calculation at a point 
distant from a transducer face. The process involves 
integration of known quantities over the applicator. (From 
PAULSEN et al. 1990) 
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18.4 Current Status 

This section discusses the current ~apabilities in 
power deposition modeling with particular at
tention to recent advances in numerical computa
tion. The emphasis is on patient modeling 
techniques rather than device-specific applicator 
models since the patient models have realized a 
more significant level of fundamental growth over 
the last several years. Further, a merging of 
patient and applicator models is essential for con
tinued advancement. Some evidence exists that 
this is already occurring (e.g., TAYLOR and LAU 
1992; PIKET-MAY et al. 1992). If applicator models 
are to be extended beyond the analysis of homo
geneous or ideally layered tissues [they currently 
serve this purpose well and important work con
tinues to emerge that will be useful in advancing 
the design and use of present and future hyper
thermia delivery systems (e.g., ZHANG et al. 
1993)], ability to account for geometrically 
irregular tissue heterogeneities is necessary. 
Hence, numerical methods such as finite dif
ferences, finite elements, and integral equations 
will be required and advances will hinge on 
embedding models of the applicators within these 
techniques. As a result, clear understanding of 
current capabilities and certain future trends can 
be extracted from a discussion of the state of the 
art of these methods as applied to hyperthermia 
power deposition modeling. 

18.4.1 Finite Difference Methods 

While traditional finite difference approaches 
have been used in SAR calculations (e.g., 
SOWINSKI and VAN DEN BERG 1990, 1992), it is 
the finite difference time domain (FDTD) 
method (TAFLOVE and UMASHANKAR 1990) that 
has made major inroads in 3D heterogeneous 
models of power deposition. As indicated earlier, 
geometric modeling of ultrasound fields over 
tissue regions of interest has rarely been attempted 
to date with any of the numerical techniques 
described here, primarily due to the very small 
wavelengths of ultrasound in tissue. This results 
in problem domains that are tens to hundreds 
of wavelengths in size which are beyond the 
available computer resources when these tech
niques are used. Thus, finite difference power 
deposition modeling has concentrated on EM 
field simulation. 
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The FDTD method is an explicit time-stepping 
approach where the primitive Maxwell curl 
equations relating the magnetic and electric fields 
are solved alternately in time and space. The 
basic algorithm has been known for some time 
(YEE 1966) and it has continued to evolve since its 
inception. The most significant recent advances 
with respect to the hyperthermia power deposition 
problem include the emergence of the FD2TD 
algorithm (SULLIVAN 1992) and the modeling of 
the details of specific hyperthermia applicators 
(PIKET-MAY et al. 1992; SAITHIASEELAN et al. 
1992). The FD2TD approach is to excite the 
body with a time-limited signal which contains a 
spectrum of frequencies within the zone of 
operating interest. By Fourier transforming the 
time history at each node, the frequency response 
of the body can be obtained. Hence, in a single 
execution of the algorithm, the solution for 
a band of frequencies can be extracted. This 
approach is very useful when simulating devices 
where operating frequency is a variable which can 
dramatically change the performance of the system 
(SULLIVAN 1992). The method has been used 
successfully in this mode and has made patient
specific pretreatment planning a practical reality 
(BEN-YosEFet al. 1992). In fact, some of the most 
impressive patient -specific results have recently 
been reported using FDTD. Investigators have 
been able to correlate hot spots occurring during 
treatment with predicted hot spots with FDTD 
models (BEN-YOSEF et al. 1992; TAYLOR and LAU 
1992). This is perhaps the first real evidence that 
SAR modeling alone can be a useful tool in 
delivering more effective and pain-free hyper
thermia. Figure 18.9 highlights a representative 
result where FDTD calculations have been per
formed on a specific patient anatomy. The com
puted power deposition pattern shows high SAR 
levels in the left gluteal muscle and has been 
correlated with posthyperthermia treatment CT 
scans which revealed a low-density area in this 
region (BEN-YOSEF et al. 1992). 

The other area where recent FDTD use is 
important is in applicator models. Successful 
renderings of both noninvasive and implantable 
EM radiators have been reported (FURSE and 
ISKANDER 1989; ZHU and GANDHI 1988; PIKET
MAY et al. 1992; SAITHESEELAN et al. 1992). If it 
continues to be possible to incorporate the details 
of the hyperthermia device within the overall 
scheme of the FDTD algorithm, the merging of 
geometry and applicator models will begin to 
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Fig. 18.9. Computed SAR distribution in a patient-specific 
model of prostate heating by an external annular array 
device. Correlations with post-treatment cr scans reveal 
tissue damage in the left gluteal muscle, where the cal
culations show a localized SAR peak. (From BEN-YOSEF et 
al. 1992) 

advance at an accelerated rate. Early results 
have focused on relatively simple radiators and 
verifications have been performed· by comparing 
computed results with measurements in homo
geneous phantoms, but some heterogeneous 
phantom results have also appeared (e.g., 
SULLIVAN et al. 1992; JIA et al. 1993). Howeffec
tively these models can be incorporated into 
heterogeneous tissue models remains to be seen. 
Part of the problem lies in the fact that if the 
tissue geometry is well resolved, the mesh spacing 
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becomes small (:::::: 1 cm) and the cost associated 
with meshing the 3D volume outside the body 
which includes the external radiators becomes 
expensive computationally. 

The future of FDTD modeling of power de
position appears to be in applicator model 
realization and general use of the existing method 
as a treatment planning and analysis tool. 
Advances in the algorithm itself do not appear to 
be overly likely in the near term. Improvements 
could center on algorithms for nonuniform (e.g., 
GAO and GANDHI 1992) and conformal meshes 
(e.g., JURGENS et al. 1992) and more rigorous 
treatment of interface and boundary conditions. 
While some work has appeared in these areas in 
other contexts, implementation typically hinders 
the simplicity of the basic FDTD structure and 
hence its practical utility in power deposition 
modeling. 

18.4.2 Finite Element Methods 

SAR calculations in 3D heterogeneous tissue 
models using finite element techniques have 
generally lagged the progress seen with FDTD 
until very recently. Although some 2D work has 
appeared (KAGAWA et al. 1986), 3D anatomically 
based models of ultrasound fields using the finite 
element method (FEM) have not been reported 
to date for the same reasons cited above for finite 
differences; hence, the advances that have been 
achieved have occurred in electromagnetic 
simulations of power deposition. The difficulties 
that have been encountered with the FEM have 
stemmed from three sources: (a) the occurrence 
of spurious solutions which corrupt the numerical 
computations, (b) poor convergence performance 
of iterative solvers for the large system of 
equations generated by the FEM, and ( c) mesh 
generation problems associated with the creation 
of unstructured grids which conform to anatomical 
boundaries of the body. 

The spurious solution problem is one which has 
perplexed FEM users for many years. It occurs in 
vector problems where multiple components of 
the field exist at each computational point. Scalar 
calculations such as those that appeared in 2D 
finite element simulations of power deposition 
(e.g., PAULSEN et al. 1984b, 1985) were unaffected. 
As a result the problem first appeared in the 
hyperthermia context when 2D algorithms were 
being extended to 3D. Spurious solutions are 
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Fig. IS.10. An example of an FEM vector field calculation 
which is severely contaminated with parasitic solution 
components. For details of other similar calculations, see 
PAULSEN and LYNCH (1991) 

nonphysical solutions which satisfy the discretized 
form of the Maxwell equations, but which have 
no basis in physical reality, that is, the continuum 
form of these equations. Figure 18.10 shows a 
sample FEM calculation which is plagued by the 
presence of a parasitic solution which dominates 
the computed result as evidenced by the non
physical character of the field displayed. After 
several years of analysis a new discrete form 
referred to as a Helmholtz form was proposed for 
eliminating spurious solutions with the FEM 
(PAULSEN and LYNCH 1991; LYNCH and PAULSEN 

1991). For comparison the physically correct 
solution computed with this parasite-free approach 
for the case shown in Fig. 18.10 is provided in Fig. 
18.11. This approach, if utilized with proper 
boundary conditions, was shown to be derivable 
from first principles and to possess important 
numerical properties for the elimination of 
spurious solutions (BOYSE et al. 1992; LYNCH et al. 
1993). It also contained a computational economy 
that made its realization in 3D all the more 
possible (PAULSEN et al. 1992a; PAULSEN and 
LYNCH 1991). The Helmholtz form has been 
studied in both 2D and 3D and appears to offer a 
simple but robust method of eliminating spurious 
solutions in FEM EM calculations. Other ap
proaches are also possible, but they have not been 
explored in the hyperthermia context (e.g., 
CENDES 1991). 
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Fig. IS.11. The parasite-free (physically correct) solution 
for the vector field shown in Fig. 18.11 

Because the FEM leads to very sparse sets of 
algebraic relations, iterative solvers where only 
the nonzero coefficients are stored become natural 
methods of choice for solving these relations. 
Unfortunately, the FEM formulation in the fre
quency domain leads to indefinite system matrices 
whose iterative solution is difficult (PAULSEN et al. 
1992b). Early experience with various precon
ditioned forms of the conjugate gradient method 
revealed a major slowdown in convergence rates 
to the point of stalling when problem sizes reached 
more than 200K degrees of freedom. More 
recently these difficulties have been overcome 
with a newer algorithm with better performance 
on complex symmetric indefinite system matrices 
(JIA 1993). Recovering symmetry in the system 
matrix when interface relations were applied has 
been achieved through rotation of appropriate 
row~ and columns into a local normal/tangential 
coordinate system (BOYSE et al. 1992; PAULSEN et 
al. 1993). Symmetric preconditioning and pre
conditioning based on retention of factored 
matrix coefficient size (rather than sparsity 
pattern) have been realized (JIA 1993). These 
advances have made iterative solution of the 
Helmholtz form generated by the FEM much 
more reliable. Present model sizes in excess of 
250K degrees of freedom are showing no signs of 
iterative solution breakdown (JIA 1993). 
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Another possible avenue for defeating slow
down in iterative solver performance should it 
again become a factor as problem size grows by 
the next order of magnitude, is to use implicit 
time stepping. An explicit time-stepping scheme 
with similar efficiencies to FDTD has been realized 
(LYNCH and PAULSEN 1990); however, on un
structured meshes of the type of interest in power 
deposition modeling, stability limitations restrict 
the practical utility of such approaches. Implicit 
time integration, on the other hand, can be un
conditionally stable; thus time step sizes only 
need be sufficiently small to resolve the period of 
the harmonic excitation. A matrix solution is 
required at each time step in order to advance the 
field evolution; however, this matrix is definite 
and well suited to fast, reliable iterative solution. 
Experience with implicit time integration is only 
now emerging, but conceptually would appear to 
offer important advantages (YAN 1993). 

Unstructured, conforming mesh generation 
has been and remains the most difficult problem 
facing 3D heterogeneous modeling of the body 
with the FEM. Automatic 3D construction of 
meshes has made progress in recent years (e.g., 
JOHNSON and SULLIVAN 1993; SEEBASS et al. 1992; 
DAS et al. 1994) and has reached the level where 
models comparable in resolution and detail to 
those of FDTD are now possible. The mesh 
shown in Fig. 18.12 is an FEM rendering of the 
data displayed earlier in Fig. 18.4 which has been 
generated using some of the latest software 
advances. Field and SAR results have been 
computed based on this type of model and Fig. 
18.13 illustrates a representative calculation of 
SAR produced by an external annular array type 
device in orthogonal planes through the body. 
Significant superficial heating, especially in the 
inner thighs, is evident in the computed distribu
tion. Two advantages with computing on models 
such as Fig. 18.12 are readily apparent. First, the 
mesh conforms to the boundaries identifiable at 
the level of CT or MRI imaging, which allows the 
impact of the EM jump conditions to be felt on an 
accurate rendering of the body geometry. The 
importance of tissue interfaces in terms of creating 
localized peaks and valleys in SAR is well known 
and modeling thereof is critical. The second 
advantage of unstructured meshing is the ability 
to have variable spacing between nodes in the 
grid. In large-scale 3D rendering of anatomy, this 
allows high resolution in the treatment field 
with diminishing discretization elsewhere. For 
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Fig. 18.12. Conforming and unstructured finite element 
mesh automatically generated from the patient data dis
played in Fig. 18.4 

example, it is not unusual for node spacings to 
vary by more than a factor of 10 inside versus 
outside the body, where the EM wavelengths are 
dramatically different. For the most part, deploy
ment of nodes inside the body in the region of 
interest in higher density than elsewhere is a 
significant advantage. However, in terms of 
source modeling there is the detriment that the 
applicator details become sub mesh scale if the 
nodes outside the body get too far apart. 

In fact , creating grid generation capabilities 
with smooth transitions between high and low 
node density is one of the major problems still 
facing mesh generation of anatomical geometries 
(PAULSEN et al. 1993). Without improvements 
in the future , merging of applicator and body 
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Fig. 18.13. SAR distributions computed on orthogonal 
planes through the body model displayed in Fig. 18.12. 
The impact of tissue interfaces on local peaks and valleys 
of SAR are readily apparent 

discretizations will continue to be difficult and will 
slow progress. A popular refinement strategy is to 
cut the spacing between nodes in half and to do 
this selectively and repeatedly in order to attain 
differences in mesh scales throughout the region. 
Experience suggests that a smoother transition 
spacing of nodes is desired. Further, ability to 
mesh multiply-connected regions of three or more 
at a single point is an area where mesh generation 
needs improvement. 

Future work on FEM-based models of power 
deposition can be expected to focus on applica
tions of existing capability, merging of geometry 
and applicator models, model verification, and 
mesh generation. Because FEM modeling in 3D 
of size and resolution comparable to FDTD is 
only now available , steady application of this 
technology is expected over the next few years 
(e .g. , CLEGG et al. 1994a; PAULSEN et al. 1993). 
Improved efforts in embedding applicator models 
and in more automatic and robust mesh generation 
must also be forthcoming if the FEM work is 
to keep pace with FDTD modeling. Model 
verification is needed as well. Some initial work 
has appeared (CLEGG et al. 1994b; JIA et al. 1994), 
but further experience is warranted. This is 
generally true in the FDTD arena, although effort 
towards model verification has been emphasized 
more consistently among FDTD investigators as a 
result of the technique having been successful in 
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large-scale 3D computations for a longer period 
of time than the FEM. 

18.4.3 Integral Equation Methods 

In 3D computations for heterogeneous anatomies, 
integral equation methods have generally lagged 
both FDTD and FEM. Interestingly, integral 
equations were favorites in 2D (e .g., ISKANDER et 
al. 1982; VAN DEN BERG et al. 1983), but their 
severe computational costs have restricted their 
use in 3D. The primary difficulty is that the 
algebraic equations that result from discretization 
of the continuum are very dense relative to 
FDTD and FEM. Specifically, the strategy of 
integral equations is to replace the heterogeneous 
body by a collection of volume scatterers in free 
space that produce the identical field as the body. 
While conceptually appealing, the approach 
necessarily requires that the interactions between 
each and every scatterer be accounted for. In 
effect, every node in the mesh interacts with 
(receives a contribution from) every other node, 
leading to a full matrix equation (i.e., every entry 
in the matrix is nonzero) that needs to be solved. 
Under these conditions, computer memory re
quirements scale as the square and run time as the 
cube of the number of unknown field components 
to be computed. As a result, classical integral 
equation approaches have not been able to achieve 
the high-resolution models computed with FDTD 
and FEM. 

Recent advances, however, have allowed this 
to happen (e.g., ZWAMBORN et al. 1992). In 
particular, the convolutional form of the resulting 
integral equation has allowed the use of the fast 
Fourier transform (FFT) to achieve matrix multi
plications as part of an overall iterative solution 
method that scales linearly in the number of 
unknowns. Memory also scales in this linear way, 
making the overall technique very competitive in 
3D models. Efficient, three-dimensional, heter
ogeneous calculations of SAR have been obtained 
on the JAAP phantom, which is a muscle-fat-air 
segmentation of a full-body MRI scan (ZWAMBORN 
et al. 1992). This model contained more than 
lOOK degrees of freedom and had cross-sectional 
resolution of approximately 1.5 cm and longi
tudinal resolution of 3 cm. Memory consumption 
was modest, at 25 Mbytes. These results are com
parable to the FDTD and FEM models that have 
also appeared recently. This FFT approach does 
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Fig. 18.14. Sagittal cut through the Jaap phantom (left) 
and absorbed power distribution (right) from an incident 
plane wave propagating from the head to the feet. (From 
ZWAMBORN et al. 1992) 

require that the computational domain be realized 
on a uniform lattice; otherwise, the convolutional 
nature of the integral expressions is lost and so is 
its computational economy. The necessity of a 
uniform mesh places similar restrictions to the 
FDTD method in terms of the type of 3D heter
ogeneous models that can be constructed. None
theless, it makes a previously intractable mathe
matical formulation computable in a workstation 
environment. A sample calculation is shown in 
Fig. 18.14. 

In addition to the ability to make efficient SAR 
calculations using integral equations, details con
cerning the enforcement of interface conditions at 
boundaries of dielectric contrast have received 
attention (e.g., WUST et al. 1993). This has been 
important work and has highlighted some of the 
discrepancies that can occur between methods 
which enforce interface conditions strongly and 
those which only do so in some asymptotic way. 
Specifically, comparisons between finite volume 
integration methods (similar to FDTD) and 
integral equation results indicate that the finite 
volume approach tends to smooth out the effect 
of the EM jump conditions across media inter
faces. Figure 18.15 shows one comparison of the 
different effects when the field polarization is 
parallel versus perpendicular to a material inter
face . The sharp jump in the normal component of 
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planew.vein·air" 

Fig. 18.1S. Field computations by an improved volume 
scattering integral equation approach and a finite in
tegration theory method for a layered cylinder illuminated 
by an incident plane wave. Tangential component agree
ment between the two methods is generally better than 

the solution at this interface which is evident 
in the integral equation calculation has been 
diminished in the finite volume computation. 
Unfortunately, implementation of the interface 
conditions within this integral equation framework 
has not allowed the efficient convolutional integral 
equation approach to be incorporated. It has 
utilized unstructured meshing, so with the inter
face condition satisfaction, it rivals the FEM in 
this regard; however, computational overhead has 
forced mesh sizes to remain relatively small 
(approximately 10% of those achievable with the 
FEM). 
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normal component agreement, where the EM jump con
ditions dominate. The volume scattering method takes 
special care to satisfy explicitly the EM jump conditions. 
(From WUST et al. 1993) 

The integral equation approach has the appeal 
that external radiators can be incorporated re
latively simply and far-field conditions are 
satisfied a priori. However, a move away from the 
typical incident and scattered field formulation 
is necessary when the body is in close proximity 
to the source. Future efforts are needed along 
this dimension. Further, if the attention to 
interface detail found in some integral equa
tion approaches can be implemented in the fast 
efficient versions of other integral equation 
methodologies with the restrictions of structured 
meshing also eliminated, the integral equation 
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technique would become difficult to outperform. 
Advances in these areas will be needed if integral 
equation technologies are to remain competitive 
with FDTD and FEM. 

18.5 Future Trends 

Based on the discussions of the previous sections, 
several observations and themes can be identified 
which provide clues to the future directions for 
SAR modeling. The foremost observation is very 
clear: 3D SAR models of anatomically complex 
tissue geometries are possible with several com
putational techniques, which has only been true 
for the last few years. Thus, while a certain 
amount of knowledge has already been gained 
from 3D SAR simulation, a great deal more in
formation has yet to be extracted. Even without 
any additional enhancements to present modeling 
capabilities, the utilization of current modeling 
technology should be very fruitful over the 
coming years. In effect, the application of the 
software realized from the intensive 3D model 
development phase which has been ongoing over 
the last 5 years is now ready to be utilized at full 
force and should pay handsomely in terms of 
improved understanding of power deposition in 
tissue. 

A second observation that seems clear is that 
patient modeling and applicator modeling, while 
historically distinct, are beginning to merge. Each 
of these modeling emphases will continue as 
separate entities and will continue to contribute 
important findings within their respective do
mains. However, the clinical setting under which 
hyperthermia is delivered consists of real devices 
delivering power into real patients with complex 
anatomies. Thus, simulations which treat both the 
realism of the device and the patient simult
aneously are unavoidable. In many respects it 
seems perfectly straightforward how to imple
ment detailed source descriptions within the 
numerical methods addressed in this chapter, and 
some work is emerging on this front. On the other 
hand, the level of source detail that is needed, 
the treatment of the feedpoint, and what can be 
legitimately guaranteed about the "driving" of a 
given device are all unknowns that must be con
sidered; hence, it seems likely that a significant 
amount of effort will be needed before models 
with predictive capability are realized. 

A third observation is that US power deposition 
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models involving heterogeneous and geometric
ally complex domains are needed. A reasonable 
starting point from a mathematical perspective 
already exists; however, new approaches to solving 
this mathematical framework on such geometries 
is required. Conventional approaches suffer 
severe computational efficiency limitations due to 
the very large (in terms of wavelength) domain 
over which the ultrasound propagation takes 
place. Some of the techniques making advances in 
the fluid dynamics arenas appear to offer possible 
answers to these computational difficulties. The 
evolution of patient-based US power deposition 
models seems to be only getting more pressing, 
given that this modality is being explored for its 
potential in an increasing number of anatomical 
sites. 

With the exception of patient-based US power 
deposition where computational efficiency is a 
major concern, the emerging theme for 3D SAR 
modeling will be one of computational accuracy. 
Over the last 5 years 3D modeling choices have 
largely been governed by computational efficiency 
considerations, with computational accuracy being 
secondary. Computer resources have continued 
to escalate and many of the computational 
efficiency issues have been either resolved or 
eliminated as a result. Hence, for 3D modeling 
computational efficiency is no longer the driving 
force that it once was. Naturally, attention is now 
shifting to computational accuracy. 

Computational accuracy takes two forms and 
both will become major foci for future SAR 
modeling efforts. The first is the degree to which 
specific model implementations alter the clinical 
implications of the computed results. Several 
examples of this form of computational accuracy 
have been cited in earlier sections of the chapter. 
Two important ones are (a) the degree to which 
conforming meshes and strong enforcement of 
interface relations are essential for predicting 
SAR extremes and (b) the degree to which in
complete anatomical data resulting in artificial 
domain termination influence locally computed 
SAR distributions. A significant amount of insight 
can be expected in these areas as 'the use of 3D 
SAR models becomes more widespread. In fact, 
it is very possible that other unanticipated issues 
will arise as these newly developed models of 3D 
SAR get exercised under a variety of circum
stances which will undoubtedly occur in the 
coming years. 

The second form of computational accuracy 
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that will receive considerably more attention in 
the future will be one of model verification or 
validation against measured results. Some im
portant work has certainly appeared in this re
spect, but much more is needed. A definitive 
approach to model validation in this context is not 
as obvious as it may first appear. A large amount 
of the motivation for developing computational 
models is the fact that the quantities to be com
puted are extremely difficult to measure in the 
environment under which it is desired that they be 
known. Two strategies seem clear, but their 
relative advantages are not known at the present 
time, nor is it apparent whether other alternatives 
may exist. 

One appealing strategy is to develop experi
mental protocols that allow the quantities of 
interest to be measured under complex and 
realistic circumstances. These experiments would 
likely commence in anatomically based phantoms 
and proceed towards in vivo animal models where 
extensive measurements could be made. The 
primary difficulty with this approach is the 
repeatability of the experiment and the integrity 
of the measured values. Many confounding factors 
can be present in such experiments and sorting 
out the causes of discrepancies between measured 
and computed results may be impossible, especi
ally if reliable reproducibility of measured data is 
problematic. A potential outcome from this type 
of experimental approach could well be that 
qualitative or semiquantitative agreement is 

,attainable, but quantitative confirmation is less 
convincing. Results of this nature would have to 
be deemed more or less as failures given that 
semiquantitative levels of agreement have already 
been established in fairly complex phantoms. 

A second general strategy for model validations 
is to design experiments which are relatively 
simple, but are aimed at testing a certain aspect of 
the computational model where integrity of the 
numerical implementation is of concern. An 
example of this model validation approach would 
be an evaluation of interface conditions and their 
computational accuracy. A two-region geometry 
could be constructed where the field polarization 
with respect to the interface is controllable and 
repeatable. Measurements could be made and 
compared with calculations. Sources of dis
crepancies would likely be resolvable given the 
reproducibility of the measurements as a result of 
the relatively simple experimental setup. While 
validations of this type would always retain an 
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element of uncertainty since clinical conditions 
would always be more complex, they are potenti
ally more revealing of model strengths and weak
nesses given their quantitative nature. If carefully 
designed, these types of controlled experimental 
studies are likely to be able to significantly "stress" 
various aspects of presently available SAR models 
and to provide sufficient evidence to convincingly 
establish the ranges of their validity. The realiza
tion of such experiments will require that some 
new energy be devoted to enhancing the experi
mental techniques that are presently in widespread 
use in hyperthermia research. 

18.6 Summary 

The main points discussed can be summarized as 
the following: 

• Power deposition models have been rapidly 
evolving since the early 1980s and have reached 
the point where realistic three dimensional 
computations are now possible. 

• To date, power deposition models have largely 
fallen into two categories: (1) those which 
address the anatomical heterogeneity and 
geometrical complexity of the body and (2) 
those which accommodate a detailed description 
of the hyperthermia applicator. 

• The merging of patient and applicator modeling 
techniques is needed in the future. 

• Finite difference, finite element and integral 
equation methodologies are all showing some 
promise in power deposition modeling. 

• Patient based 3D electromagnetic modeling is 
beginning to be used in a prospective treatment 
planning mode. 

• Ultrasonic power deposition models involving 
heterogeneous and geometrically complex 
domains are needed. 

• A major thrust in evaluating the computational 
accuracy of patient modeling techniques can be 
expected to occur over the next few years. 

• Computational accuracy assessments should 
include evaluations of data input assumptions 
and comparisons with measured results obtained 
during repeatable experimental procedures. 

• Applicator modeling efforts should be di
rected more heavily towards influencing the 
design and prototyping stages of applicator 
development. 
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19.1 Introduction 

An aspect of clinical hyperthermia which is stilI in 
the midst of its developmental stage is the deter
mination of three-dimensional (3D) temperature 
distributions for treatment planning purposes 
(CO MAC BME/ESHO 1990, 1992). As long as 
noninvasive 3D temperature measurement tech
niques cannot be applied routinely in clinics, we 
must rely for temperature information on thermal 
probes inserted in tumor mass and healthy tissues. 
However, these invasive techniques cannot 
provide sufficient spatial information on the 
actual 3D temperature field and therefore thermal 
models are the method of choice to bridge the gap 
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(CLEGG et al. 1985; CLEGG and ROEMER 1989, 
1993; LIAUH et al. 1991; see also Chap. 20). 

Even if the energy deposition in living tissues 
were to be known accurately (see Chap. 18), the 
prediction of the resulting temperature response 
would not be a trivial task. The largest bottleneck 
in thermal modeling is the fact that a general 
thermal theory, i.e., one that is applicable to 
any body site, has not been completed for the 
description of convective heat transport by moving 
blood, which comprises about 10% of the total 
body volume (GUYTON 1986) and may contribute 
up to 90% of all heat transport (LAGENDlJK et al. 
1988). 

The first problem encountered in the formu
lation of such a theory is the identification of 
those vessel structures responsible for major heat 
exchange (PENNES 1948; CHEN and HOLMES 1980; 
CHATO 1980; WEINBAUM et al. 1984, 1992; JIJI et 
al. 1984; WEINBAUM and LEMONS 1992). The 
next problem is to judge, on the basis of vessel 
architecture (e.g., number density) and rheo
logical factors (e.g., flow), whether these struc
tures are accessible for a continuum formulation. 
By this we mean that control volumes can be 
discerned in the tissue which are large with respect 
to the microscopic dimensions of the identified 
vessel structure, thus permitting volume averaging 
of their combined effect, but small compared to 
the macroscopic dimensions of the tempera
ture field. If certain classes of vessels cannot be 
described in this way, they have to be treated on 
an individual basis as discrete vessels (TORELL and 
NILSSON 1978; LAGENDlJK 1982; MOOIBROEK and 
LAGENDIJK 1991; CREZEE and LAGENDIJK 1990, 
1992' CHEN and ROEMER 1992; ROEMER 1990). A 
third' complicating factor is that a general clinically 
applicable theory should also provide tools to 
cope with the dynamic behavior of tissue-blood 
heat exchange, i.e., the physiological response at 
elevated tissue temperatures. Note that, for 
example, skeletal muscle tissue perfusion can 
vary 20- to 25-fold from resting conditions to 



426 

heavy exercise (GUYTON 1986). Although the 
literature is not equivocal about the fact that 
tumor blood flow is always increased (LAGENDIJK 
et al. 1988; REINHOLD and VAN DEN BERG 1990; 
FELDMAN et al. 1992), because it may be a tumor 
type-specific phenomenon, acute local and global 
(nervous and humoral) induced blood flow 
changes in normal or tumor tissue are significant. 
Some indications exist that this will lead to a 
nonlinear theory for local thermoregulatory 
responses (CHATO 1990; LEMONS and WEINBAUM 
1992; WEINBAUM and LEMONS 1992). 

The relevance of a reliable theory is obvious as 
it would have immediate consequences for 
dosimetry, system design and optimization, and 
treatment planning. 

19.2 Review of Progress in Thermal Modeling 

19.2.1 Introduction 

A comprehensive survey of the existing literature 
is not possible in the allotted space; therefore we 
will limit ourselves to the presentation of those 
contributions ·on which today's thermal models 
are based. General introductions to thermal 
models and their clinical applications are given by 
LAGENDIJK (1987, 1990), CHATO (1990), and 
ROEMER (1988, 1990) and in the COMAC BMEI 
ESHO Task Group report on treatment plan
ning and modelling in hyperthermia (COMAC 
BME/ESHO 1992). 

Two major approaches have been followed to 
clarify which vessel structures are responsible for 
blood-tissue heat exchange. Several authors 
(CHEN and HOLMES 1980; CHATO 1980; BAISH 
et al. 1986a,b; WEINBAUM et al. 1984; JIJI et al. 
1984) have tackled the lowest end of the vessel 
bed and tried to formulate a continuum theory for 
microvascular heat transfer, while other, more 
clinically involved groups (LAGENDIJK 1982; 
MOOIBROEK and LAGENDIJK 1991; CREZEE and 
LAGENDIJK 1990, 1992; CHEN and ROEMER 1992) 
have started with a discrete description of the 
largest vessels of the vascular tree. The latter, 
more pragmatic approach was adopted for the 
following clinical reasons: Cold tracks along large 
vessels cause underdosage of tumor areas, which 
makes knowledge of their spatial trajectory indis
pensible. As vessel imaging methods like magnetic 
resonance angiography (MRA) have evolved 
enormously, e.g., 0.5-mm-diameter vessels in the 
brain can be resolved presently (DUMOULIN et al. 
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1993), a top-down strategy can be followed in the 
discrete vessel formulation until the constraints of 
the imaging systems and computational resources 
have been reached. As both aforementioned 
methods are based on the same hydrodynamic 
notions, i.e., thermal equilibration length and 
countercurrent heat exchange, these will be 
outlined first. 

19.2.1.1 Thermal Equilibration Length 
of Single Vessels 

Vessels transporting blood at a different tempera
ture than the surrounding tissue will lose or gain 
thermal energy across the vessel-tissue interface. 
The rate at which this happens is described by the 
Nusselt number N U' a dimensionless hydrodynamic 
parameter. The Nusselt number depends on the 
flow pattern in the vessels and may vary from 
large values for turbulent vessel flow to a constant 
value for well-developed, e.g., laminar, flow. 
ZHU et al. (1990) recently established a value of 
4.36 under more general conditions than have 
previously been used to define this quantity. Using 
this parameter an estimate can be made of the 
characteristic length of a vessel over which an 
initial temperature difference has relaxed to e- 1 

of this value. This length is called the thermal 
equilibration length (Leq) of a vessel. Applying 
the simplified representation of a thin-walled, 
centrally located, flow pipe in a cylindrical medium 
for a vessel in a tissue cylinder and assuming a 
constant heat flux across the pipe wall, several 
authors have calculated Leq for different branches 
of the vascular tree. Together with some struc
tural and flow dynamic parameters, values for Leq 
are listed in Table 19.1 (CREZEE 1993). A sen
sitivity analysis shows that Leq strongly depends 
on flow and vessel diameter and to a lesser extent 
on the tissue parameters (MOOIBROEK 1992). 

19.2.1.2 Countercurrent Heat Exchange 

A structural feature which is very abundant in the 
human body is countercurrent flow. By this we 
mean that a supplying artery and a draining vein 
are closely juxtaposed, thus following the same 
spatial course but with opposite flow directions. 
This principle is already manifest from the third 
generation of the vessel bed and proceeds until 
the terminal arteries and veins of the microcir
cuitry. The description of heat transfer in such 
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Table 19.1. Vessel para~eters for a 13-k~ dog. Diameter,_leng~~, flow, and nu~ber Jfom MALL (1888) and GREEN 

(1995), Leq computed with Pb = 103 kgm- , Cb = 4.103 Jkg 1oC ,kb = 0.6 woC I m and A = 1.5 

Vessel type Diameter Length Iv 
(mm) (cm) 

Aorta 10 40 
Large arteries 3 20 
Main branches 1 10 
Secondary branches 0.6 4 
Tertiary branches 0.14 1.4 
Terminal branches 0.05 0.1 
Terminal arteries 0.03 0.15 
Arterioles 0.02 0.2 
Capillaries 0.008 0.1 
Venules 0.03 0.2 
Terminal branches 0.Q7 0.15 
Terminal veins 0.13 0.1 
Tertiary veins 0.28 1.4 
Secondary veins 1.5 4 
Main veins 2.4 10 
Large veins 6 20 
Vena cava 12.5 40 

structures is more complicated than for the single 
vessel case because heat exchange also occurs 
between the countercurrent vessel pair. A re
laxation parameter similar to Leq has been 
defined, i.e., L eqee , and quantified using tech
niques from hydrodynamics. A fundamental 
contribution originates from BAISH et al. (1986a), 
using two heat conduction coupling parameters: 
the first reflects the combined contribution of 
both vessels to the surrounding tissue while the 
second accounts for the heat exchange between 
the vessel pair. This approach has been used 
extensively (WEINBAUM and Jm 1987; WISSLER 
1987a,b) and was recently extended by ZHU et al. 
(1990) for the more clinically relevant situation of 
eccentrically located, unequally sized artery-vein 
pairs. 

Although different analytical expressions have 
been derived (MOOIBROEK 1992) to quantify L eqee , 

the general conclusion which can be drawn from 
all studies is that Leqee is smaller than Leq for the 
single vessel case and therefore the values listed 
in Table 19.1 can be used as a conservative 
estimate for the thermal significance of individual 
and countercurrent vessels. 

19.2.2 Continuum Formulations 

19.2.2.1 Heat Sink/Source Description 

Capillaries were originally thought to be the 
vascular site for blood-tissue heat exchange. 

Flow NusseIt Leq Leqllv 
(cm/s) number (em) 

50 ·1 12500 310 
13 40 290 15 
8 600 20 2.0 
8 1800 7.2 1.8 
3.4 7.6 x Hr 0.17 0.1 
2 106 0.013 0.1 
0.4 1.3 x 107 0.0009 0.006 
0.3 4 x 107 0.0003 0.002 
0.07 1.2 x 109 0.00001 0.0001 
0.07 8 x 107 0.00016 0.001 
0.Q7 1.3 x 107 0.0009 0.006 
0.3 106 0.013 0.1 
0.8 7.6 x Hr 0.16 0.1 
1.3 1800 7.3 1.8 
1.5 600 22 2.2 
3.6 40 320 16 

33 1 12900 320 

Based on their distributive nature, i.e., large 
contact surface area with tissue, high number 
density, and close proximity to the living cells, 
and in analogy with other transport processes 
such as O2 diffusion and CO2 removal, PENNES 
(1948) postulated his bioheat equation. He hypo
thesized that arterial blood traversing all genera
tions of the vessel bed does not have any heat 
exchange with tissue until it reaches the capillaries, 
where it equilibrates instantaneously with the 
local tissue temperature and is subsequently 
removed via the venous route, again without any 
tissue interaction. In terms of Leq this means that 
all vessels of the vascular tree are characterized 
by an Leq approaching infinity while the capillaries 
have an Leq approaching zero. Assuming an iso
tropic arrangement of the capillaries, he equated 
what is referred to in the hyperthermic literature 
as the Pennes heat sink/source term: wbcb(Tart -
Ttis), with Wb the volumetric tissue perfusion and 
Tart mostly defined as the body core temperature 
(37°C). Although the underlying hypothesis was 
never confirmed experimentally, this formulation 
has been used extensively. Its power lies in its 
mathematical simplicity and the ability to adjust 
the perfusion term such that a good match can be 
obtained between measured and calculated data. 
CHEN and HOLMES (1980) derived a perfusion
related heat sink/source term by evaluating the 
vascular contribution to tissue heat transfer in a 
generalized vessel network consisting of serveral 
generations of bifurcations and confluences. 
Because of the continuous branching towards 
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vessels with smaller thermal equilibration lengths, 
the blood in the arterial branch is inevitably forced 
to reach to local tissue temperature. In the con
fiuencing venous vessel tree, blood collects in 
sections with a larger equilibration length. Chen 
and Holmes showed that if the thermal equilibra
tion length is longer than the actual length of 
the vessels in each section, heat can escape the 
system, resulting in the Pennes heat sink term. 
The contribution of the first generations of major 
arteries and branches with diameters larger than 
0.6 mm must be described individually. Unlike 
Pennes, CHEN and HOLMES based their heat sink/ 
source term on the local arterial temperature 'Po 
and the perfusion rate w; of the last individually 
treated bifurcation. The amount of heat which 
escapes the control volume via the venous route is 
equated in their bioheat formulation by: Q = 
w*Pbcb(T~ - Ttis)· 

Recently CHARNY et al. (1989, 1990) and 
WEINBAUM et al. (1992), assuming countercur
rency, demonstrated that the heat perfusion term 
has to be associated with the small countercurrent 
vessel bleed-off circuitry connecting the walls of 
the countercurrent vessels larger than 250-300.um 
in diameter. It was shown that, depending on 
the physiological conditions, blood leaving the 
arterial wall at temperature Ta could arrive at the 
venous wall at a temperature Tv, which could vary 
between Ta and the local tissue temperature. In 
the latter case a Pennes term arises. With the 
different structural basis in mind and the re
cognition that Ta is the local arterial temperature 
and not the body core temperature, this term is 
now phrased as the modified heat/sink source 
term of Pennes. 

19.2.2.2 Effective Thermal Conductivity (keff) 

Description 

The recognition that vessels larger in diameter 
than the arterioles (40 .um), capillaries (10-20 .um), 
and venules (50.um) had equilibration lengths 
comparable to their physical lengths provided the 
impetus to formulate a new thermal theory for 
blood-tissue heat exchange. CHEN and HOLMES 
(1980) convincingly showed that terminal arteries 
and veins with diameters in the range of 200-
500.um are the primary sites for blood-tissue heat 
equilibration. Note that the physical length of 
those vessels (Table 19.1) is in the mm to cm 
range, which roughly coincides with the extension 
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of thermal gradients under hyperthermic con
ditions. Blood in these vessels will be in a con
tinuous process of heat exchange along their length 
and thus will retain during passage some memory 
of the thermal history, e.g., blood in the proximal 
part of a vessel may gain a certain amount of 
thermal energy which partly may be released at its 
distal portion. This type of thermal energy trans
port resembles the common conductive heat 
transport where thermal energy is transported 
from locations at a higher temperature towards 
locations at a lower temperature via molecular 
collisions. The theoretical basis of the keff concept 
was firmly established by the fundamental work 
of CHEN and HOLMES (1980) and was later refined 
by WEINBAUM and JIJI (1985) (see next section), 
who showed that the countercurrent arrangement 
of these vessels results in a tensorial heat transfer 
coefficient which, under specific conditions, i.e., 
isotropically arranged vessel pairs, results in a 
scalar keff term. The keff concept has been verified 
experimentally (WEINBAUM et al. 1984; JIJI et al. 
1984; CREZEE and LAGENDIJK 1990, 1991) and by 
simulations using the discrete vessel models 
(LAGENDIJK and MOOIBROEK 1986). 

19.2.2.3 Further Refinements 
of Continuum Formulations 

The foregoing continuum formulations on local 
vascular architecture and hydrodynamic para
meters (Leq and Leqcc) represented a major leap 
forwards in thermal modeling. However, it should 
be kept in mind that their basic notions were 
derived mostly under idealized conditions not met 
in practice. For example, the equilibration lengths 
of single or countercurrent vessels were equated 
under the simplifying assumptions of a constant 
temperature at the tissue perimeter and definite 
ratios between vessel and tissue cylinder diameter. 
Although such assumptions may be justified at 
specific body sites, it is not expected that they will 
be generally applicable. This implies that a general 
theory will be more complex than. the presented 
ones. WEINBAUM and Jm (1985) presented a more 
refined bioheat equation than the one previously 
formulated by CHEN and HOLMES (1980) in that 
they used the notion of a local average tissue 
temperature, i.e., the mean of the local arterial 
and venous temperature. Additionally they noted 
that the gradient in this local average tissue tem
perature equals the gradient in the local mean 
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vessel temperature (closure condition). As a 
consequence of these observations their final 
formulation does not contain a direct reference 
to vessel temperatures, but their presence is 
accounted for implicitly by use of this local average 
tissue temperature and the locally defined en
hanced tensorial thermal conductivity. For the 
more subtle details of Weinbaum and Jiji's for
mulation and the subsequent discussion (WISSLER 
1987a,b; WEINBAUM and JIJI 1987) of the validity 
of the closure condition, the reader is referred to 
the original papers. It is important to note here 
that their final formulation contains mutually 
dependent heat sink/source and keff contributions. 
They stressed that the countercurrent heat ex
change mechanism is dominant under the restric
tion that the ratio e = Leqcc/L < 0.3, with L the 
extension of the macroscopic tissue temperature 
gradient, and that for increasing values of e the 
heat sink/source term will become increasingly 
important. The significance of this ratio was also 
recognized by BAISH et al. (1986b) and later by 
CHARNY et al. (1990) in a comparative study be
tween their three equation model, the Pennes 
model, and the Weinbaum and Jiji formulation. 
These considerations show the necessity of in
troducing further refinements into the thermal 
theory as the parameter e may vary spatially as 
well as temporally during hyperthermia. 

19.2.3 Discrete Vessel Formulation 

So far the efforts to formulate a thermal theory 
have been restricted to the collective contribution 
of vessels ranging in diameter from 50 to 500 11m. 
Other significant contributions to the develop
ment of an all-encompassing thermal theory for 
hyperthermic applications have been made by 
authors describing the impact of the largest vessels 
of the vascular tree on the final temperature dis
tribution. LAGENDDK et al. (1984) devised a 
numerical method to describe the influence of 
large thermally significant vessels and pointed to 
the occurrence of underdosed areas when such 
vessels traverse or closely pass tumor volumes. 
This method was extended by MOOIBROEK and 
LAGENDIJK (1991) to allow for the computation of 
true 3D bending and branching vascular structures, 
which was subsequently optimized for computa
tional speed through implementation of a multi
time level scheme as proposed by DuFort and 
FrankIe (MITCHELL and GRIFFITHS 1980). Using 
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these numerical models as an investigational tool, 
these authors also confirmed the concept of a 
countercurrent-related increase in the tissue 
thermal conductivity keff (LAGENDIJK and 
MOOIBROEK 1986). Based on calculations of the 
thermal equilibration length of vessels, Leq , they 
arrived at a tripartition of the vessel bed with 
respect to heat transfer, similar to CHATO (1980). 
Large individual arterial vessels will remain pre
dominantly at core temperature so their presence 
can be accounted for by defining additional 
boundary conditions (Tart = Tcore) along their 
trajectory. Insofar as the number density of 
branches of these vessels is small and their equili
bration length is comparable with their physical 
length, they must be described individually. The 
local number density of further generations of 
thermally significant vessels, i.e., the intermediate 
size vessels, is such that these vessels are in a 
transition region of an individual versus a col
lective description and thus presently pose the 
largest problem for a thermal theory. The smallest 
branches were found to be described best by an 
enhanced effective tissue thermal conductivity keff. 

It was further stressed on the basis of theoretical 
considerations (CREZEE and LAGENDIJK 1992) that 
due to the heat resistance in the vessel and the 
vessel wall the underdosed areas along the vessels 
«ould turn out to be smaller than originally anti
cipated and therefore these areas could be heated 
to therapeutic levels if local specific absorption 
rate (SAR) control were sufficient (see Chap. 20). 
The use of discrete vessel models has advantages 
but also clear limitations. The former follow from 
the observation that no inherent simplifying 
assumptions need to be made about the vessel 
and surrounding tissue temperatures and 
gradients. Blood and tissue temperatures thus 
relax freely to their final values according to the 
defined initial and boundary conditions without 
applying simplifying assumptions not generally 
met in clinical applications. By scaling down to 
the correct dimensions this method is an ideal 
research tool to verify underlying hypotheses as 
used in the continuum formulation. Two major 
limitations can be discerned in existing discrete 
vessel models: The first is related to the spatial 
resolution (0.5 mm) needed to derive both the 
arterial and the venous network. This resolution 
is becoming achievable with MRA at body loca
tions, such as the brain, where organ movement 
does not playa critical role, as is the case in the 
pelvic or abdominal region (DUMOULIN et al. 
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1993). However, the initial problems related to 
loading the enormous amount of vascular data 
into discrete models are now diminishing due to 
the progress made in devising reconstruction 
algorithms (KOTIE 1993) of the imaging data. The 
second limitation is related to the computing 
resources: A 10 x 10 x 1Ocm3 volume with a 0.5-
mm resolution requires 32 Mbytes just for storage 
of the temperature distribution. As computing 
time is directly related to this matrix size it is also 
important to keep the number of nodes limited. 
Depending on the volumes heated, this inevitably 
leads to grid sizes in which not all the significant 
vessels can be resolved individually. Strategies 
are now being developed to extend the discrete 
vessel model with continuum formulations for the 
unresolved thermally significant vessels (VAN 
LEEUWEN 1993). 

19.3 Validation of Thermal Models 

The present stage of experimental verification 
of thermal models will be illustrated by some 
examples from the literature. We will discuss two 
types of experiments: in vivo or ex vivo, using 
isolated perfused organs. The latter require 
special perfusion techniques (HOLMES et al. 1984; 
ZAERR et al. 1990; Bos et al. 1991). A disadvant
age of most in vivo tests is the absence of perfu
sion control; this frustrates attempts to separate 
convective and conductive heat transport because 
the absolute blood flow level is (a) difficult to 
determine and (b) will probably display time- and 
temperature-dependent behavior. However, it is 
possible to retain (some) control over blood flow. 

19.3.1 Ex Vivo Tests 

Several thermal model tests comparing the con
ventional bioheat equation and the effective 
thermal conductivity model were carried out at 
our department using isolated perfused bovine 
organs like kidney and tongue. In the first series 
an artificial vessel was introduced into the kidney 
cortex, which also served as a heat source. The 
stationary temperature profiles around this vessel 
were determined at different flow rates within the 
cortex tissue, ranging between 0 and 3 kg m-3 S-1. 

Both the amplitude and the shape of the resulting 
temperature profiles agreed with the effective 
conductivity model prediction. 
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There are several methods for determination 
of the effective thermal conductivity, k eff . 

ANDERSON et al. (1992) describe a method using a 
thermal diffusion probe, a self-heated thermistor 
where the ambient conductivity is derived from 
the temperature elevation caused by a fixed power 
level. Measurements in isolated perfused canine 
kidney show that keff increases approximately 
linearly with perfusion. 

A more global method is measurement of the 
propagation velocity of heat diffusion in the tissue, 
which is proportional to the conductivity. A 
method for the determination of heat diffusion 
that is suitable for interstitial hyperthermia, 
provided power deposition is concentrated near 
the needles, uses the time delay 'w before the 
temperature starts to rise at a distance x from a 
needle after the heating has been switched on: 
keff = Ptctx2j(4.w). A threefold increase in keff 

was observed under specific experimental con
ditions using hot water tube heating (CREZEE et 
al. 1991). 

19.3.2 In Vivo Tests 

WEINBAUM et al. (1984) examined the importance 
of countercurrent heat exchange by evaluating 
the radial temperature profile in rabbit thigh, 
measured in vivo with a thin thermocouple wire. 
Vessel data and the location of the thermocouple 
with respect to the vessels were obtained by pro
ducing a corrosion cast of the thigh afterwards. 
No external heating was used. The radial tem
perature gradient between the cutaneous plexus 
in the skin and the central artery and vein was 
almost linear, increasing from 27°C to 33SC. 
The arterial temperature was nearly equal to the 
venous temperature for any countercurrent pair 
encountered along the track; even for the main 
artery and vein of the hind leg the difference was 
just 0.3°C. According to the Pennes heat sink 
model, the arterial and venous temperatures 
should have been equal to the core temperature 
and the local tissue temperature, respectively, 
causing arteriovenous temperature differences of 
up to 6SC. The absence of significant arterio
venous temperature differences indicates that 
countercurrent heat exchange is a dominant mode 
of heat transfer. However, this conclusion may 
not apply to humans as these data were obtained 
in a much smaller species. In similar experiments 
LEMONS et al. (1987) made a detailed registration 
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of the arteriovenous temperature differences 
for rabbit thigh in vivo and found, under nor
mothermic conditions, both with and without 
surface cooling, that the lower limit for thermal 
nonequilibration was lOOl1m for arteries versus 
400,um for veins. This asymmetry was ascribed to 
the difference in radius of the artery and vein 
in a countercurrent pair. ROEMER et al. (1989) 
measured steady state temperature profiles in 
canine thighs heated by scanned focused ultra
sound, both in vivo at some uncontrolled perfusion 
level and at zero blood flow after death. A com
parison was made with both limited keff and heat 
sink model prodictions; a better qualitative 
agreement was found with the latter, especially 
regarding the presence of a depression in the 
temperature profile at the center of the scan. 
Similar experiments were described in more detail 
by MOROS et al. (1993). HYNYNEN et al. (1989) 
used a setup designed by DEYONG et al. (1986), 
consisting of a flow transducer and a cuff around 
the renal artery of dogs. Feedback of the flow 
data enabled controlled renal perfusion at levels 
between 0 and 240ml min- 1 in vivo. The kidney 
was heated with scanned focused ultrasound, and 
the resulting steady state temperature profiles 
were compared with the heat sink model pre
diction . Agreement was reasonably good. 

Summarizing, these experiments support the 
validity of keff in the description of small vessel 
heat transfer and of the heat sink term for larger 
vessels, but only regarding the gross temperature 
distribution. A more accurate description of the 
temperature distribution will require the inclusion 
of discrete vessels in the thermal model. 

19.4 Basic Differences 
Between Frequently Used Thermal Models 

In the following the basic differences between 
some frequently applied thermal models will be 
highlighted. No attempt will be made to correlate 
the different models or to dispute the correctness 
of these models. The only purpose here is to show 
how the resulting temperature distribution will 
depend on the model used. In order to have a 
common basis we used our 3D thermal program 
for inhomogeneous media, which also permits the 
simultaneous definition of branching vessel net
works, volumetric perfusion, and/or enhanced 
tissue thermal conductivity. An overview of the 
model parameters is presented in Fig . 19.1, where 
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Fig. 19.1. Cross-sectional view of model geometry con
sisting of 80 x 80 x 80 (x, y, z) cubical nodes spaced 1 mm 
apart showing the plane (z = 39) containing the venous 
part of a countercurrent vessel network (arteries: z = 41). 
Thermal parameters for muscle and tumor are: k = 
0.6Wm- 1 oC- 1, p = 103 kgm- 3, cp = 3600Jkg- 1 0C-1. 

Isotemperature values (T = 37°C) are assumed on all 
boundary planes 

Fig. 19.2. Normalized landscape plots of uniform power 
deposition in tumor (a) and resulting temperature distri
bution (b) in model midplane (z = 40) . Power distribution 
(c) needed to derive a uniform temperature distribution in 
the tumor (d) 

we used an idealized tumor geometry with central 
countercurrent vascularization (z = 39 and z = 41 
plane) and a spherical SAR distribution enclosing 
the tumor volume. This SAR distribution (Fig. 
19.2c) was constructed such that in the unperfused 
situation the resulting tumor temperature was 
nearly uniform and rapidly decayed in healthy 
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tissue (see Fig. 19.2d). As the literature is not 
equivocal about the perfusional status of tumors 
under hyperthermic conditions, we investigated 
three extreme cases, i.e., low muscle perfusion 
with high tumor perfusion, the opposite case, and 
finally equal muscle and tumor perfusion. In some 
cases we will indicate how the. SAR distribution 
has to be tailored in order to retrieve the original 
uniform tumor temperature. 

The following expression for conductive and 
convective heat transport will serve as a common 
basis: 

p x Cp x dT/dt = ll(k . llD + B + P + 
Qrnet [Wm-3], (19.1) 

where p is the density (kg m -3), Cp the specific 
heat capacity (J kg -1 °C-1), k the intrinsic thermal 
conductivity (W m -1 °C-1), and T the local tissue 
temperature Cc). 

In Eq. 19.1 the left-hand term denotes the net 
rate of accumulated heat in an infinitesimal con
trol volume. P and Qrnet are the local volumetric 
power depositions related to external and internal 
(metabolic) heat sources, respectively. The first 
term on the right-hand side is the Fourier con
duction term related to molecular collisions. The 
second term symbolizes the crucial convective 
heat transport contribution, to be discussed next. 

In order to emphasize the differences we first 
establish the stationary distribution in the mid
plane of the model when no convective heat 
transport is present, i.e., we assume B = 0 and k 
= 0.6 (Wm-1 °C-1), while the SAR distribution 
is uniform. It is clear (Fig. 19.2a) that a uniform 
SAR distribution cannot heat the inner region 
(tumor) uniformly because the external region 
(muscle) acts as thermal load. The heat loss at the 
outer region of the tumor thus has to be com
pensated for by a locally increased power deposi
tion (Fig. 19.2c). 

19.4.1 Heat Sink/Source Description 

In the Pennes formulation the convective term B 
has the following shape: 

B = - WbCb(T - Tart), (19.2) 

where Wb is the volumetric perfusion rate 
(kgm-3 s-1), Cb is the specific heat capacity of 
blood (J kg -1 °C-1), T is the local tissue tempera
ture (0c), and Tart is usually taken to be equal to 
the core temperature, i.e ., Tart = 37°C. The 
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leading minus sign accounts for the fact that heat 
can be withdrawn (sink) from the control volume 
if Tart < T, which is the case under hyperthermic 
conditions, or released (source) if Tart> T, as 
under normo- or hypothermic conditions. 

In Fig. 19.3 landscape plots are presented for 
the three different perfusional cases following 
the SAR distribution which in the unperfused 
case revealed a nearly uniform temperature distri
bution of 44°C. If only the tumor is perfused 
(4 kg m - 3 S -1), two characteristic features are 
observed: the tumor temperature drops to a 
maximum value of 40.3°C and the shape of the 
distribution becomes bimodal. To restore the 
original uniform tumor temperature we have to 
raise the central tumor power density, which 
involves a reshaping of the power distribution 
according to Fig. 19.3d. If only muscle perfusion 
is increased (4 kg m -3 s -1), an overall temperature 
drop of 1.2°C is observed, but the shape of the 
distribution remains nearly the same. This is 
explained by the fact that the power distribution 
only encloses the tumor volume and the muscle 
temperatures are already so low that the heat sink 
term will not contribute much in this region. 
Minor reshaping of the power distribution is 
needed; only its absolute value has to be increased 
to compensate for the 1.2°C drop . A similar 
bimodal temperature distribution and an addi
tional 0.7°C decrease is obtained when tumor and 
muscle are perfused equally. The original uniform 
tumor temperature is obtained by using the re
shaped power distribution of Fig. 19.3f. The main 
characteristic of this type of model is that the 
description of convective heat transport remains 

Fig. 19.3. Normalized landscape plots (a-c) of tempera
ture distribution in plane z = 40 under different perfusion 
conditions (see text), applying the heat sink/source model. 
Normalized landscape plots (d-f) of power distributions 
needed to change a,b and c into uniform tumor temperature 
distribution 



Basics of Thermal Models 

limited to the tissue volume enclosed by the power 
distribution. If a uniform tumor temperature dis
tribution is the final goal, a perfusion-dependent 
readjustment of the power distribution and power 
level is needed. 

19.4.2 Effective Thermal Conductivity (keff) 
Description 

In this formulation the term B obtains the form: 

B = /l(kconv · /IT), (19.3) 

in which kconv is a scalar quantity and therefore 
has the same shape as the first term in Eq. 19.1. In 
practice they are always combined and referred to 
as keff = ktis(1 + kconvlktis). Note that in Eq. 19.3 
no reference is made to any locally defined arterial 
or venous temperature. 

When the power distribution of Fig. 19.2c was 
used to calculate the temperature distribution in 
the model midplane (z = 40) for different values 
of keff for muscle and tissue, typical results as 
presented in Fig. 19.4 were obtained. In Fig. 
19.4a a keff = 4 (Wm-loC- l) was used for the 
tumor and a keff = 1 (W m -1 °C- l) for muscle. 
The maximum value decreased from 44°C to 41.2°C 
and could be restored to 44°C by increasing the 
power level, without the need for reshaping. In 
the opposite case (Fig. 19.4b), with keff = 4 
(W m -1 °C- l) for muscle, the tumor temperature 
remained nearly uniform (T = 43.1°C) and only a 
small adjustment of power level was needed. If 
for both muscle and tissue a keff = 4 (W m -1 °C- l) 
value was taken, the maximum temperature fell 
to 39.7°C but the distribution remained nearly the 
same as in Fig. 19.4a. Characteristic features of 
this type of thermal model are that predicted 
temperature distributions have a smoother 
appearance and that there is no need to reshape 
the power deposition pattern when keff changes 
occur during heating. 

Fig. 19.4a-c. Normalized landscape plots of temperature 
distribution in plane z = 40 for different keff values for 
muscle and tumor (see text) 
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19.4.3 Discrete Vessel Heat Transport 

In this formulation the term B is decomposed into 
contributions related to the presence of those 
vessels (Bdiscr) which are still tractable by vessel 
imaging methods such as MRA (KaTIE 1993) and 
a kconv term to describe the remaining nonresolved 
vessel structures, i.e.: 

B = Bdiscr + /l(kconv ·/In. (19.4) 

Vessels characterized by an equilibration length 
much longer than their physical length, Lves, are 
treated as locally defined isothermal boundary 
conditions, i.e., Tves = Tcore , and in principle this 
strategy is prolonged until a class of vessel seg
ments is encountered for which Lves becomes 
comparable with Leq. This type of vessel is treated 
on an individual basis as described by MOOIBROEK 
and LAGENDlJK (1991). 

As an example we defined a co-planar counter
current vessel network with veins located in plane 
z = 39 and arteries in plane z = 41. Similar to the 
foregoing cases, the power distribution of Fig. 
19.2c is used to calculate the temperture distribu
tion in plane z = 37 (Fig. 19.5a), the model 
midplane (Fig. 19.5b), and at z = 43, i.e., at a 
distance 2 mm from the plane containing the 
arterial network (Fig. 19.5c). 

A characteristic feature of this method is that 
the predicted temperature distributions show 
steep gradients normal to predominantly the 
arterial vessel trajectories. It should be noted that 
in the foregoing calculations we assumed keff = 1 
(Wm-loC- l) for muscle and tumor to focus on 
the impact of individual vessel segments. Tem
perature distributions in these planes improve 

Fig. 19.5. Normalized landscape plots (a-c) of tempera
ture distribution in plane z = 37 (a), z = 40 (b), and z = 43 
(c) applying the discrete vessel model. Improved tem
perature distributions result in these planes when a locally 
increased power density in a tissue cylinder (deYI = 3 x 
dves) around each vessel is assumed (d-f) 
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when a locally increased power density is applied 
in a tissue cylinder (dcYI = 3 x dves) around each 
vessel (Fig. 19.5d-f). At higher keff values the 
distribution will obtain a smoother appearance 
(not shown). 

19.5 Discussion 

The past decade has been very fruitful with respect 
to thermal modeling because important issues 
have been clarified at a basic level. Several authors 
have shown the inconsistency of the Pennes heat 
sink/source term when it is related to the isotro
pically arranged capillaries making up the terminal 
part of microvascularity. Due to the extremely 
short thermal equilibration lengths, blood in 
these vessels will be in complete thermodynamic 
equilibrium with their surrounding tissue and thus 
the driving potential for blood-tissue heat ex
change is lacking. According to present insights, 
however, vascularized tissues can exhibit a Pennes
like behavior, which is now associated with the 
bleed-off circulation of the thermally significant 
countercurrent vessels (D :::: 300/Lm) or with the 
larger vessels· themselves (D > 500/Lm). This 
raises a question mark as to its use in today's 
clinical applications. It does not seem justified to 
Use the perfusion-based heat sink values because 
these significant countercurrent vessels follow 
definite spatial trajectories, while their volumetric 
densities may be three orders of magnitude 
lower than the isotropic capillaries, meaning that 
volumetric averaging must be performed with 
some caution. 

It has further been established that the coun
tercurrent terminal arteries and veins (D > 
150 /Lm) are the dominant sites where blood - tissue 
heat exchange takes place. Depending on their 
number densities and spatial organization, this 
implies that the heat exchange can be described in 
terms of a scalar or tensorial effective thermal 
conductivity. 

The recognition that the various parts of con
nected vascular entities can lead to different 
formulations of blood-tissue heat exchange has 
far-reaching consequences: First, it justifies the 
use of fully hybrid models in thermal modeling; 
these models will describe the thermally significant 
vasculature discretely as far as these vascular data 
are available from 3D MRA. The small vessel 
heat transfer will be decribed by the continuum 
effective thermal conductivity, while small heat 
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sinks, related to the discretely described vessels, 
will fill in the gap, describing (a) those vessels too 
small to be imaged but too large to be described 
by the effective thermal conductivity and de
scribing (b) the countercurrency bleed off. Second 
it also forces us to establish the conditions where 
the contribution of either type is dominant in heat 
transfer. In general this will be organ specific as 
the vascular organization will differ from organ to 
organ and/or tumor to tumor. It will also depend 
on the physiological response of the heated 
tissues. Increased blood flow rates will lead to 
larger thermal equilibration lengths; however, 
this effect will be counteracted by the increased 
effective thermal conductivity in the tissue around 
the vessel, leading to a reduction in the equili
bration length. 

The presented computational examples provide 
valuable information for system designers, and 
point to the need for an SAR tailoring concept 
(ZHOU and FESSENDEN 1993), i.e., local control of 
the 3D SAR pattern to compensate for the local 
heat losses during hyperthermia treatments. 
Modern systems and techniques based on this 
concept are now being developed; the scanning 
focused ultrasound techniques as well as new 3D 
controlled interstitial techniques are ideal methods 
for local 3D SAR control (see Chap. 20). An 
immediate consequence of this approach is that 
such a refined spatial power control must be 
backed by either extensive invasive thermometry 
or reliable thermal models (see Chap. 10, Sect. 
10.6). 

19.6 Summary 

• Thermal models are methods to bridge the gap 
in information between scarce spatial thermo
metry data obtained with invasive thermometry 
and the actual 3D temperature distribution. 

• So far no general thermal theory has been 
developed which is applicable to any body site; 
especially the description of convective heat 
transfer is incomplete, i.e., the identification of 
vessel structures responsible for major heat 
exchange and the description of continuous 
or discrete vessel models and the dynamic 
behavior of the tissue-blood heat exchange 
hyperthermia. 

• Vessels transporting blood at a different tem
perature than the surrounding tissue lose or 
gain thermal energy across the vessel-tissue 
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interface. This is described by the characteristic 
thermal equilibrium length of vessels, which 
strongly depends on flow and vessel diameter. 
Another structural feature of importance is the 
countercurrent flow and heat exchange. For 
countercurrent vessels the characteristic 
equilibrium length is smaller than for the single
vessel case. 

• Continuum formulations address small vessels 
(50-500,um) using the heat sink/source de
scription, the effective thermal conductivity 
description and further refinements of con
tinuum formulations. Discrete vessel for
mulations address the impact of the largest 
vessels on the thermal distribution. 

• Ex vivo and in vivo studies have been designed 
to test and validate different thermal models. 
They support the validity of keff in the heat 
transfer description of small vessels and of the 
heat sink term for large vessels. More accurate 
descriptions need to include discrete vessels in 
the thermal model. 

• The different formulations of blood-tissue heat 
exchange have far-reaching consequences: 
they justify the use of fully hybrid models in 
thermal modeling and require an organ- or 
tumor-specific description of the vascular 
pattern. They also depend on the physiological 
response of the tissues. 

• As a consequence, all modern heating tech
niques must be backed by either extensive 
invasive thermometry or reliable thermal 
models to provide useful data on the heating 
characteristics. 
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20.1 Introduction 

In treatment planning three aspects can be con
sidered in general: tumor localization, treatment 
strategy, and treatment simulation. In tumor 
localization the exact location of the tumor is 
defined in relation to critical organs and patient 
coordinates. All information about available 
equipment and equipment behavior in relation to 
tumor location defines the treatment strategy. 
Finally, the complete treatment has to be simul
ated on the planning computer; furthermore, 
when using radiotherapy a treatment simulator is 
often employed, and when using hyperthermia 
"dry runs" with the actual heating equipment are 
sometimes conducted to complete the simulation 
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procedure (MYERSON et aI.1991). In radiotherapy, 
patient treatment position verification using the 
laser alignment system, the light field, and the 
optical distance indicator in relation to skin 
markers and megavolt imaging (MEERTENS et al. 
1990; VISSER et al. 1990) completes the treatment 
planning and guarantees an overall accuracy of 
about 5% (BRAHME et al. 1988). In hyperthermia, 
because of the influence of physiology where 
80%-90% of all heat transfer is directly related 
to blood flow (LAGENDIJK et al. 1988), it is im
possible to predict the final temperature distri
bution with reasonable accuracy. It is an absolute 
necessity to have a feedback system during the 
actual treatment. ROEMER and CETAS (1984) called 
this concurrent dosimetry; it entails the use of 
(invasive) thermometry and E-field probes to 
measure the temperature, the absorbed power 
(SAR) distributions, tissue cooling rates (ROEMER 
1990; DE LEEuw et al. 1993), and effective 
thermal conductivities (CREZEE and LAGENDIJK 
1990). After treatment all these treatment data 
can be used to optimize the treatment planning 
computations. ROEMER and CETAS (1984) called 
this retrospective thermal dosimetry, i. e., the use 
of all treatment data to calculate the final tem
perature/thermal dose distribution given. How
ever, in must be stated that, except for simple 
temperature control feedback, no clinical (treat
ment planning) systems have been described in 
the literature which use these concurrent and 
retrospective thermal dosimetry aspects systema
tically to optimize treatment. As a first step, in 
vivo SAR measurements for optimizing regional 
RF hyperthermia are entering clinical use (DE 
LEEuw et al. 1993; WUST et al. 1992). 

The final goal of hyperthermia treatment plan
ning is to design the optimal treatment and to 
calculate the thermal dose given by this treatment. 
One problem is the definition of thermal dose 
(DEWHIRST 1992). For simplicity and practicability 
the treatment is normally described using the 
time-dependent temperature at the sensor sites 
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(HAND et al. 1989). This results in a spatial and 
temporal sampling of the actual temperature dis
tribution (ROMANOWSKI et al. 1991) and a treat
ment description using parameters like Tw, Tso 
and T90 (the temperature that 10%, 50%, and 
90% of all measured temperatures were at or 
above, respectively) as indicators of the actual 
temperature distribution and the thermal dose 
delivered. The temperature distribution depends 
on the SAR distribution generated by the heating 
system, the 3D distribution of the thermal pro
perties (thermal property anatomy), the blood 
flow (perfusion) distribution, the discrete blood 
vessel network (thermally significant vessels) and 
the boundary conditions. Because of (a) changes 
in physiology, (b) changes in the actual treatment 
due 10 on-line interpretation of temperature data 
and (c) uncertainty/instability of system settings 
all these parameters will/may change during treat
ment. As described above, this renders obsolete 
the conventional treatment planning procedures. 
In hyperthermia treatment planning the concur
rent dosimetry aspect is mandatory; conventional 
treatment planning will only provide guidelines to 
set up treatment and to design heating equipment. 
This physiology dependency and additional time
dependent parameter changes make hyperthermia 
treatment planning extremely difficult and necess
itate the use of a wide variety of measurements 
during treatment. 

In the currently available hyperthermia litera
ture "treatment planning" is mostly limited to 
computation of SAR distributions. However, 
there is no straightforward relation between SAR 
and the thermal dose/temperature, as will be out
lined in Sect. 20.2 on treatment strategy. 

Great progress has been made in SAR planning 
for regional RF hyperthermia (see Chap. 18). 
First SAR planning systems are entering the clinic, 
for both radiofrequency systems (JAMES and 
SULLIVAN 1992; WUST et al. 1993; ZWAMBORN and 
VAN DEN BERG 1992) and ultrasound systems 
(MCGOUGH et al. 1992). Present research on 
radiofrequency modeling is focused on techniques 
to perform 3D anatomy/dielectric imaging of 
individual patients (JAMES and SULLIVAN 1992; 
VAN DER KOIJK et al. 1993), the description of 
antennas and boundary conditions (HORNSLETH 
1992; MOOIBROEK et al. 1993), and computer 
requirements and code optimization. Special 
attention is being given to the experimental and 
theoretical verification of the different models 
developed (COMAC BME/ESHO 1992). For 
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regional and interstitial hyperthermia using low
frequency RF techniques, high-resolution quasi
static models have been developed (SOWINSKI and 
VAN DEN BERG 1990; VAN DER KOIJK et al. 1993). 
In ultrasound hyperthermia treatment planning 
the effort is focused on the 3D imaging of bony 
structures, soft tissue, and air and the alignment 
of the treatment beams in these structures, 
including looking for optimal entrance windows 
in order to prevent bone heating (MCGOUGH et al. 
1992). The short wavelengths using ultrasound 
allow easy steering but complicate the accurate 
SAR computation in complex anatomies due to 
the limited resolution of the computer models 
(HAND 1993). 

At present SAR models find their major use in 
the understanding of heating systems, system 
optimization, and system design. The clinical 
application is still limited, mainly due to the com
puter and 3D imaging requirements, but first 
applications, especially to check for local hot 
spots/overdosage, have been published (BEN
YOSEF et al. 1993). The clinical application of 
hyperthermia treatment planning is mainly 
restricted by the need for further progress in 
thermal modeling (see Chap. 19) and especially in 
the anatomical/vascular input of the models. 

In this chapter we will consider treatment 
strategy, tumor localization, i.e., the 3D imaging 
techniques and image processing techniques of 
interest for hyperthermia planning, and some 
clinical applications. 

A thorough description of the requirements for 
hyperthermia treatment planning is given in the 
COMAC BME/ESHO task group report, Treat
ment Planning and Modelling in Hyperthermia 
(COMAC BME/ESHO 1992). 

20.2 Treatment Strategy 

The fundamental question in defining the treat
ment strategy is: what type of temperature 
distribution do we want and what type of SAR 
distribution and boundary conditions do we need 
to achieve this temperature distribution. No clear 
definition exists, taking into account all biological 
parameters, as to what type of temperature distri
bution is optimal. For reasons of simplicity we 
take as the optimal temperature distribution a 
distribution as uniform as possible in the tumor 
area, at the desired level, without any unwanted 
hot spots. To achieve this type of distribution, 
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taking into account the important insight gained 
from thermal modeling theory that the major 
temperature inhomogeneities are caused by the 
thermally significant vessels (CHEN and HOLMES 
1980; LAGENDIJK 1982) and especially their spatial 
density (the amount of vessels entering per cm2) 

(LAGENDIJK et al. 1992), three basic strategies can 
be employed, as detailed below. 

20.2.1 Strategy 1: Blood Preheating 

This strategy is based on the idea that if the blood 
in the incoming vessels is preheated, a uniform 
temperature distribution will result. An essential 
parameter is the thermal equilibration length Leq 

of the incoming vessels (TORELL and NILSSON 
1978; CHEN and HOLMES 1980; CHATO 1980; 
LAGENDIJK 1982), i.e., the length it will take for 
the blood to become heated to within e-1 of the 
surrounding tissue temperature. This Leq is of 
such a size, e.g., 10-20cm for a typical 1-mm
diameter vessel, that large areas of normal tissue 
have to be heated to ensure that the blood enters 
the tumor at the desired temperature. The situa
tion is even worse if we go further back along an 
arterial tree: we move towards larger vessels with 
a longer Leq. However, we can state in general 
that the larger the normal tissue area heated, the 
better the temperature distribution will be, with 
the ultimate limit of a systemic temperature rise. 
Especially in regional radiofrequency hyper
thermia, systemic temperature rise is normal and 
will directly improve the local temperature 
uniformity. The definition of Leq considers with 
single vessels in a tissue cylinder with a uniform 
high boundary temperature, which implies that 
when there is a more or less uniform SAR the 
vessel density must be uniform to result in uniform 
temperature. Normally the vessel density will not 
be uniform: locations with a low vessel density 
and thus little cooling will reach a high tempera
ture while locations with a high vessel density will 
stay at a generally low temperature. This implies 
that parallel entrance of more vessels or, directly 
related, vessel branching, will cool down the area 
and thus lengthen the thermal equilibration length 
and worsen the temperature situation. On the 
other hand, countercurrent heat exchange with 
venous blood vessels leaving a heated area will 
reduce the Leq of incoming arteries and improve 
the temperature uniformity pleading for heating 
the whole organ containing the tumor. In general, 
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the strategy of blood preheating calls for deposi
tion of SAR outside the tumor target volume, 
mainly along the paths of the incoming vessels, 
and/or systemic temperature rise. 

20.2.2 Strategy 2: 
Blood Cooling Compensation 

This strategy is based on the idea that, if by 
having 3D small-scale SAR control the cooling 
towards the blood vessels in the tumor area is 
compensated, a relatively useful uniform tem
perature distribution results (LAGENDIJK et al. 
1992, 1994). CREZEE and LAGENDIJK (1992) cal
culated the temperature distribution around a 
vessel with emphasis on the minimum temperature 
at the vessel wall (Fig. 20.1). They showed that 
because of the heat resistance of the blood in 
laminar flow vessels, acceptable temperatures at 
the vessel wall/tumor boundary can be achieved 
even with a worst case central blood temperature 
as low as 37°C provided that the keff is high 
enough and the local SAR is sufficient to com
pensate for the heat loss towards the vessel. The 
power needed and the resulting vessel wall tem-

T I'C) 
48r---------------------------~ 

41 

39 

38 

37~~--~~--~~~~~--~~--J 

icj 
Fig. 20.1. Worst case radial temperature profile around a 
thermally developed vessel (vessel diameter 2 mm, tissue 
diameter 2cm) with central temperature at body core 
temperature for an effective thermal conductivity of 0.6 
and 3.0Wm-1oC- 1. (From CREZEE and LAGENDUK 1992) 
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perature depend on the local effective thermal 
conductivity (Fig. 20.2); higher wall temperatures 
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are achieved in tissues with a high effective 
thermal conductivity (high perfusion), because 2. 
the high effective thermal conductivity is asso
ciated with a low heat resistance in the tissue 
surrounding the vessel, while the vessel heat re
sistance in series with this tissue heat resistance is 
fixed. If this spatial SAR control can be realized 

steering with about 1 cm resolution can com
pensate for this and cause a relatively uniform 
temperature distribution (Fig. 20.3c,d). 
Single vessel: the underdosed area around a 
single vessel is diminished, its wall temperature 
is increased, and its Leq is shortened by a high 
SAR at the vessel location (CREZEE and 
LAGENDIJK 1992). 

the temperature boundary conditions for obtaining 
a minimal Leq are being achieved (see strategy 1), 
which improves the situation even further due to 
optimal blood preheating. It must be realized that 
due to the three-dimensional vessel network the 
SAR steering must be fundamentally 3D; 2D 
steering will be of not great value. At present only 
interstitial hyperthermia (IHT) (potentially) and 
scanned focused ultrasound (SFUS) techniques 
can provide this small scale SAR control. Using 
blood cooling compensation, two effects play an 
important role: 

1. Vessel density: each vessel withdraws a certain 
amount of heat from the tissue. Without 
spatially controlled SAR, differences in vessel 
density cause differences in gross tissue cooling 
and thus large underdosed areas (LAGENDIJK et 
al. 1992, 1994) (Fig. 20.3a,b); 3D local SAR 
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Fig. 20.2. Minimal vessel wall temperature and the power 
needed to raise the maximum temperature to 45°C versus 
keff . (From CREZEE and LAGENDlJK 1992) 

20.2.3 Strategy 3: High-Temperature 
Short-Duration (HTSD) Hyperthermia 

The principle behind HTSD hyperthermia is that 
the total thermal dose is given in such a short time 
that heat transfer towards vessels is too slow to 
cause any significant underdosage; the cooling 
influence of the vessels is limited to their im-
mediate surroundings. This technique only works 
with very short heating times (5-20s) and con
sequently requires high temperatures (47°-53°C; 
BORELLI et al. 1990). Studies concerning the 
development of HTSD are all based on scanned 
focused ultrasound techniques (HUNT et al. 1991; 
DORR and HYNYNEN 1992; LAGENDIJK et al. 1994). 
It is expected that this technique will enable a 
relatively uniform dose to be given without the 
need to have any knowledge of perfusion or loca
tion of and blood flow velocity within large vessels. 

In Sect. 20.4 we will investigate how the above
described strategies impact on the design and 
application of heating techniques. 

20.3 Imaging 

20.3.1 Specific Absorption Rate 

We shall first consider the calculation of the 
absorbed power distribution. As in radiotherapy 
treatment planning, computed tomography (CT) 
and magnetic resonance imaging (MRI) will supply 
the basic data for the planning in general. It is 
essential to realize that in contrast with much 
radiotherapy treatment planning, no simple 2D 
solution is satisfactory. In radiofrequency hyper
thermia the influence of the 3D boundaries/ 
anatomy is so strong that only 3D modeling will 
provide relevant data (WUST et al. 1992). In ultra
sound hyperthermia 3D imaging is essential to 
guide the positioning of the beams relative to the 
air cavities and bony structures (MCGOUGH et al. 
1992). 
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Fig. 20.3. The application of a uniform SAR (a: S x Scm 
area) to the volume containing a variable density of discrete 
vessels (nine vessels, blood temperature 37°C, ketf = 
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1.8 W m- I °C- I ) results in a highly nonuniform thermal 
dose distribution (b). Spatial control over SAR (c) results 
in the greatest temperature uniformity (d) 

b 

d 
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For both 3D CT and 3D MRI the present 
spatial small volume resolution is better than 
1 mm and sufficient for the determination of the 
3D anatomy. Geometrical accuracy for CT is 
perfect, while for MRI some care must be taken 
(a) in using external markers for positioning due 
to marker shifts caused by patient-induced sus
ceptibility artifacts (BHAGWANDIEN et al. 1992) 
and (b) due to geometrical distortion caused by 
machine- and patient-related magnetic field non
uniformity and nonlinearity of the gradients 
(BAKKER et al. 1992). 

Demands concerning patient positioning, 
repositioning, and position verification will vary 
greatly depending on the type of heating tech
nology used. In SFUS the imaging position must 
be exactly the treatment position, as with radio
therapy; in regional radiofrequency (RF) hyper
thermia no studies are yet available to define the 
positioning accuracy needed. In addition, the 
extension of the water bolus cannot be imaged at 
all and must be added later. The anatomy input 
requirements differ greatly for the two basic heat
ing technologies, ultrasound (US) and RF. 

20.3.1.1 RF: Dielectric Imaging 

All RF and microwave techniques require the 
dielectric anatomy for accurate SAR computation. 
Segmentation according to gray scales is possible 
with CT. JAMES and SULLIVAN (1992) have pro
vided a first study on the relation between 
Hounsfield units and dielectric properties. By 
gray-scale segmentation they can differentiate 
between low water content tissues like fat and 
bone and high water content tissues; lung will 
show values between air and soft tissue, depen
dent on the lung density. Because no physical 
relation exists between Hounsfield units and 
dielectric constants, James and Sullivan's method 
cannot differentiate between (high water content) 
soft tissues like gray and white brain matter. 
Physically the dielectric properties are related to 
the water content of tissues (GUY 1971; SCHEPPS 
and FOSTER 1980), which can relatively easily and 
automatically be defined in MRI by proton density 
imaging. VAN DER KOIJK et al. (1993) tested a 
multiple echo/multiple repetition time imaging 
procedure for acquiring the water content in dif
ferent phantoms. A 5% accuracy was obtained 
with varying Tl and T2• 
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For small-scale hyperthermia applications like 
IHT, no major problems exist. However, for 
regional RF applications large volumes must be 
imaged which, depending on the model resolution 
desired, may result in long imaging times (and, 
using CT, considerable radiation doses). Data 
reduction techniques like replacing the legs and 
trunk with standard anatomies in the computation 
of pelvic SAR distributions using regional RF 
techniques must be evaluated. 

Different segmentation techniques can be used: 

1. Working at the voxellevel, each voxel may be 
assigned specific dielectric properties allowing 
an accurate 3D computation with maximum 
detail. Care must be taken in choosing the 
resolution; too large a voxel may homogenize 
the anatomy due to partial volume effects. 
Working at the voxel level hinders easy 3D 
display of anatomy and SAR; normally 2D 
slices will be displayed with isodoses. 

2. Working with volumes demands a volume seg
mentation guided by the clinician; this is time 
consuming but allows easy 3D display of 
organs and their spatial relations. Each 
volume is assigned a single set of dielectric 
properties, diminishing the detail in the com
putation. Clearly easy volume display, not 
allowing too much structure, is in conflict with 
detailed SAR computations. 

20.3.1.2 US: Bone/Soft Tissues/Air 

As stated above, in SFUS the imaging position 
must be the treatment position; this may represent 
a severe restriction in the development of SFUS 
heating techniques. The major interest lies in the 
3D imaging of bony (and air) structures; the 
differences in soft tissues are only of minor im
portance and are not taken into account in the 
computations (HYNYNEN 1990). Because bone can 
easily be defined using CT imaging, the data 
acquisition for SFUS SAR planning will usually 
not be a problem. The major problem lies in the 
treatment position, which must be imageable. 
Relative positioning using on-line ultrasound 
imaging (LIZZI et al. 1988), small heating pulses 
to locate the focus related to the spatially known 
temperature sensors (HYNYNEN and LULU 1990), 
and/or an invasively positioned small ultrasound 
probe to calibrate the focus position (CAIN 1993) 
may diminish the positioning demands. 
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20.3.2 Thermal Modeling 

For thermal modeling the imaging demands are 
much harder to fulfill. For thermal modeling we 
need: 

1. Location, diameter, and flow velocity of all 
thermally significant vessels 

2. Tissue perfusion (effective thermal 
conductivity) 

3. The 3D anatomy (intrinsic thermal conducti-
vity, specific heat) 

4. Transient effects 

For strategy 1, blood preheating, gross scale solu
tions may be sufficient to guide the treatment. 
Within the COMACIESHO task group report 
(1992) there was agreement to use the modified 
bioheat transfer equation as given Eq. 19.1 in 
Chap. 19. The heat transfer in the smaller vessels 
is described in this equation by the effective 
thermal conductivity (CHEN and HOLMES 1980; 
CREZEE and LAGENDIJK 1990). This effective 
thermal conductivity includes the intrinsic thermal 
conductivity of the tissue, which is, however, of 
minor importance in the total heat transfer in 
tissue (LAGENDIJK et al. 1988). This implies that 
the anatomy is mainly of importance insofar as 
the tissue type defines the local physiological 
datalblood flow. Both CT and MRI are expected 
to be able to supply these data. The intrinsic 
perfusion distribution can be obtained from 
dynamic contrast imaging using both CT and MRI 
(LE BIHAN and TURNER 1993). A major problem, 
however, is the physiological reaction to the 
hyperthermia treatment, which makes on-line 
measurement techniques a necessity. Techniques 
to measure on-line blood flow-related parameters, 
such as ~he tissue cooling coefficient (ROEMER 
1990; ROEMER et al. 1985; LAGENDIJK et al. 1988) 
and effective thermal conductivity (CREZEE and 
LAGENDIJK 1992), have been described in the 
literature. 

It will be clear that strategy 2, blood cooling 
compensation, requires that discrete large vessels 
(diameter> ""'0.5mm) be incorporated into the 
numerical thermal model. Recent developments 
in digital subtraction angiography (DSA) and 
especially magnetic resonance angiography 
(MRA) can be used to supply the vascular data. 
DSA is characterized by a good spatial resolution; 
however, it supplies only data on arterial vessels. 
Also, 3D reconstruction of the vessel locations 
from multiple 2D data is a major effort (SUN 
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1989). During the last few years, MRA has entered 
the clinical routine and evolved as a noninvasive 
technique which, at specific body sites, e.g., cere
bral vessel anatomy, can compete with other 
standard angiographic methods (POTCHEN et al. 
1993). It is expected that optimization of the 
hardware and software and use of special pulse 
sequences and/or contrast agents (Gd-DTPA), 
will further improve the resolution, and that other 
body sites such as the abdomen, pelvis, and 
extremities will become accessible (POTCHEN et al. 
1993). A major advantage of MRA over other 
methods is its ability to image not only the 3D 
arterial architecture but also the venous vessel 
anatomy. Because in hyperthermia treatment 
planning the interest lies in the 3D path of the 
vessel, and not in, for example, the localization of 
stenoses, special pulse sequences are required. 
3D low flow velocity and phase contrast tech
niques look promising: they supply the 3D tissue 
anatomy and the vessel tracks and give an indica
tion of the flow velocity (DUMOULIN et al. 1993). 

The quantification of blood flow by MRA shows 
the same evolutionary trend as vessel imaging, 
although with some phase lag. The state of art in 
respect of this technique is reviewed by FIRMIN et 
al. (1993). Indirect quantification of large vessel 
blood flow via tissue perfusion and vessel network 
flow theory has to be evaluated. 

One of the problems with respect to thermal 
modeling is how to represent both the vessel 
architecture and the flow in such a way that they 
can be loaded in a hyperthermia treatment plan
ning system. For DSA several techniques have 
been developed to reconstruct vessel architecture 
from 2D or 3D vessel imaging data (SUN 1989). 
MRA-based work has been presented by SMETS 
(1990), VANDERMEULEN (1991), and KOTIE (1993). 
KOTIE (1993) developed a special region growing 
algorithm to extract individual vessel segments 
from phase contrast MRA data which matches 
the segmental approach of vessels in the discrete 
vessel model (MOOIBROEK and LAGENDIJK 1991) 
(Fig. 20.4). 

Image processing activities like stacking the 2D 
images into a 3D data set, contouring, voxel 
segmentation, 3D anatomy visualization, CT and 
MRI image correlation, and dose display fall out
side the scope of this chapter but are discussed 
extensively in several handbooks, e.g., for 3D 
radiotherapy planning. General visualization soft
ware packages like A VS are being used to develop 
modules for hyperthermia and radiotherapy treat-
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ment planning (McGoUGH et al. 1992; BUHLE 
1993). 

20.4 Some Applications of (3D) Hyperthermia 
Treatment Planning 

20.4.1 Scanned Focused Ultrasound 

Scanned focused ultrasound is unique among 
noninvasive methods of inducing hyperthermia in 
that the SAR distribution may be controlled at a 
scale of 0.5 cm or better. This implies that, 
theoretically, extremely uniform temperature dis
tributions can be obtained (LAGENDlJK et al. 1992, 
1994). However, as discussed, the complete 3D 
discrete vessel network must be known and a 3D 
discrete vessel thermal model must be available to 
compute the temperature distribution to guide 
the steering of the focal volume. Research towards 
the minimum number of invasive thermometry 
sensors needed to guide the steering in the absence 
of such a model must be performed. 

Tools to guide SAR steering in a 3D bony/air/ 
soft tissue anatomy are being developed. These 
include aperture optimization or geometrical 
planning techniques (HYNYNEN 1990) to guide 
beam positioning, including optimizing entrance 
windows and tumor coverage without overheating 
bony structures (McGoUGH et al. 1992). Intensity 
pattern optimization may be used to prevent too 
high focal intensities (EBBINI and CAIN 1991). 

Several studies on the development of SFUS
based HTSD techniques have been reported 
(HUNT et al. 1991; DORR and HYNYNEN 1992; 
LAGENDlJK et al. 1994). HTSD SFUS techniques 
will diminish the extreme thermal modeling treat
ment planning demands; however, HTSD heating 
is sensitive to the effective thermal conductivity. 
In particular, heterogeneity in small vessel blood 
flow/perfusion and thus effective thermal con
ductivity can result in heterogeneity in the thermal 
dose distribution (BILLARD et al. 1990). Because 
every volume is irradiated once using a small 
focus without use of temperature distribution 
smearing due to heat transfer, the required posi
tioning accuracy is extremely high. Relative posi
tioning within the tumor volume on the order of 
the focus dimension, usually a few mm, is needed. 
To prevent background heating the focus must 
step slowly and preferably via a semirandom pat
tern through the volume (LAGENDlJK et al. 1994). 
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20.4.2 Interstitial Hyperthermia 

In IHT, thermometry can be performed from 
within the brachytherapy catheters/needles 
already present; in theory this means that a good 
impression of the 3D temperature distribution 
can be obtained. This fact, the well-defined heat
ing techniques, and the relatively small volumes 
heated make IHT an ideal test site for hyper
thermia treatment planning. 

Many authors have computed the temperature 
distribution in IHT using the conventional bioheat 
transfer equation (Chap. 19 in this volume; 
STROHBEHN et al. 1982; STROHBEHN 1983; 
BREZOVICH and ATKINSON 1984; BABBS et al. 1990; 
SCHREIER et al. 1990). The common pattern in 
these predictions is an underdosage between the 
interstitial needles which increases with increasing 
perfusion, with temperatures remaining high near 
the needles. The predictions made by the effective 
thermal conductivity model and experimental 
verifications do not show these unfavorable per
fusion effects (CREZEE and LAGENDlJK 1990; 
CREZEE and LAGENDlJK 1992). SCHREIER et al. 
(1990), heating porcine thighs, also found more 
favorable temperatures than predicted with the 
conventional bioheat equation. As discussed in 
Chap. 19 by Mooibroek et al., these results can be 
expected since the main temperature nonunifor
mity is caused by the discrete vessels, while small 
vessel blood flow homogenizes the temperature 
distribution. As described in Sect. 20.2, to achieve 
optimal uniform temperature distributions, 3D 
spatial SAR control with about 1 cm resolution is 
needed to compensate for discrete vessel cooling. 
It can easily be shown that the interstitial tech
niques which provide just 2D control in an 
anatomy containing 3D vessel structures are only 
able to obtain a useful temperature distribution if 
this volume is small and the electrodes/antennas 
are short. Present-day systems are often charac
terized by uncontrolled inhomogeneities in the 
temperature distributions obtained (GOFFINET et 
al. 1990). This dose nonuniformity limits the 
clinical acceptance despite some good preliminary 
clinical results (COSSET 1990; SALCMAN and 
SAMARAS 1983; ROBERTS et al. 1986; SILBERMAN et 
al. 1985). SNEED et al. (1992) showed in the 
treatment of gliomas that a more uniform dose 
(higher T90) directly resulted in a higher local 
response. Volumes larger that a few cubic cen
timeters can only be heated uniformly with IHT 
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systems which provide sufficient longitudinal and 
transversal SAR control. 

In Utrecht we are developing, in collaboration 
with the Dr. Daniel den Hoed Cancer Center in 
Rotterdam and Nucletron International, a mul
tielectrode current source IHT system and an 
IHT hyperthermia treatment planning system 
(LAGENDIJK et al. 1995). We incorporate the 3D 
anatomy (10 x 10 x 10cm) at a 1 mm spatial 
resolution. By the use of local analytical solutions, 
discrete vessels and catheters/needles down to 
about 0.5 mm diameter can be inserted in the 
model (DE BREE 1994; KOITE 1993). Modern Unix 
workstations can easily handle this amount of 
data while both the Dufort FrankIe algorithm and 
multigrid methods speed up computation. Speed 
and interactivity are important because predicted 
areas of underdosage may require direct insertion 
of extra catheters during implant in IHT, or direct 
control of focus intensity and location in SFUS. 
Present applications are limited by the 3D angio
graphy input, not by computer power. As an 
example of the 3D IHT treatment planning com
putations, Fig. 20.4 gives the temperature distri
bution predicted in a seven-catheter implant in 
brain, using a segmented anatomy and realistic 
vessel network. The temperature distribution has 
been calculated for both 4-cm-Iong LCF electrodes 
and segmented "current source electrodes." 
Figure 20.5 gives the temperature volume histo
gram for both situations. 

20.4.3 Regional RF Hyperthermia 

With respect to treatment strategy, deep regional 
heating comes closest to the strategy of blood 
preheating, as relatively large tissue volumes con
taining normal tissue are raised to temperatures 
in the range of 40°-43°C (VAN Es et al. 1992; 
AN SCHER et al. 1992; LEOPOLD et al. 1992; 
FELDMANN et al. 1993). This feature leads to a 
gradual increase in systemic temperature with 
concomitant changes in heart rate and blood 
pressure. Reported figures on systemic tempera
tures reached during regional hyperthermia range 
from 37S to 40.0°C. (FELDMANN et al. 1993; VAN 
Es et al. 1992). Large vessel blood entering the 
tumor volume will therefore not only have higher 
basal temperatures but also gain an additional 
temperature increase through heat exchange in 
the heated healthy tissues around the tumor. 
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Inasmuch as such an intentionally applied strategy 
is not treatment limiting through unacceptable 
systemic stress, local pain complaints, or enhanced 
tissue toxicity, this contributes to higher T 90 tem
peratures (local data). 

Efforts in clinical treatment planning have 
mostly been limited to the computation of the 2D 
SAR distribution with the aim of optimization of 
system settings, i.e., phase and amplitude of indi
vidual applicators (STROHBEHN et al. 1989; WUST 
et al. 1991) or by patient shift (DE LEEUW et al. 
1993). Despite some critical remarks on the 
dimensionality of SAR models with respect to the 
computing demands (PAULSEN and Ross 1990), 
the general opinion is that 3D SAR modeling is a 
necessity because of the influence of the 3D 
boundaries/anatomy (PAULSEN 1990; Chap. 18 in 
this volume). 2D models tend to overestimate the 
power penetration depth while important features 
like aberrant heating (HAGMANN and LEVIN "1986) 
and influence of bolus extension (MOOIBROEK et 
al. 1993) are missed completely. Moreover, the 
3D SAR models are indispensable for system 
optimization (WUST et al. 1993; MOOIBOEK et al. 
1993) or new system design. Recently SULLIVAN et 
al. (1993) reported on the clinical use of a fully 3D 
computer program based on individual patient 
anatomical CT data (JAMES and SULLIVAN 1992). 

20.5 Summary 

• A major problem in hyperthermia is the still 
limited capacity of the present heating systems 
in providing the thermal dose and dose unifor
mity clinically wanted. 

• The temperature uniformity problems can be 
solved following the three different strategies 
each with its own treatment planning demands. 
In our opinion strategy 2, namely blood cooling 
compensation by spatial SAR control at a cen
timetre scale, has the best prospects. 

• Spatial SAR control can be obtained with 3D 
controlled interstitial (IHT) systems and 
scanned focused ultrasound systems (SFUS). 

• SFUS has to rely fully on the knowledge pro
vided by treatment planning, the IHT systems 
may rely too on extensive in vivo thermometry 
in the catheters already present; the latter may 
first enter the clinic. 

• To exploit the full potential of 3D spatial SAR 
control a multi-electrode (64 channels) current 



448 

a 

c 

Fig. 20.4a-f. Seven-catheter implant and vascular 
anatomy, 6 X 6 X 6 cm volume of the upper right part of 
the brain. a Mono electrodes; b segmented electrodes 
(three segments 1.3 cm along one catheter, spacing 0.5 cm). 
c,d Simulated temperature distribution ; 3D 42°C isosurface 
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b 

d 

display. c Mono electrodes; d segmented electrodes. e,f 
Simulated temperature distribution ; 20 isotherm display 
through central electrodes. e Mono electrodes; fsegmented 
electrodes 
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Fig. 20.S. Temperature volume histograms for the stationary distributions of Fig. 20.4 

source (MECS) interstitial hyperthermia system 
and a complete on-line interstitial hyperthermia 
treatment planning system is being developed 
to be used for simultaneous hyperthermia and 
external radiation. 
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21.1 Introduction 

Several documents have recently been published 
that are generally related to technical and clinical 
aspects of quality assurance (QA) in hyperthermic 
oncology, and these documents can now serve as 
a baseline for all institutions involved in clinical 
HT applications and multicenter trials. In Table 
21.1 the main area of interest for each of these 
documents is given. Furthermore, QA guidelines 
for hyperthermic treatments have been discussed 
within the framework of the European COMAC-
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Rotterdam, The Netherlands 

BME Hyperthermia project which ran between 
1989 and 1992, and specifically during a workhop 
on "Quality Assurance in Hyperthermia" held in 
Sabaudia, Italy (COMAC Hyperthermia Bulletin 
5, 1991). 

Besides the aim of maximizing clinical out
come, an equally important goal of QA is the 
provision of a basic set of objective physical 
parameters to enable evaluation and comparison 
of the performance of the available heating 
systems at specific tumor sites. In this chapter we 
give an overview of available QA methods 
for different types of hyperthermia treatments 
(i.e., external heating of both superficial and 
deep-seated tumors and interstitial methods), 
rather than a complete summary of existing QA 
guidelines. It should be mentioned that we have 
refrained from discussing the QA aspects of 
hyperthermia treatments using ultrasound (see 
Chap. 15 regarding ultrasound thermometry QA). 

After discussing the need for QA in hyper
thermic oncology, emphasis will be put on the 
background of techniques to characterize the 
performance for electromagnetic applicators. 
Furthermore, for superficial hyperthermia of 
chest wall recurrences and locoregional hyper
thermia of deep-seated malignancies in the pelvis, 
the thermometry requirements are discussed in 
some depth as these tumor sites are the most 
frequently heated in the clinical situation. Ad
ditionally, minimal requirements are proposed 
for the hyperthermia staff needed to provide 
good-quality hyperthermia treatments. Finally, 
a discussion is presented on current trends in 
applicator research which aim to improve the 
quality of the electromagnetic heating techniques. 

21.2 The Need for Quality Assurance 

During the last two decades many clinical studies 
on superficially located tumors have demonstrated 
that local hyperthermia given in combination with 
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Table 21.1. Overview of recently published QA guidelines 
for hyperthermic oncology 

Authors Reference Main area of 
interest 

AAPM Am Assoc Phys Performance 
(1989) Med. evaluation of 

equipment 
HAND et al. Int J Hyperthermia ESHOQA 

(1989) 5: 421-428 guidelines: 
superficial HT 

SHRIVASTAVA IJROBP 16: 571- GeneralQA 
et al. 587 guidelines 
(1989) 

DEWHlRsTet IJROBP 18: QA for multi-
al. (1990) 1249-1259 institutional 

trials, emphasis 
on microwave 
heating 

SAPOZINKet IJROBP20: Deep-seated 
al. (1991) 1109-1115 tumors (>3cm 

depth) 
WATERMAN IJROBP20: Ultrasound heating 

et al. 1099-1107 
(1991) 

EMAMletal. IJROBP20: Interstitial heating 
(1991) 1117-1124 

IJROBP, International Journal of Radiation Oncology, 
Biology, Physics 

radiotherapy has a great potential to improve the 
local control rate. For chest wall recurrences 
of metastatic breast cancer the local control 
rates with conventional therapy are poor: the 
administration of low-dose radiotherapy alone at 
doses of about 30-35 Gy results in complete 
response (CR) rates ranging from 20% to 27%. 
With the same range of radiotherapy doses 
in combination with local hyperthermia a much 
better local control rate is commonly obtained, 
with CR rates from 58% to 88% (GONZALEZ 
GONZALEZ et al. 1988; HOFMAN et al. 1984; Jo 
et al. 1987; KAPP et al. 1988a; KJELLEN et al. 
1989; PEREZ et al. 1986; PEREZ and EMAMI 1989; 
SEEGENSCHMIEDT et al. 1988; VAN DER ZEE et al. 
1988; MASUNAGA et al. 1990). 

Although these results are impressive, several 
studies indicate that the clinical outcome can 
still be improved substantially by improving 
the quality of the hyperthermic treatment. Corre
lations between minimum or average intratumoral 
temperature and patient treatment outcome, 
response rate, and duration of response have 
been found (OLESON et al. 1984, 1989; LUK et al. 
1984; HIRAOKA et al. 1984; ARCANGELI et al. 1985; 
VAN DER ZEE et al. 1985, 1986; DEWHIRST et al. 
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1986). More recently the impact of QA on the 
therapeutic outcome of the RTOG 81-04 study 
has been reported by PEREZ et al. (1989). These 
authors hypothesized that the CR rate for patients 
with smaller chest wall tumors (diameter < 3cm) 
was higher than that for larger tumors (diameter 
> 3cm), 55% versus 24%, because the smaller 
tumors were easier to heat adequately. Other 
clinical data illustrating the impact of QA on 
clinical outcome are provided by MYERSON et al. 
(1990), who showed a significant correlation 
between local control and tumor coverage by at 
least the 25% iso-SAR contour [65% (22/34) vs 
21% (4/19)] and by VAN DER ZEE et al. (1992b). 
In the latter, DDHCC, study we demonstrated 
that in our patient group with large superficial 
breast cancer recurrences (diameter> 3cm), a 
significant (P = 0.006) increase occurred in the 
CR rate from 31% (4/13) to 75% (30/40) for 
which no other explanation could be found 
than the use of a better heating technique in 
the more recently treated patients (27-MHz 
capacitive heating, 433-MHz single applicator 
("patchwork") heating, and 2450-MHz multiap
plicator heating versus the present 433-MHz 
multi applicator multi generator hyperthermia 
system). At the same time the CR achieved 
in small superficial breast cancer recurrences 
(diameter ~ 3 em) was 92% (12/13) with the 
older heating techniques versus 91 % (42/46) 
for the present 433-MHz heating system. For 
our patient group the influence of the quality 
of the heat treatment on the therapeutic out
come may be demonstrated quantitatively in the 
following formula: 

p(cr) = 0.6 X P(ht) + 0.3, 

where: p(cr) is the net probability of a CR; P(ht) 

is the probability of adequate heating; the prob
ability of CR when treated with radiotherapy 
alone (RT; 8 x 4 Gy) is taken to be 0.3; and the 
term 0.6 stems from the difference between 
the probability of CR (0.9; small tumors) for 
RT given with an assumed 100% adequate 
heating and the CR (0.3) for RT alone. In multi
institutional trials the quality of the hyperthermia 
treatment can be expected to show variations and 
this will be reflected in a decreased response 
rate and thus in the need for a larger patient 
population within multi-institutional phase 
III studies. Using this linear relation between 
the probabilities of adequate heating and CR, 
the effect of variations in the quality of the 
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Fig. 21.1. The impact of adequate heating on the complete response rate (CR) for chest wall tumors and the sample size 
per treatment arm for a randomized phase III trial 

hyperthermia treatment on CR and the sample 
size needed for phase III trials is illustrated in Fig. 
21.1. 

Hence, there is sufficient clinical evidence to 
support the view that a large group of patients 
could benefit substantially from improved quality 
standards. Although these clinical data concern 
only combined radiotherapy plus hyperthermia 
for superficially located tumors, there is no reason 
to suppose that the same would not apply to the 
treatment of deep-seated tumors. 

21.3 Procedures for Quality Assurance 

The existing QA guidelines as listed in Table 
21.1 describe in detail which QA performance 
checks have to performed to characterize the 
performance of a hyperthermia system. It must be 
realized, however, that these QA checks are 
performed under laboratory conditions. During 
clinical treatments conditions will be less than 
ideal and each hyperthermia group should include 
a number of specific QA checks to investigate 
how the performance of their hyperthermia 
system (applicator, thermometry, software, etc.) 
will be affected under more realistic conditions. 

Generally, QA for the clinical application of 
hyperthermia treatments can be regarded as 
consisting of a number of successive steps. Prior 

to any clinical activities the first step is to verify 
whether the hyperthermia system performs as 
specified by the manufacturer, i.e., an acceptance 
test needs to be performed. The next step is to 
implement a service protocol with a schedule of 
periodic reviews of the equipment performance. 
Depending upon the vulnerability of the various 
parts of the hyperthermia system, the interval 
between inspection and performance checks can 
vary from 1 day (e.g., for thermometry) to 1 year 
(e.g., for applicators). 

After the hyperthermia system has been fully 
characterized, it has to be decided which tumors, 
i.e., location, size, and depth, can be heated. 
Such a protocol with standard criteria will be a 
helpful guide in making a fast and consistent 
(pre )selection of tumors which potentially can be 
heated by the hyperthermia system. At this stage 
the size of the required treatment volume of the 
tumors proposed for hyperthermia treatment 
must be defined accurately in three dimensions. 
Naturally, a treatment protocol for a specific 
tumor should prescribe the dimensions of the 
treatment volume. 

The next step will be to select the hyperthermia 
applicator setup, which can consist of a single or 
multiple applicator in an array setting. At present 
no universal guidelines for applicator selection 
exist. For superficial tumor locations a commonly 
used recommendation (RTOG) for applica-



456 

tor selection is that at least the margins of the 
treatment volume at the skin surface should be 
covered by the 25% iso-SAR contour measured 
in a flat muscle equivalent phantom. The 50% iso
SAR contour is recommended by the ESHO 
QA guidelines. However, since in the ESHO 
guidelines normalization of the SAR distribution 
is carried out at a depth of 10 mm, the two ap
proaches are similar. For deep-seated tumors no 
recommendations on applicator selection were 
found in the QA guidelines available. Although 
applicator selection for deep-seated tumors is 
very complex task and the SAR distribution 
within the body will strongly depend upon the 
anatomy, it seems evident that acceptance of a 
minimum requirement regarding enclosure of the 
macroscopic tumor volume by a specific iso-SAR 
contour would improve clinical outcome. Within 
our group in the DDHCC the starting values for 
frequency, phase, and amplitude settings of the 
Sigma-60 applicator are selected on the basis 
that the macroscopic tumor volume should 
be enclosed by the 80% iso-SAR contour as 
predicted by the 2D treatment planning program 
(supplied by BSD) in a homogeneous elliptical 
model of similar size. Of course, as soon as the 
presently emerging 3D planning programs for 
electromagnetic heating are available, they 
should be applied for clinical treatments of deep
seated tumors. It should then be investigated 
whether the additional effort in 3D hyperthermia 
treatment planning does indeed contribute to the 
achievement of better temperature distributions 
and, ultimately, higher clinical response rates. 

After applicator selection the optimum posi
tions of the thermometry catheters have to be 
selected in accordance with the recommendations 
given in existing QA guidelines. The next step in 
the QA procedure is the accurate and extensive 
documentation of the treatment setup followed 
by the documentation of all relevant changes 
made during treatment, e.g., in response to 
complaints of the patient or to improve patient 
tolerance and/or measured temperatures. In 
an optimum setting all data will be recorded 
according to the Hyperthermia Data Standard 
(HDS) file format as proposed by SAPARETO and 
CORRY (1989). 

In our experience the final (essential) step in 
guaranteeing QA will be the discussion of the 
hyperthermia treatment performance within the 
complete hyperthermia team before the next 
hyperthermia treatment is given. On the basis of 
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the thermal dose delivered and the experience of 
the hyperthermia staff regarding patient toler
ance, changes in the system setup can be con
sidered in order to improve the treatment 
performance. 

21.4 Instrumentation 
for Quality Assurance 

The requirements regarding the instrumenta
tion to perform the checks as prescribed by 
the QA guidelines have been excellently 
described by SHRIVASTAVA et al. (1989). For 
a hyperthermia department only applying hyper
thermia treatments to superficial tumor locations, 
the demand for instrumentation will include at 
least a standard thermometer, a standard power 
meter, a calibrated leakage radiation survey 
meter, a reliable precision waterbath, and a 
number of standard tissue-equivalent phantoms 
(muscle and fat) of different sizes and shapes. If 
hyperthermia treatments are also applied to deep
seated tumors, there is a clear need for more 
advanced instrumentation to perform additional 
QA tests. For these departments and departments 
which are active in the field of applicator devel
opment, it is recommended that the minimum set 
of instrumentation is expanded by a network
analyzer or a vector-voltmeter in the required 
frequency range, bidirectional couplers, a high
power dummy load, a frequency meter, calibrated 
RF power sensors and meters, radiation survey 
meters to monitor both the magnetic and electric 
field, and phantoms to test the performance of 
applicators. As will be explained below, this 
additional instrumentation is required to ensure 
that the actual phase and amplitude settings of the 
deep hyperthermia system are indeed the values 
needed for optimum performance. 

Furthermore, with the growing ability to per
form SAR steering it will be necessary to imple
ment SAR measuring systems which are able to 
measure the SAR distribution quantitatively and 
not only qualitatively. This means, for example, 
that for the phantoms using a matrix of light
emitting diodes (LEDs), methods will have to be 
developed to quantify the light output of each 
LED (see Chap. 17). 
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21.5 Characterization of the Performance 
of Electromagnetic Applicators 

The energy distribution induced by an elec
tromagnetic (EM) applicator will be dependent 
on amplitude, frequency, and polarization of the 
applied electric field together with the dielectric 
properties, size, and anatomy of the patient. To 
limit the hyperthermia treatment to a localized 
region of the body it is required that the applica
tor be in close proximity to the skin. This means 
that the body is almost always exposed to the near 
field of the applicator. In this area it is difficult to 
predict the complex electric field distribution of 
the applicator accurately, and experimental 
assessment of the applicator characteristics to 
evaluate the feasibility of heating a specific tumor 
location is very important. It will be clear that, if 
the information obtained from phantom studies 
can be supplemented with theoretical modeling, it 
will be possible to make a more appropriate choice 
of heating technique. 

The ESHO guidelines concentrate on the use 
of radiative applicators for the hyperthermic 
treatment. However, within Europe and especially 
in France a large number of institutes are using 
RF capacitive hyperthermia systems. The ESHO 
guidelines do not provide precise requirements 
for this type of applicator. The penetration depth 
must be measured in a direction containing the 
maximum SAR value, and this is not necessarily 
located at the center of the aperture of the ap
plicator. For radiative applicators the size of the 
phantom should be expressed as multiples of the 
plane wave penetration depth (phantom tickness 
3 times penetration depth; surface area = bolus 
surface dimension plus 1-2 times penetration 
depth). For capacitive devices the phantom 
thickness must be as thick as the tissue thickness 
between the electrodes in the clinical setup. 

To perform phantom studies materials are 
needed to simulate human tissue. There are 
several extensive reviews (e.g., CHOU 1987; HAND 
1990) which describe in detail the many recipes 
available to construct liquid or solid phantoms. 

21.5.1 Phantom Studies 

The objective of phantom studies is usually to 
obtain a precise characterization of the complete 
vector field of an electromagnetic applicator, that 
is the experiment must provide information on 
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the the amplitude, phase, and polarization of the 
electric field with sufficient spatial resolution 
in the lossy media of the phantom. In practice, 
the information is only obtained partially. There 
are two methods available, which can be charac
terized as the power-pulse and split-phantom 
techniques, respectively. 

The first and most commonly used method of 
measuring the electric field is to determine the 
rate of change of temperature (dT/dt) after a 
short period of heating at high power, e.g., 
such that the temperature increase is deter
mined only by the amount of absorbed energy. 
Under this condition, the SAR at any point 
in the phantom can be calculated from the 
temperature rise through: 

dT 1 
SAR = c- = -a1E12 dt 2p , (21.1) 

where c is the specific heat of the phantom 
material. 

For this method it is essential that the experi
ments be performed within a short time interval 
to minimize artifacts due to thermal conduction. 
A good estimate of the scale of the thermal 
conduction effects on the temperature distribution 
can be obtained from the heat penetration depth 
into a uniform infinite half space: 

x = Inkt, -v Pc 
where k = thermal conductivity (W /mfOC), t = 
time, c = specific heat capacity (J /kgfOC) , p = the 
mass density (kg/m3), and x = the penetration 
depth (m). Clearly, the demands on the heating 
time will vary with the required spatial resolution 
for the measurement of the SAR distribution. For 
loco-regional deep heating a spatial resolution of 
5 mm is often sufficient and heating times from 1 
to 5 min can be used. In contrast, for interstitial 
hyperthermia devices, where a spatial resolution 
of 1-2 mm is needed, the duration of the experi
ment (heating + measurement) should be less 
than 20s. 

The second method is an established and 
accurate technique, namely measurement of the 
temperature distribution by infrared thermo
graphy using the split-phantom technique (GUY 
1971). This method requires the use of a solid (or 
gelled) phantom which can be split into two parts 
at the plane of interest. The exposed, two-dimen
sional temperature distribution can be measured 
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quickly by an infrared-thermographic camera. 
Over the years several other methods have been 
introduced to replace the costly infrared-thermo
graphic camera. As an alternative, the use of 
liquid crystal sheets in combination with a color 
photographic camera also quickly provides two
dimensional information about the temperature 
distribution over a chosen plane. 

The temperature distribution can also be 
measured by temperature sensors which are 
scanned through the phantom. The clear dis
advantage of this method is that after each power
pulse the temperature distribution in the phantom 
should be allowed to return to steady-state 
values. Consequently, the measurement of 
the SAR distribution over the whole plane of 
interest will be a time-consuming procedure. An 
important advantage of the power-pUlse tech
nique using temperature probes is that it can also 
be applied during the clinical treatment and thus 
provides a way to correlate measured SAR with 
predicted SAR at selected sites in the body. 
Whether the temperature distribution is measured 
by infrared thermography, liquid crystal, or 
temperature sensors, caution should be exercised 
to ensure that the measuring technique does 
not disturb the SAR distribution (HAND 1990; 
SCHAUBERT 1984). The SAR distribution measured 
by temperature rise only provides information 
about the local magnitude of the electromagnetic 
field and not about the polarization of the electric 
field. By introducing layers of different phantom 
material in front of the applicator some informa
tion can be obtained about the relative strength of 
the tangential and perpendicular components of 
the electric field. 

21.5.2 E-Field Probes 

A different method to obtain information about 
the SAR distribution is to use miniature probes 
which measure the electric field directly. Typically, 
an electric field sensor can be divided into three 
sections: (a) the receiving antenna, (b) the cables 
to transport the measured signal, and (c) the 
instrument to analyze and present the informa
tion. Although many different antenna types 
(BASSEN and SMITH 1983) are available, a minia
ture dipole antenna is most commonly used to 
measure the electric field. If the proper conditions 
for the phantom setup are met (coaxial cable 
perpendicular to the electric field to minimize 
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perturbation), information can be obtained about 
the amplitude and phase of the electric field. In 
this case the signal of the dipole antenna should 
be transmitted by a "balanced coaxial" cable to a 
vector-voltmeter or a network analyzer. In other 
situations the coaxial cable arrangement may 
cause significant disturbance of the electric field 
distribution. If information about the phase of 
the electric field is not needed, it is a common 
procedure to place a diode at the base of the 
dipole and to measure the resultant DC-voltage. 
Normally, carbon-loaded Teflon leads are used to 
transport the DC-signal to the measuring unit 
(BASSEN et al. 1975; RASKMARK and GROSS 
1987). Alternatively, one may use an LED 
and fiberoptic techniques to measure the signal 
(BASSEN et al. 1977). Both carbon-loaded Teflon 
leads and optical fibers have the advantage that 
they do not disturb the electric field distribution. 

As the dipole antenna is predominantly sensi
tive to one polarization of the electric field, 
all three (x, y, and z) polarizations must be 
measured to obtain the entire electric field. For 
this purpose the dipole needs to be placed parallel 
to the direction of the electric field polarization of 
interest, which may not always be easy to achieve. 
If, however, the dipole is placed at an angle of 
arctg(\I2) = 54.7° to the axis of the probe [cor
responding to the angle of a line from the origin 
to the point (1, 1, 1) with any of the three axes 
(x, y, z)], three simple rotations of the probe 
over 120° can resolve the entire electric field 
(RASKMARK and GROSS 1987). 

Until now only the BSD Medical Corporation 
(TURNER 1988) has been successful in developing 
an electric field probe with a diameter smaller 
than 1 mm, i.e., small enough to fit in standard 
thermometry catheters. In order to reduce the 
diameter of the electric field probe, insulation of 
the probe to the surrounding tissue is realized 
through a thin layer of shrinking tube material. 
Disadvantages of a thin insulation layer are 
that the sensitivity of the electric field probe is 
dependent upon the dielectric permittivity of the 
tissue surrounding the probe and that interaction 
errors due to the proximity of tissue boundaries 
(BASSEN and SMITH 1983) are increased. More 
recently the use of a miniaturized electric field 
dipole probe to characterize the SAR pattern of 
interstitial and intracavitary applicators has been 
reported by ENGELBRECHT et al. (1993). Their 
miniature electric field sensor is constructed on a 
ceramic substrate and is capable of measuring two 
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perpendicular components of the electric field 
simultaneously (ERB et al. 1993). GOPAL et al. 
(1993) have developed an electric field probe 
capable of measuring both the amplitude and the 
phase of the electric field at frequencies of 
434 and 915 MHz. They incorporated a thick 
insulating layer of low dielectric permittivity 
around the probe, resulting in a response error 
due to the surrounding media of less than 5%. 

All electric field probe techniques mentioned 
thus far provide information only about a single 
site in the phantom. Automated scanning tech
niques have been introduced to measure the 
SAR pattern of a whole plane but even then 
the experiment requires long measurement 
periods. To overcome this problem SCHNEIDER 
and VAN DUK (1991) have developed a matrix 
of 137 LEOs to visualize the electric field distribu
tion over a whole cross-section of an elliptical 
phantom. The leads of the LEOs form the dipole 
of the electric field probes as described 
above. The advantage of the LED matrix is the 
fact that the effect of changing phase relation, 
amplitudes, or position of the applicators can 
be observed instantaneously (see Chap. 17 for 
further discussion of phantom measurements). 

21.6 Thermometry Requirements 

21.6.1 Developments in Thermometry 

Invasive thermometry is an essential part of each 
hyperthermia treatment. It provides the clinical 
data necessary to control SAR steering during 
treatment, to perform "thermal dose" response 
studies, and to evaluate and compare the per
formance of heating systems. Under clinical 
circumstances the quality of the measured tem
perature distributions is critically dependent on 
the accuracy of the thermometry system and the 
distribution of the temperature measuring points 
over the treatment volume. 

During the last decade good progress has been 
made with regard to thermometry. Unfortunately, 
all noninvasive thermometry methods, such as 
electric impedance imaging, active microwave 
imaging, and microwave radiography are still at 
an experimental stage and applied only by a few 
research groups. With currently available tech
niques, relying only on noninvasive thermometry 
is not considered good and safe practice and 
would not be in accordance with requirements for 
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clinical trials. Therefore, invasive thermometry 
using electric or optical temperature probes is still 
a necessity in hyperthermia. Currently there is a 
tendency to use more complex hyperthermia sys
tems to heat larger tumor volumes, therefore the 
thermometry requirements need to be extended. 
One way to improve the information on the 
temperature distribution is to increase the density 
of temperature measuring points along the invasive 
catheter track by thermal mapping. This raises 
the question of whether the sampling sites in the 
tumor tissue are sufficiently representative for the 
whole of the tumor volume. This problem has not 
yet been resolved. The number of thermometry 
probes within the treatment area is limited by the 
number of thermometry catheters which can be 
inserted in the treatment volume. If the invasive 
catheters are left in place during a treatment 
series, the anatomy or patient movements may 
restrict the placement of catheters. The QA 
criteria as formulated by the RTOG (DEWHIRST et 
al. 1990) and ESHO (HAND et al. 1989) cannot 
always be met. Furthermore, tumors often have a 
chaotic vessel network and the blood flow over 
the tumor volume will be far from uniform. If 
multiple sensor sites are used to sample the tem
perature distribution, the probability that one or 
more probes will indicate the normal-tissue tem
perature of the inflowing blood rather than that of 
the heated tumor tissue increases with the number 
of sensors. It has been demonstrated from clinical 
data that the minimum temperature correlates 
with the number of temperature probes (CORRY 
et al. 1988; PEREZ and EMAMI 1989). Attempts to 
characterize the mostly highly nonuniform tem
perature distributions by a single parameter for 
the "thermal dose" are thus rather problematic. 
In practice this requires a method that uses various 
weighting factors to integrate the large amount of 
temperature data and probe distributions into a 
single thermal dose parameter (EDELSTEIN et al. 
1989; ENGLER et al. 1989; CLEGG and ROEMER 
1989; CORRY et al. 1988; DEWHIRST et al. 1987; 
FIELD 1988; OLESON et al. 1989; SIM et al. 1984). 

21.6.2 Criteria/or Thermometry 

21.6.2.1 Calibration and Source of Errors 

The fundamental aspects of calibration of tem
perature probes, electric or optical, are well 
understood. Recently two extensive reviews 
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concerning the practical aspects of thermometry 
during clinical hyperthermia have been published 
(CETAS 1990; SAMULSKI and FESSENDEN 1990). 
Generally, in a good clinical verification procedure 
a two-point temperature calibration should be 
made prior to each treatment (or less frequently, 
depending upon the nature of the thermometer) 
to cope with the nonlinear relationship between 
measured signal and temperature. This calibra
tion can be performed against traceable calibra
tion standards such as mercury glass thermometers, 
stable thermistor thermometers, or constant 
temperature cells (gallium, succinonitrile). 
A summary of the recommendations made by 
the ESHO guidelines (HAND et al. 1989) and 
SHRIVASTAVA et al. (1989) regarding thermometry 
QA is given in Table 21.2. 

Regarding interference effects (electro
magnetic and ultrasound) and thermal conduction 
effects, the principal errors are again well under
stood. These sources of error are discussed in 
detail in both thermometry reviews mentioned 
above. Errors in the temperature readings due to 

Table 21.2. Recommendations on the QA for thermo
metry systems according to guidelines of the EHSO (HAND 
et al. 1989) and SHRIVASTAVA et al. (1989) 

Test/procedure Acceptability Frequency 
criteria of testing 

Standard calibration 0.05°C A,Y 
thermometer accuracy 
over 20°-50°C range 

Clinical thermometry 
systems 

Accuracy over 37°-46°C 
Precision for 10 successive 

readings (1 SD) 
Stability 
Response time 
Accuracy of sensor 

position 
Perturbation/artifacts 
Electromagnetic 

interference 
Pretreatment accuracy 

check at ~37°C and 
;::':43°C or a single 
calibration check at 43°C 

0.2°C A,Q 
~O.l°C A,Q 

~lO.11°C A,Q 
<lOs A,Y 
2mm A,Q 

<O.l°C A,C,Y 
<O.l°C A,C,Y, 

0.2°C TorR 

Inspection for probe Qualitatively A,T 
damage 

A, Acceptance testing and equipment installation; Y, 
yearly; Q, quarterly; T, each treatment; R, recommended 
by manufacturer; C, when components of the standard 
setup are changed 
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electromagnetic interference are the main dis
advantage of systems using thermocouples. 
Under normal conditions the time constant of a 
temperature probe is approximately 1 s. However, 
due to EM interference a small tissue cylinder 
surrounding the thermometry catheter might be 
preferentially heated. If this is the case it takes 
more time before the measured temperature in 
the thermometry catheter approaches the actual 
tissue temperature sufficiently after the EM 
power has been switched off. Especially in deep 
hyperthermia, where it is difficult to place 
the probes perpendicular to the direction of the 
electric field, the increase in the time constant of 
the probes can be substantial. Several groups are 
working on procedures to improve the power
pulse technique with regard to this type of error. 
The use of biphasic temperature-time curves or 
two successive measurements at the start of the 
treatment have been suggested to separate 
the "EM thermometry artifact" from the actual 
temperature increase. In this respect the follow
ing recommendations were arrived at during the 
CO MAC QA workshop in Sabaudia: 

1. If the artifact is ~l°C then do not use the 
temperature data in the analysis of trials 

2. If the artifact is <1°C then correct the 
temperature data until the residual error 
is :::::;0.2°C 

3. When the power-pulse technique is used 
the temperature representing the tissue 
temperature should be measured: for super
ficial hyperthermia after ~3 s; for deep 
hyperthermia after ~5 s. 

21.6.2.2 Recommended Probe Positions 
and Position Recording 

Clearly, it is generally recognized that the number 
of invasive thermometry catheters which can 
be placed in the patient is limited. There are 
many constraints in planning the placement of 
thermometry catheters, and these have been 
described in detail in the RTOG QA guidelines 
(DEWHIRST et al. 1990; SAPOZINK et al. 1991). An 
important aspect of the thermometry placement 
procedure, and one which can usually be met, is 
to choose the catheter track within the radiation 
portal. In this way seeding of tumor cells along 
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the catheter track can be avoided (VAN DER ZEE 
et al. 1992a). 

As mentioned above, thermal mapping or 
the use of multisensor temperature probes is 
mandatory to increase the number of temperature 
measuring points and to improve the description 
of the temperature field within the treatment 
volume. Regarding the desired spatial resolution 
of the temperature measuring points along the 
thermometry catheters, the recommendations of 
the different guidelines are summarized in Table 
21.3. A thermal mapping probe should not be 
used as a control probe in a computer-controlled 
feedback system. 

With regard to recording probe positions for 
tumors extending to depths greater than 1.5 cm, 
the demands put forward by the RTOG QA 
guidelines are often viewed as too strict by the 
European hyperthermia community. For most 
European hyperthermia groups the high degree 
of occupation of CT or MRI equipment limits the 
access to these sophisticated imaging systems for 
the purposes of localization or verification of the 
thermometry probes. Therefore any practical 
guideline for position recording using CT or 
MRI systems will be difficult to comply within 
multi-institutional trials. Nevertheless, it is 
strongly recommended that CT, MRI, or US 
imaging techniques be used whenever possible to 
localize probe positions and to follow the RTOG 
guidelines (DEWHIRST et al. 1990). 

Table 21.3. QA guidelines for temperature data 
acquisition 

Spatial resolution 
1. If the tumor size is ,,;;5 cm then the temperature should 

be measured with a spatial resolution of 5 mm within 
the tumor 

2. For large tumors a spatial resolution of 10 mm is 
acceptable 

3. Normal tissue temperatures should be measured along 
the catheter track and at the surface 

Frequency of measurement 
1. Thermal mapping must be done on a routine base with 

a maximum interval between the mappings of 10 min 
2. If stationary multisensor probes are used, the frequency 

of temperature measurement should be increased to 
preferably once per minute 

A higher number of temperature probes, and thus better 
spatial resolution, is to be preferred to more frequent read
outs of a small number of temperature sensors. 
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Minimum requirements for probe pOSItIOn 
documentation as formulated at the COMAC
BME QA in Sabaudia (1991) are as follows: 

1. Use the best available position description 
with a goal of2 mm resolution in all coordinates. 

2. Use transparencies (scale 1: 1) to outline 
tumor, catheters (including angle of insertion), 
applicators, scars, etc. 

21.6.2.2.1 Superficial Tumors. For superficial 
hyperthermia the number of invasive ther
mometry catheters acceptable to the patient will 
vary between 3 and 6. In general the guidelines 
on probe positioning in the RTOG protocol 
(DEWHIRST et al. 1990) are more favorable for 
noninterfering probes and less applicable when 
thermocouples are used. For the institutes using 
conventional (thermocouple) thermometry 
systems it seems easier to follow the ESHO 
guidelines (HANDet al. 1989) for probe positioning. 

The RTOG guidelines specify in detail how 
many temperature sensors should be used and 
where to place them for superficial locations. 
The approach of the ESHO QA committee 
is to provide an absolute minimum require
ment in respect of thermometry and to design 
more detailed thermometry requirements on 
a protocol-specific basis. 

In general, thermometry catheters should be 
placed so that there will be a good distribution 
of temperature probes over the whole treat
ment volume. The QA guidelines of the RTOG 
and ESHO on invasive thermometry are sum
marized in Table 21.4. Skin surface temperature 
measurements must be performed at sites at 
risk for the development of burns, such as pro
truding bones or tumor areas or other areas 
with an expected high SAR. Scar tissues and 
burns of previous treatment must also be 
monitored carefully. 

As mentioned above, within Europe probe 
position recording for superficial hyperthermia is 
only rarely performed by means of CT or MRI. A 
procedure for treatment documentation using 
transparent sheets has been described in detail by 
BROEKMEYER-REURINK et al. (1992) for superficial 
hyperthermia of chest wall recurrences of breast 
cancer. On a transparent sheet a life-size drawing 
(Fig. 21.2) is made which includes information 
on: 
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Table 21.4. QA guidelines of RTOG and ESHO for invasive thermometry 

RTOGa (DEWHIRST et al. 1990) ESHOb (HAND et al. 1989) 

Superficial 
bulky 
malignancies, 
isolated single 
nodules 

2 catheters parallel to midplane or 2 catheters 
cross through midplane 

A minimum of three sensors within 
1 em of the periphery of the tumor. 
One must be at depth and two at 
diametrically opposed locations. 
(Requirement for ESHO protocol 
1-85) 

plus 
1 tangential at base 

2 catheters parallel to midplane and 1 orthogonal, 
extending through deep base along the midaxis 

Diffuse 
erythematous 
infiltration 

Invasive thermometry catheters should be placed at a 
depth of 0.5-1.0 em along with a large number of skin 
surface measurements. 
25 cm2: 1 invasive catheter 
25-100 cm2 : 2 invasive catheters 
> 100 cm2: ;a.3 invasive catheters 

Multiple small 
nodules 

Invasive thermometry catheters placed at the bases of the 
nodules such that a maximum number of nodules are 
intersected. Multiple skin surface sites must be monitored. 
25 cm2: 1 invasive catheter 
25-100 cm2: 2 invasive catheters 
> 100 cm2: ;a.3 invasive catheters 

a Only optimal strategies are given 
bThe ESHO QA guidelines state that the minimum number of temperature probes and the exact positioning is a 
protocol-specific requirement 
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Fig. 21.2. Transparency with life-size drawing. The 
numbers in the drawing correspond with the channel 
numbers of the thermometry system. Colors listed re
present the color codes used for the various applicator -
amplifier combinations 

1. Edges of the radiation field, in relation to 
some reference mark on the patient 

2. Location of tumor and scar tissues 
3. Margins of the apertures of the selected 

applicator( s) 
4. Site of insertion and direction of the 

thermometry catheters 

The location of each thermometry catheter is 
further documented by measurements of the total 
length, the external length, the insertion depth, 
and the parts of each thermometry catheter 
running through palpable tumor tissue (Fig. 21.3). 

21.6.2.2.2 Deep-Seated Tumors. For deep
seated tumors the situation is much more com
plicated and in general the physician in charge 
will be pleased if he/she is able (and allowed) to 
insert one deep-seated thermometry catheter. 
Without exception, placement of a IS-cm-Iong 
thermometry catheter in the pelvis, abdomen, or 
thorax must be performed under CT or MRI 
guidance. The CT or MRI image obtained from 
this catheter placement procedure can be used to 
document the anatomical location of the catheter 
and to identify the tissue type along the catheter 
track. Catheter placement will be restricted 
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Fig. 21.3. Catheter drawings; schematic representation of 
catheter trajectories and thermometry probes in the tissue 

by the risk of causing physical trauma, e.g., 
perforation of intestinal lumen, major blood 
vessels, or organs with high blood flow. Bone is 
also an effective barrier for many tumor locations. 
Furthermore, the risk of kinking of the ther
mometry catheter due to pressure of the water 
bolus or shearing forces on the catheter due 
to patient movement will restrict catheter place
ment. For catheters which stay in place during the 
whole treatment series the risk of kinking can be 
reduced somewhat by inserting a nylon wire into 
the catheter. 

As loco-regional hyperthermia is presently 
mainly concentrated on the treatment of deep
seated tumors in the pelvis using radiative elec
tromagnetic applicators, only the guidelines for 
placement of thermometry catheters at these 
locations are mentioned here. For other sites of 
deep-seated malignancies we refer to the RTOG 
QA guidelines (SAPOZINK et al. 1991). For deep
seated tumors in the pelvic region, thermometry 
should be performed in the intracavitary loca
tions if feasible, as this will provide important 
additional information on the temperature dis
tribution. Although it seems relatively easy to 
perform thermometry at these sites, it should 
be realized that side-effects of the radiation 
treatment may cause thermometry at these sites 
to become a painful procedure. Skin surface 
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temperature measurements should be performed 
in areas with only limited (Chap. 15, Sect. 15.6.1) 
contact with the water bolus and at locations 
where a high SAR can be expected, such as 
the perineum and the anal cleft. If indicated, 
additional cooling should be applied at these 
areas. With regard to the invasive thermometry 
catheters the optimal strategy would include: one 
temperature map extending from a deep tumor 
margin to the surface along the longitudinal axis; 
a second temperature map extending from 
a deep tumor margin to the surface along a 
radius perpendicular to the longitudinal axis; 
and a third catheter to monitor temperatures 
along a tumor margin. In Fig. 21.4 the various 
strategies (optimal, less optimal, and minimum 
acceptable) as defined by the RTOG QA guide
lines (SAPOZINK et al. 1991) are illustrated. 

21.6.3 Thermometry Requirements 
in Interstitial Hyperthermia 

In the RTOG QA guidelines for interstitial 
hyperthermia a number of different recom
mended locations for thermometry probe place
ment have been defined. It seems useful to 
summarize these definitions and the recom
mendations regarding the number of thermometry 
probes required as a function of implant geometry. 
In a given implant, for example a rectangular 
implant area treated with 16 applicators, i.e., 
antennas or electrodes (arranged in four parallel 
planes of four applicators each), the following 
probe locations can be distinguished: 

1. The center of the implant 
2. The centers of sub arrays [in general a sub array 

can consist of three applicators (triangle), four 
applicators (square), or more] 

3. The tumor periphery 
4. The surrounding normal tissue 

The preferred number of thermometry probes 
applied depends on the total number of heating 
applicators and the specific implant geometry. 
Global recommendations for the number of 
thermometry catheters as given in the RTOG 
guidelines (EMAMI et al. 1991) are summarized in 
Table 21.5. Either thermometry catheters should 
be loaded with multipoint thermometry probes or 
thermal mapping with single probes along the 
catheter tracks should be performed. 
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Table 21.5. Summary of the recommended number of 
thermometry probes as a function of the number of 
heating applicators and the implant geometry (after EMAMI 

et al. 1991) 

No. of heating Position A: Position B: PositionC: 
applicators center of centers of periphery 

implant subarrays 

3-8 1 0 1 
9-16 1 1 1 

17-32 1 2 1 
>32 1 3 2 

Regarding the temperature monitoring during 
treatment the RTOG recommends the following: 

1. Multisensor probes or thermal mapping 
2. Each sensor location measured at least every 

15 min 
3. Spacing between probe locations or map 

points: 
a) 5 mm for tumors less than 5 cm 
b) 10 mm for larger tumors 

Regarding the recommended minimum time 
interval between measurements at each probe 
location one may note that the requirement of 
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Fig. 21.4. Strategies for thermometry catheter place
ment in association with annular MW or RF array 
devices. (From DEWHIRST et al. 1990) 

measuring each location at least every 15 min is 
less strict than, for example, the QA guidelines 
for ESHO protocols (HAND et al. 1989) dealing 
with (external) superficial hyperthermia. For 
reporting a summary of the treatment the latter 
guidelines recommend that the temperature 
at each sensor location must be recorded at 
5-min intervals during the treatment; the data 
acquisition system should be able to scan all 
temperature sensors at 10- to 20-s intervals, while 
the data should be printed at 1-min intervals. 
Because there is no obvious reason to suppose 
that temperature distributions obtained with 
interstitial hyperthermia will be more uniform 
and stable compared with external heating 
methods, it seems prudent to set similar (strict) 
requirements for the frequency of temperature 
measurements. 

21.6.4 Problems of Measuring Inside 
InterstitiallIntracavitary Applicators 

Typical examples of thermometry inside heating 
applicators are thermal measurements within 
RF needles, within or directly adjacent to MW 
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antennas or RF-capacitive-coupling applica
tors. Generally this type of measurement is 
used to represent the temperatures obtained 
in tissue regions close to the applicators, often 
the maximum temperature regions within the 
implanted volume. Advantages of this mode of 
thermometry are (a) the possibility of individual 
power control of all applicators, and (b) the 
indication of maximum temperature, possibly 
allowing prevention of treatment side-effects and 
toxicity. 

An important drawback of this type of ther
mometry is the possible presence of thermometry 
artifacts, e.g., due to self-heating in the case of 
microwave (MW) antennas or radiofrequency 
(capacitive-coupling) applicators and/or due to 
thermal resistance between the probe and the 
surrounding tissue. The accuracy of thermometry 
inside MW antennas has been discussed by 
ASTRAHAN et al. (1988). Measured temperatures 
were found to differ from the estimated local 
tissue temperature by up to 8°C. In their discus
sion, self-heating distal to the antenna junction 
appeared to be the primary source of this error. 

For capacitive-coupling (27-MHz) applicators 
the dielectric properties of the catheter material 
can be of importance: material with a relatively 
high loss factor can be expected to show significant 
heating of the catheter. 

The magnitude of any possible thermometry 
artifact has to be known in order to be able to 
obtain meaningful data representing the actual 
local tissue temperatures. If either self-heating or 
electromagnetic interference is found to have 
an influence, measurements during power
off periods should be performed. If reliable 
temperatures can be obtained, these thermometry 
concerns refer only to the regions close to the 
applicators, where generally significantly higher 
temperatures are obtained in comparison to 
the tissue regions between the applicators. 
It is therefore recommended that thermometry 
inside heating applicators should always be sup
plemented by measurements with probes in 
nonheated catheters. 

Advantages of thermometry in nonheated 
catheters are: (a) assessment of actual tissue 
temperatures between the applicators, where 
temperature levels are generally lower; (b) 
minimal or no artifacts from the heating applica
tors, and therefore (c) reliable data for thermal 
dose-response evaluation. A drawback might 
be the possible underestimation of the high 
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temperatures close to the heating applicators, 
which might be relevant for treatment toxic
ity, especially when patients are treated under 
general anesthesia. 

In order to obtain a full perception of the 
temperature distribution over the target volume, 
the application of thermal modeling using 
measured temperatures as input data is an inter
esting possibility. The principal advantage of 
interstitial hyperthermia is the large number 
of invasive catheters and their small separation 
relative to the size of the target volume. By 
using power-pUlse measurement techniques with 
multipoint temperature probes in all catheters it 
should be possible to obtain small-scale data on 
the heat transport through blood flow over the 
whole target volume. In this respect interstitial 
hyperthermia may serve as a useful test case for 
thermal models (LAGENDIJK et al. 1992). In 
combination with small-scale and sufficiently fast 
thermometry data, it should then be possible 
to obtain detailed information on the tempera
ture distribution as a whole and to utilize this 
information for optimization. 

Additional discussion of thermometry-related 
quality assurance may be found in Chap. 15. 

21.7 Hyperthermia Staff Requirements 

With respect to clinical treatments it seems 
prudent to realize that good hyperthermia 
equipment does not guarantee a good hyper
thermic treatment. A motivated and experienced 
group from various disciplines is a requirement if 
reliable and consistent clinical results are to be 
obtained. For hyperthermia treatments of good 
quality the staff of a hyperthermia department 
should consist of a physician, a physicist, and 
hyperthermia technologists. A description of the 
qualifications needed for each discipline was 
given by LUK (1988). 

1. The physician who prescribes and supervises 
hyperthermia should be a licensed clinician 
with special training in oncology and the basic 
biological and physical principles of hyperthermia, 
as well as adequate experience in clinical applica
tions of hyperthermia. A minimum of 6 months of 
additional training in hyperthermia should be 
required to achieve the necessary knowledge and 
clinical proficiency. 

2. The physicist, who is responsible for all the 
physical and quality aspects of the hyperthermia 
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equipment, must be trained at the level of a 
radiation physicist. Additional training in ther
mometry, electromagnetic, and thermal treatment 
modeling and in the physics of ultrasound, radio
frequency, and microwaves is required, as well 
as a thorough knowledge of the biological and 
physiological responses of tumor and normal 
tissues to heat. Furthermore, an excellent 
knowledge of the operation, maintenance, and 
QA procedures of hyperthermia equipment and 
the clinical application of the hyperthermia 
treatment is required. 

3. The hyperthermic technologist should have a 
training in basic health and physical sciences 
such as would normally be given to a radiation 
therapy technician. Supplementary, special 
training in the operation, maintenance, and QA 
procedures of hyperthermia equipment and in the 
clinical application of the hyperthermia treatment 
is required. 

The requirements regarding the presence of 
the hyperthermia team are quite different for 
hyperthermia treatments of superficial and deep
seated tumors. For superficial hyperthermia the 
presence of three disciplines is required in the 
preparation of the first hyperthermia treatment, 
i.e., the physician is responsible for the insertion 
of the thermometry catheters and documentation 
of the condition of the patient and the treatment 
area; the technologist assists the physician and 
prepares the hyperthermia system; and the 
attendance of the physicist will be required 
for selection of the applicators and sites where 
thermometry is indicated. In general the subse
quent superficial hyperthermia treatments are 
administered by a technologist. Although the 
physicist is responsible for the quality of the 
hyperthermia treatment, he/she is only actively 
involved with the application of the first hyper
thermia treatment. For all successive treatments 
the physicist will be available on demand of the 
technologist to solve specific problems. 

For deep hyperthermia the involvement of the 
physician and the physicist is much more labor
intensive. The impact of deep heating on the 
physiological condition of the patient, i.e., 
core temperature, pulse rate, blood pressure, 
and pain, is such that it requires continuous 
supervision of the physician to ensure patient 
safety. The state of the art of current deep hyper
thermia systems requires that the hyperthermia 
treatment is administered by a physicist or under 
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his/her direct supervision (which requires that the 
physicist stays in the control room). The tasks of 
the technologists (generally 2) are to prepare 
the hyperthermia system and the patient, i.e., 
perform the pretreatment thermometry checks, 
introduce intracavitary thermometry catheters, 
etc., and to take care of the comfort of the patient 
during the whole treatment, i.e., supply drinks, 
cool the patient with wet towels, etc. 

For interstitial hyperthermia the staff require
ment will depend strongly on the interstitial 
hyperthermia system used. Of course, the clinician 
always needs to introduce the catheters neces
sary for the interstitial treatments, both for 
brachytherapy and for hyperthermia. The de
mands regarding the involvement of a physicist to 
administer the hyperthermia treatment will 
depend strongly on the interstitial hyperthermia 
technique used. With the hot water perfusion 
techniques the treatment can be administered by 
a technologist with a physicist as supervisor, while 
with the more complex RF or MW techniques the 
treatment needs to be administered by a physicist. 

21.8 Current Trends in Research 
Towards Higher Quality in Hyperthermia 

21.8.1 Superficial Hyperthermia 

Superficial hyperthermia is the most frequently 
used modality in the clinical situation and over 
the years superficial heating methods have become 
well elucidated. Nevertheless, the equipment still 
presents severe limitations in terms of effective 
field size, spatial power control, the underheating 
of certain tumor areas but overheating of critical 
regions (scars, bone, and fat), and accessibility. 
In spite of these limitations and problems the 
clinical results obtained are encouraging and 
warrant further investigations. Recent develop
ments in electromagnetic applicators, e.g., 
current sheet applicators, microwave blankets, 
and open-sided horn applicators, have advanced 
the state of art, but the clinical evaluation of these 
innovations is still pending. 

Conventionally, superficial hyperthermia is 
defined as the heating of tumors penetrating less 
that 3cm, e.g., chest wall recurrences and some 
head and neck and limb tumors. In this summary 
the heating of tumors penetrating more than 
3 cm, e.g., axillary tumors and tumors of other 
larger head and neck sites, is designated as "deep 
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superficial hyperthermia." Obviously, the two 
groups demand different approaches. 
For chest wall tumors and other malignancies 
penetrating less than 3 cm both microwave and 
ultrasound systems should be considered, but at 
the present time microwave applicators are 
primarily in clinical use. A limitation of the 
presently available applicators is their small effec
tive treatment area compared to the aperture 
size. Especially in the hyperthermic treatment of 
chest wall recurrences, which generally extend 
over large areas (>200cm2), the small effective 
treatment area is a severe disadvantage. There
fore, there is a growing interest in the develop
ment of applicators capable of treating large 
areas. Recent and promising applicator research 
is concentrating on the development of applicator 
arrays (FESSENDEN et al. 1988; LEE et al. 1992; 
JOHNSON et al. 1988; HAND 1990; MAGIN and 
PETERSON 1989). The rationale for this approach 
is that the ability to adjust the output of each 
individual array element provides a better spatial 
control of the SAR distribution than can be 
obtained with a single element. 

Array elements under clinical investigation are 
those composed of current sheet applicators 
(LUMORI et al. 1990; GOPAL et al. 1992) and 
microstrip spiral applicators (FESSENDEN et al. 
1988; SAMULSKI et al. 1990). The Lucite Cone 
waveguide applicator (RIETVELD and VAN RHOON 
1991) is still at the experimental phase. Dif
ferences between these arrays are field polariza
tion (circular or linear) and energy coupling (E 
or H field): spiral applicator: circular and E 
field; current sheet applicator: linear and H 
field; Lucite Cone applicator: linear and E field. 
There appears to be no benefit of coherent use 
of EM arrays in chest wall tumors compared to 
incoherent use. Therefore power steering to the 
array can be obtained by both one generator per 
element or by power scanning over several 
elements using time modulation. Characteriza
tion of usefulness in the clinic is presently studied 
only for the spiral microstrip applicator array and 
it is too early to decide whether one applicator 
type is to be preferred. 

Small elements will provide high spatial resolu
tion of power control and are capable of conform
ing to body contour; however, they will have less 
penetration depth. Under clinical conditions the 
size of the aperture will be a compromise between 
a small aperture size to improve spatial resolution 
of SAR control and a large aperture size for 
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sufficient penetration depth. Note that it is 
not yet completely understood which degree 
of penetration depth and spatial resolution 
of SAR control will be needed to obtain a good 
therapeutic outcome for all tumors of the chest 
wall, such as breast recurrences, which generally 
extend over large areas and have variable thick
ness. This needs further investigation and it 
may well turn out that within a hyperthermia 
department several systems with different speci
fications, large penetration depth with less spatial 
control and small penetration depth with high 
spatial control, will be needed. Furthermore, with 
the increasing complexity of array configurations, 
the requirements regarding thermometry and 
control algorithms become more demanding. 
For this purpose the contribution of surface 
temperature probes must be investigated. 

For the "deep superficial tumors" penetrating 
more than 3 cm there are, at present, very few 
applicators capable of heating large volumes 
adequately at depth. Ultrasound appears to be 
the most promising system available. Further 
technical development of both EM and US devices 
is essential in this field and the clinical assessment 
of techniques like focused ultrasound, evanescent 
mode, and lens applicators is needed. For head 
and neck tumors an additional problem is acces
sibility and here the development of slim, con
formal applicators is vital. 

Important aspects for quality control are patient 
positioning and bolus characteristics. Repro
ducibility is still a major problem and depends 
strongly on the local situation and anatomical 
problems. The comfort of the patient is a critical 
factor regarding reproducibility and the overall 
quality of the treatment. Discomfort or pain suf
fered by the patient should be distinguished 
according to whether it is related to heat or to the 
positioning of the applicator(s) on the treatment 
field: especially in patients with ulcerating tumors 
just the pressure of the water bolus and the 
applicator(s) can cause irritating pain. 

21.8.2 Deep Hyperthermia 

To obtain a sufficient penetration depth the 
electromagnetic heating systems have to operate 
at low frequencies, in the range 10-120 MHz. A 
physical consequence of this restriction is that 
the wavelength will be very large. Therefore 
in contrast to ultrasound systems, selective 
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tumor heating with electromagnetic deep heating 
systems can only be obtained if the tumor blood 
flow is low compared to that of the surrounding 
normal tissue (STROHBEHN et al. 1989; WUST 
et al. 1991). To optimize the SAR - and the 
temperature distribution for different patient 
dimensions and tumor locations - most of the 
radiative hyperthermia systems for locoregional 
deep heating provide SAR steering by phase and 
amplitude and frequency variation. Depending 
on the electromagnetic applicator type used, the 
transition between tissues with low and high 
permittivity may cause significant changes in the 
local SAR. This in turn may result in localized hot 
spots in normal tissue which are often power 
limiting and thus result in a lower thermal dose 
within the tumor. 

In clinical treatments high-quality hyperthermic 
treatments are still difficult to obtain and to 
maintain for a reasonable duration (KAPP et al. 
1988; SAPOZINK et al. 1988; SHIMM et al. 1988). In 
approximately 90% of the clinical treatments with 
the old annular phased array system (BSD-lOOO 
system), local pain, general discomfort, and rise 
in normal tissue temperature were power limiting 
while the tumor temperature remained too low 
(HOWARD et al. 1986; KAPP et al. 1988; PILEPICH et 
al. 1987; SAPOZINK et al. 1988; SHIMM et al. 1988, 
1989). These disadvantages reduce the clinical 
application and the efficacy of the treatment. 

Only limited data are available on clinical 
experience with the new BSD-2000 Sigma-
60 system. MYERSON et al. (1991) reported pre
liminary data with seven patients treated in 26 
sessions with the Sigma-60 applicator. They were 
able to obtain a minimum temperature of 42°C in 
85% of all tumor temperature measuring points. 
Other important observations were: (a) improved 
patient tolerance demonstrated by the fact that 
the tumor temperature could be maintained 
above 42°C for more than 30 min in 65% of the 
treatments; (b) the RF powers necessary to reach 
therapeutic temperatures were much lower than 
with the old AP A system. As similar results have 
been reported by others (FELDMANN et al. 1991; 
WUST et al. 1990), there are indications that the 
approach of the BSD-2000 Sigma-60 system may 
indeed lead to an improved quality of the hyper
thermic treatment of deep-seated tumors. 
However, old problems might be replaced by new 
problems when using the new BSD-2000 system. 
FELDMANN et al. (1991) found during his patient 
treaments (eight patients, 57 treatments) that 
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preferential heating of the perineal fat can be 
treatment limiting. OLESON (1991) reported that 
hot spots are produced in bony prominences of 
the pelvis, particularly over the sacrum, the hip 
joint, the superior iliac crest, and the pubic bone. 
Additionally, fringing fields from the area where 
the water bolus bag contacts the skin result in hot 
spots in the anterolateral thighs. 

The above findings emphasize the need for 
continuous applicator development with the aim 
of improving the flexibility and adaptability of the 
SAR distribution to the patient's anatomy. 
Present research in loco-regional hyperthermia is 
concentrating on: 

1. The use of advanced and sophisticated three
dimensional electromagnetic planning pro
cedures to provide information on the optimum 
settings of frequency, amplitude, and phase 
for radiative array systems. 

2. Implementation of specific QA procedures to 
ensure that the actual delivered treatment 
will match the optimized treatment plan. A 
method for the accurate measurement of the 
amplitude and phase setting of the BSD-2000 
system has been described by HORNSLETH 
(1993). Phase deviations of 20° have been 
found between phase measured at the low 
power side (before pre-amp) and at the high 
power side just before the Sigma-60 applicator. 

3. Better control of the location of the "focal 
spot" by introducing a possibility to adapt the 
phase offset for the four channels of the 
Sigma-60 applicator. 

4. Longitudinal control of the SAR distribution 
by dividing the present 45-cm-Iong biconal 
dipole antenna in the Sigma-60 applica
tor into three segments of 15 cm with sepa
rate phase and amplitude control. This will, 
of course, increase the complexity of the 
control algorithm. 

Besides the improvements presently being 
investigated for the Sigma-60 applicators, several 
groups are working on deep heating systems using 
a different electromagnetic applicator. The open 
water bolus system of the coaxial TEM applicator 
as developed and investigated in Utrecht is 
markedly distinct from all other applicators. 
In the future, comparisons of the thermal dose 
obtained with the TEM applicator with that 
obtained with radiative systems using a closed 
water bolus for similar patient categories are 
needed to evaluate the benefit of this approach. 
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In contrast to the electromagnetic approach, 
the use of ultrasound to induce deep heating has 
important physical advantages (HUNT 1990; 
HYNYNEN et al. 1992) such as the low absorption 
coefficient and the short wavelength in human 
tissues, which enable highly focused energy 
deposition at depth. Of all the noninvasive hyper
thermia systems developed for loco regional deep 
heating, only ultrasound has the potential to 
deposit the energy at selective locations within 
the tumor volume. The clinical use of ultrasound 
is, however, cumbersome due to two distinct 
physical disadvantages: reflection at interfaces 
between soft tissue and air or bone, and high 
absorption in bone. Especially with the early 
single, stationary, and planar ultrasound trans
ducer designs these problems resulted in limiting 
normal tissue heating or pain in many of the 
clinical treatments (CORRY et al. 1988; HYNYNEN 
et al. 1989; KAPP et al. 1988; SHIMM et al. 1988). 

Presently, the use of a well-focused ultrasound 
beam which is scanned rapidly by mechanical or 
electronic means across the tumor to generate 
an improved temperature distribution is being 
actively investigated (IBBINI and CAIN 1990; 
MOROS et al. 1990; HAND et al. 1992). 

21.8.3 Interstitial Hyperthermia 

The motivation for applying interstitial or intra
cavitary hyperthermia is usually based on one or 
more of the following considerations: 

1. The brachytherapy technique used may 
enable use of this hyperthermia technique 
when localized heating might otherwise not be 
possible. 

2. These techniques allow better sparing of 
normal surrounding tissues. 

3. A higher level of treatment control can be 
attained because a greater number of applica
tors and temperature sensors are used in 
comparison to external methods. 

Research aimed at improving quality is focused 
on exploiting the latter advantage to a greater 
degree: better localized heating combined with 
better treatment control. 

The following techniques for interstitial heating 
are being used and improved upon: 

1. Radiative, using microwave (MW) antennas 
operating in the range of about 300-24S0MHz. 
Microwave antennas have the capability to deposit 
power at a distance from the applicator, allowing 
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(at least in theory) somewhat larger separations 
between applicators; constructive interference 
between coherently driven antennas can be 
used to improve the power deposition at depth. 
Problem areas with microwave antennas are the 
difficulty in varying the length to be heated, 
the dependence on the insertion depth, and, 
depending on antenna design, the presence of a 
"cold tip," i.e., insufficient power deposition at 
the tip of the antenna. Research activities include 
design variations to improve longitudinal heating 
(along the applicator), helical coil designs, and 
coherent vs noncoherent arrays of applicators. 

2. Radiofrequency (RF), using frequencies 
in the range between SOO kHz and about 27 MHz. 
The use of frequencies at the lower end of this 
range, to drive electrodes (e.g., implanted 
needles) which are in galvanic contact with the 
tissue volume to be heated, is conceptually the 
simplest technique for interstitial heating, often 
indicated as local current field (LCF) heating. 
The use of higher frequencies (27 MHz) for inter
stitial heating is mainly motivated by utilizing 
capacitive coupling of electrodes inside noncon
ductive catheters instead of direct galvanic contact 
with the surrounding tissue. This technique is 
therefore designated as capacitive-coupling (CC) 
interstitial hyperthermia. Research activities 
include the use of segmented applicators to 
improve spatial SAR control, for both the LCF 
and CC methods, and improved treatment con
trol through computer steering. As pointed out by 
LAGENDIJK et al. (1992), interstitial hyperthermia 
seems an interesting test case for the test of 
thermal modeling. 

3. Conductive techniques, which are quite 
different from the electromagnetic heating 
methods in the sense that they rely only on 
thermal conduction to reach hyperthermic tem
peratures and no power is deposited in the tissue. 
Both the technique using inductively heated 
ferromagnetic seeds (FMS) and hot-source 
methods (i.e., hot-water circulation systems or 
hot-wire systems) belong to this category. Hot
water systems have the important advantage of 
simplicity. Research activities for FMS are 
focused on the development of seeds of new 
materials with a chosen well-controlled Curie 
temperature and a steep susceptibility versus 
temperature behavior. 

Recent developments in these three areas 
have been summarized in a Task Group Report 
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published by ESHO (VISSER et al. 1993), as well 
as in Chap. 13 of this volume. 

21.9 Summary 

• There is conclusive evidence from superficial 
hyperthermia applications that the outcome of 
treatments can be improved substantially by 
improving the quality of the hyperthermic 
treatments. There is no reason to suppose that 
the same would not apply to all hyperthermia 
applications. 

• Emphasis has been put on the background 
of techniques to characterize - and thus to 
improve- the performance of electromagnetic 
applicators. 

• In clinical hyperthermia practice two tumor 
sites are freqently heated: chest wall recur
rences and deep seated tumors in the pelvis. 
For these common indications the ther
mometry requirements and practical clinical 
experience have been discussed in some depth. 

• The staff of a hyperthermia department should 
consist of a physician, a physicist and hyper
thermia technologists. The level of involvement 
of each discipline depends on the technique of 
hyperthermia applied. Hyperthermia of deep 
seated tumors seems most labour intensive for 
all disciplines. 

• A summary has been given of current trends in 
applicator research which are likely to result in 
higher quality of hyperthermic treatments. In 
all areas discussed - i.e., superficial, deep and 
interstitial heating - distinct possibilities can be 
indicated for improving the localization of the 
absorbed power distribution, in combination 
with better treatment control. 
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