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Foreword

During the last few decades, there has been a tremendous
improvement in the treatment of cancer. There is evidence
that this trend is continuing, based on the achievements re-
sulting from the combined efforts of clinicians and basic re-
search workers. This book is an example of such interaction
and collaboration. It was prepared by authors representing
both areas of work.

Most of the work reported in this book is not merely
theoretical, but has been experimentally successfully tested
and sometimes applied clinically. This work has, however,
not yet been generalized and practiced on a wide scale.

Some of the results reported here relate to new aspects
and open new horizons for future progress.

This book will be of great value for both clinicians and
basic research workers.

UICC
Treatment and Rehabilitation Programme

IsMAIL ELSEBAI
Chairman



Preface

The three main approaches to the treatment of cancer are surgery,
radiotherapy, and chemotherapy. Today, all malignant neoplasms are
managed by one or more of these modalities, with varying success rates
depending on the type of tumor, its degree of spread, and the knowl-
edge and skill with which the treatment plan has been designed and
executed. In the United States of America and in Europe, approximate-
ly half of all cancer is presently curable, but this has been the case for
approximately 20 years. Although major progress has been made in
the treatment of specific cancers, the 5-year survival rate for all cancers
in US Whites, for example, has increased by only approximately 10%
since 1960. One interpretation of the apparent lack of progress overall
in recent years is that available approaches to cancer treatment are
being employed at a close to optimal level. It is true, of course, that
results of treatment in the larger cancer centers may be better for some
diseases than those achieved in smaller units or nonspecialist hospitals
with more limited resources and expertise. It is also true that major
progress in the management of some diseases, such as the hemopoietic
neoplasms and testicular cancer, has occurred in recent years. It would
seem, however, that even if every cancer patient were to profit to the
full from modern approaches to treatment, the overall results, measured
in terms of the percentage of patients cured of their disease, would not
differ significantly from those currently being obtained, since so little
progress in the management of the common cancers, such as lung,
breast, and colon, has occurred.

When viewed from the standpoint of the world as a whole, it is clear
that only a fraction of patients world-wide are receiving the benefits of
modern cancer therapy, and a major goal, which would result in the
saving of millions of lives every year, must be to provide improved can-
cer treatment to the developing countries. This would not necessarily
mean the simple transplantation of Western expertise to those areas of
the world that lack it, but rather a planned campaign whereby the prob-
lems relevant to the developing world are addressed. Yet at the same
time, notwithstanding the major advances that have been made, the
deficiencies of the current approaches to cancer treatment must be rec-
ognized and rectified if overall results are to be improved.

One of the major handicaps to rapid improvements in cancer therapy
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is that all modern approaches have been initially empirical. Whereas,
with luck, empirical approaches may prove to be highly successful, when
they fail, the course of action is not at all clear, and improvements are
dependent upon the whims of chance. But some treatment approaches
have proved to be highly effective in specific, often uncommon diseases,
and attempts have been made to expand these glimmers of light into
therapeutic principles. Further, enormous progress has been made in
the understanding of the biology of cancer, and the possibility exists of
developing rational approaches to treatment based on the new knowl-
edge of the nature of the cellular and biochemical changes that result in
neoplastic growth. These same advances in understanding may be even
better utilized by applying them to the prevention of cancer, but that is
not the subject of this book.

The objective of this volume is to examine current trends in research
relevant to or applied directly to cancer treatment. As such, it covers a
broad area, and in philosophy includes attempts to improve current
modalities as well as totally novel approaches which would have been
inconceivable even 10 years ago. It also contains rather more specu-
lative material than is usual for a book on cancer treatment, but this is
entirely justifiable since new ideas are sorely needed. It is hoped that
this volume will be read both by physicians engaged in the treatment of
patients with cancer, particularly those responsible for clinical research
in this area, and by scientists working in fields impinging upon the
understanding of cancer and its treatment. One increasing disadvantage
faced by cancer research is that there is a widening gap between clini-
cians and basic scientists. The language of the latter increasingly deals in
terms of molecular structure and molecular interactions, whereas the
physician still deals mainly in terms of histology, clinical staging, and
pharmacology. There is a need to bring these two worlds into closer
apposition, and it is to be hoped that this volume, if only in a small way,
will help to bring this about.

IAN MAGRATH
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1. New Directions in Cancer Treatment: An Overview
I.T. Magrath

Introduction

In the first half of this century, effective cancer therapy was only available for
patients with localized tumors amenable to surgery or to the evolving modality
of irradiation. There were no available methods to eradicate disseminated
disease, which is present at the time of diagnosis in some 30% of patients
with invasive cancer. Many of the remaining percentage of patients will subse-
quently relapse with metastatic disease after loco-regional therapy. Since the
1950s there has been a dramatic broadening of the range of proven or potential
methods of cancer therapy, which currently includes such disparate approaches
as tumor bombardment with subatomic particles on the one hand, and attempts
to manipulate biochemical pathways related to cell proliferation or differentia-
tion on the other. Particulary gratifying is the demonstration that at least
some patients with widely disseminated tumors are curable with modern ap-
proaches to therapy. In fact a high proportion of patients with certain cancers
such as choriocarcinoma, testicular cancer, many lymphomas and leukemias,
and a number of childhood neoplasms—at one time uniformly fatal—can now
expect to be cured, although many other cancers remain refractory to treatment
except when disease is localized. These promising results have their foundations
in the numerous conceptual and technological advances of recent years. Some of
these have had a direct impact on therapeutic strategies, such as the develop-
ment of the linear accelerator and new cytotoxic drugs, but others have had a
more indirect influence, including improvements in methods of conducting
and evaluating clinical trials, vastly improved imaging techniques and advances
in supportive care, particularly that of the febrile neutropenic patient. The
development of the microchip has had a major impact upon all aspects of
cancer treatment and research, because of the resulting enormous increase in
our capacity to store and analyze large quantities of information by computer,
a trend equally important to data management in clinical trials, therapeutic
planning in radiotherapy, tomographic and magnetic resonance imaging, and
molecular biology. Progress in immunology and cell biology, closely linked with
the development of the new field of molecular genetics, has led not only to
increased accuracy and objectivity with regard to the diagnosis of at least some
neoplastic diseases, a critically important prerequisite for the refinement of
treatment strategies, but also to new approaches to cancer imaging and therapy.
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Moreover, the discovery that drugs can cure some types of disseminated cancer
(a major step forward that has been taken in the last 25 years or so) has provided
a foundation upon which much more systematic approaches to the identification
or synthesis of either totally new drugs or analogues with a higher therapeutic
index are being constructed.

In spite of the major advances which have been made in the understanding
and treatment of cancer, carrying with them the implicit promise that almost all
cancers will ultimately be curable or preventable, there remains at present a
considerable way to go before this goal is accomplished. This has led to an un-
reasonable degree of pessimism in those with a perspective limited to the clinical
arena or with unrealistic expectations of the speed at which new knowledge and
technology can be translated into improvements in the results of treatment
of all cancer [1]. At present approximately 49% of all cancer is curable in the
United States and Europe. This has been achieved by progress in the application
of each of the three major treatment modalities—surgery, radiation, and
chemotherapy—and also by judicious combinations of two or more of these
modalities. It would appear that the major principles of cancer treatment using
the three primary modalities have already been established and further progress
in the results achieved with these treatment methods will, to a large extent, be
made by refinement of treatment strategies, such as the development of more
effective, less toxic chemotherapeutic agents and the improvement of radiation
therapy techniques (both are subjects discussed in later chapters of this book).
However, a number of totally novel forms of therapy are under investigation or
at early stages of preclinical development. Many of these have only been made
possible by progress in understanding the biology of neoplastic and nonneo-
plastic growth. At the present time, we are only at the very beginning of this
era of understanding the cause and nature of cancer. Thus, it is not possible to
predict with any degree of accuracy which areas of research are likely to be most
fruitful, and it seems likely that at present we cannot even perceive the nature
of some of the approaches to cancer treatment that will be used in the future.
Insights into the pathogenesis of neoplasia have, however, provided substantial
grounds for optimism even though a great deal of work both in the laboratory
and in the clinic remains to be done.

This chapter will outline briefly some of the more promising recent trends
in the treatment of cancer by radiation or chemotherapy, i.e., by traditional
methods, as well as some potentially revolutionary approaches, based on our
increased understanding of the nature of neoplastic cells and host—tumor in-
teractions. This will provide a framework for the more detailed discussions which
follow. A basic theme which runs throughout all approaches to cancer treatment
will recur again and again: namely, the goal of achieving the highest therapeutic
index possible, i.e., maximal tumor-cell elimination with minimal toxicity to
normal tissues. Although a number of advances have been made in surgical
oncology, such as, for example, the advent of limb-sparing procedures for ex-
tremity sarcomas and the use of the CO, laser, surgery will not be discussed as a
separate modality. Another area which is not within the scope of this book, that
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of supportive care, has nonetheless been crucial to the development of modern
intensive chemotherapy regimens. In recent years, a large number of powerful
new antibiotics, including antiviral compounds, have become available, and the
principles of broad-spectrum antibiotic coverage of the febrile neutropenic
patient along with empiric antifungal treatment in persistently febrile patients
have been firmly established. This, coupled with improved blood product trans-
fusion capabilities, particularly the administration of platelets to profound-
ly thrombocytopenic patients, has led to the ability to administer intensive
chemotherapy with a much wider safety margin. There is no question that the
ancillary components of the management of cancer—diagnosis, the determina-
tion of the extent of disease, and supportive care—have a crucially important
role to play in the achievement of improved therapeutic results. This should
not be forgotten when the primary treatment modalities themselves are
considered.

Radiation Therapy

Conceptually, the irradiation of tumors resembles surgery with regard to its
objectives, i.e., the eradication of local disease. The potential advantages of
extenal beam irradiation over surgery include: the treatment of bodily regions
which cannot be surgically removed or the removal of which would result in
major disability; the possibility of encompassing a wider area around the tumor
than with surgery; and the capacity to treat multiple areas, including metastatic
disease, simultaneously. An extension of the concept of irradiation as local
therapy has been the development of treatment plans which include anatomical
regions likely to be involved by tumor spread, such as regional lymph nodes, or
areas highly likely to be the site of cryptic metastatic tumor, including the ner-
vous system or lungs. This form of treatment is usually known as “‘prophylactic,”
since, although it is based on the assumption that micrometastases exist, disease
is not detectable at these sites at the time of therapy. The concept of irradiat-
ing areas at high risk for disease extension has been maximally developed in
Hodgkin’s disease, where there has been sufficient success with extended field or
total nodal irradiation for there to be controversy over whether radiation or
chemotherapy provides optimal treatment for some subgroups of patients with
widespread tumor.

Radiation, like chemotherapy, cannot be delivered without exacting a price in
terms of normal-tissue toxicity. Thus, for the optimal delivery of radiation, close
attention must be paid to the dose delivered to irradiated normal structures.
Normal-tissue toxicity is the limiting factor in all treatment protocols involving
radiation, and this problem is often exacerbated where radiation is combined
with chemotherapy. A number of drugs may give rise to worsening of radiation-
induced toxicity of normal tissues when administered with radiation, or even
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the recall of local toxicity when a drug is administered after the completion of
radiation therapy (for example actinomycin D, adriamycin (doxorubicin),
methotrexate).

Further developments in radiation therapy can be achieved only by altering
the delivery schedule (dose rate and size of dose fractions), by improving treat-
ment planning so that more normal tissue is spared, by altering the nature of the
radiation used (an area currently under exploration in a number of centers using
particle beam radiation such as protons, neutrons, and pi-mesons), or by com-
bining radiation with other modalities in an attempt to increase specificity for
neoplastic tissue.

Attempts to Improve the Therapeutic Index of Conventional
Radiation Therapy

Relatively little investigation has been carried out on dose rate and fractioning.
This is partly due to the practical difficulties of increasing the dose rate beyond
one fraction per day, although there may be some advantage, in selected tumors,
of hyperfractionation (several smaller fractions per day) or accelerated frac-
tionation [1]. Much more effort has been put into the problem of limiting the
irradiation of normal tissue surrounding the tumor. Clearly, if only tumor and no
normal tissue were included in the radiation field—an unattainable theoretical
ideal—radiation therapy would be extremely simple, since whatever dose of
radiation necessary to cause 100% tumor-cell kill could be delivered with impun-
ity. While it is possible that further technological advances resulting in improved
beam characteristics will lessen scatter outside the intended radiation volume, it
is unlikely that major improvements in the therapeutic index will come simply
from the development of better radiation sources and beam collimation.

Intraoperative Irradiation. A more imaginative attempt to approach the theo-
retical ideal situation as closely as possible is the technique of intraoperative
irradiation. Unfortunately, while high doses of radiation can be delivered to
well-defined tumorous areas at the time of surgery, and particularly vulnerable
normal structures such as bowel, ovaries, etc., can be removed from the radia-
tion field, only tumors in certain anatomical situations are amenable to intra-
operative therapy. This method also has the disadvantages that usually, because
of the need for a major surgical procedure, only single high doses of radiation
can be delivered, and that normal tissues can only be partially removed from the
path of the radiation beam.

Field Planning from Three-Dimensional Imaging. A different approach to the
problem of maximizing the dose to the tumor and minimizing the dose to normal
tissue, and one which holds considerable promise, is the utilization of three-
dimensional planning to better define the precise volume to be irradiated. This is
accomplished by making extensive use of both new imaging techniques, such as
computerized tomographic scanning, magnetic resonance imaging, and imaging
with monoclonal antibodies, coupled to the enormous ability of the computer to
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transform multiple two-dimensional slices (even when obtained from different
imaging devices) into three-dimensional images. This, combined with computer-
ized calculation of optimal beam angles and intensities, and the ability to con-
trol precisely, again by computer, the rotation of the beam and/or the patient in
several planes during therapy, (generating, thereby, truly curved fields), con-
siderably lessens the irradiation of uninvolved tissue. This new technology, when
fully developed, will presumably give the highest possible therapeutic indexes
using conventional external beam irradiation. Although complex, the extensive
computerization may eventually permit more accurate treatment to be delivered
at all radiation oncology centers, even in smaller units where the radiotherapists
may be less experienced. Carefully designed computer programs could even
indicate where brachytherapy (implantation of radioactive wires, needles, etc.)
would be preferable to external beam therapy and what kind of external beam
(electrons, gamma rays, etc.) would be optimal, at least in terms of the physical
constraints imposed by the tumor shape and volume.

Radiation Sensitizers and Protectors. A variety of drugs able to sensitize tumor
tissue to radiation (such as halogenated pyrimidines, nitroimidazoles, sulfhydryl
compounds and inhibitors of DNA repair) or protect normal tissues from radia-
tion (WR-2721 and cysteamline-related thiophosphates) have been examined,
with some promising results. Perhaps new agents of this kind will be developed
which will prove more effective than those currently undergoing clincial testing.

Multimodality Therapy. The possibility that combinations of physical modalities,
e.g., hyperthermia, radiation (possibly using novel approaches such as intra-
operative irradiation or particle beam irradiation), with drugs (other than
cytotoxic drugs) may provide an increased therapeutic index has been explored
to a limited extent. The true promise of these techniques cannot, as yet, be
estimated. Moreover, since optimal timing and fractionation of radiation may
differ when administered in combination with other modalities, numerous
empiric trials will be necessary to fully evaluate such combinations.

Targeted Radiation Therapy

With the same goal of sparing normal tissue in mind, but utilizing a completely
different approach, attempts have been made to “target” radiation by coupling
radionuclides to monoclonal antibodies directed against tumor-associated anti-
gens. Under ideal circumstances, this could result in the delivery of radiation
only to tumor tissue, with almost total sparing of normal tissue. In practice, of
course, this ideal is unlikely to be attained since no absolutely tumor-specific
antigen exists, and, even if it did, it is unlikely that non-specific tissue uptake
could ever be reduced to zero. At the present time, the ratio of specific to non-
specific binding with most monoclonal antibodies used in vivo is between 2 and
10. A number of problems relating to both the antibody and radionuclide com-
ponents of the therapeutic medium need to be overcome; these include technical
difficulties in the construction of suitable antibody/radioisotope conjugates,
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tissue distribution of the conjugate, nonspecific binding via the F_ region of the
antibody molecules to the reticuloendothelial system, the development of a host
immune response against the antibody (since it is normally a foreign protein),
and limitations in the radiation dose which can be administered by this route
(related to the half-life of the radioisotope used and the type of emitted radia-
tion). However, this is a new field and one in which we may see considerable
developments in the future.

A similar approach to targeting therapy with monoclonal antibodies is to use
radioactive compounds which are selectively taken up by tumor tissue. The most
obvious example is the use of radioactive isotopes of iodine for the treatment of
thyroid carcinoma. Recently, responses have been seen in pheochromocytoma,
medullary thyroid carcinoma, and neuroblastoma to therapeutic doses of
iodo-131-meta-iodobenzylguanidine (MIBG), a drug taken up by tissues which
synthesize catecholamines [2]. Such radionuclides can be of value in diagnosis,
treatment, and follow-up, and although their effect is at present mainly pal-
liative, further exploration of this approach would appear worthwhile.

Alternatives to Photon Therapy

Particle beam irradiation, with the exception of electron therapy, is an area of
radiation therapy still being researched. Progress is hindered by the fact that there
are relatively few centers able to generate fast neutrons, negative pi-mesons
(pions), or ion beams with appropriate energies, that also have the facilities for
treating patients. The potential advantage of these particle beam irradiation
therapies is largely derived from their minimal dependence (unlike photons) on
the presence of oxygen, and—since they all are densely ionizing in tissue—
improved depth dose distribution, so that higher doses can be delivered to the
target tissue with less irradiation to surrounding tissue. In anatomical locations
where the radiation field must conform precisely to the tumor volume, such as in
the eye, where preservation of vision is an objective (e.g., uveal melanomas), or
with para-CNS sarcomas abutting critical normal structures, helium ion or
proton irradiation may be the treatment of choice [3,4]. In less critical regions
a combination of particle therapy with improved definition of the tumor volume
provided by three-dimensional treatment planning might be of particular
benefit, although only very few specialized centers have this dual capability at
present [5]. Fast neutrons appear to provide an advantage over photon and
electron techniques in some well-defined series of patients with locally ex-
tensive salivary gland tumors or slow growing, well-differentiated soft tissue
sarcomas and in some melanoma patients [6].

Much work remains to be done to determine the role of these newer types
of irradiation. Optimal fractionation schedules may differ for different types of
radiation, and combinations of different types of beam, e.g., photons and neu-
trons, could have advantages. Two questions that must be asked are whether the
potential benefits justify the cost and practical difficulties involved, and how such
benefits will compare with those of other approaches to cancer treatment. These
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questions can only be answered if at least some centers continue to explore
alternatives to photons in the practice of radiotherapy.

Systemic Irradiation

The use of systemic irradiation, i.e., irradiation delivered to the entire body and
therefore encompassing all tumor cells, however widely metastatic, has had a
new lease of life in recent years with the advent of autologous or allogeneic
marrow infusion able to “‘rescue’’ the patient from therapy which is presumptive-
ly totally marrow ablative. Since total body irradiation maximizes the amount of
normal tissue included in the radiation field, it has a particularly low therapeutic
index. However, its use in combination with chemotherapy has been explored in
a number of different tumors. Although encouraging results have been obtained,
improvements in the results of treatment protocols utilizing marrow transplan-
tation seem more likely to come from improvements in the preparative
chemotherapy regimens used than from advances in the delivery of total body
irradiation. Low-dose total body irradiation has been of some value in a small
number of tumors, e.g., low grade lymphomas, but has not become standard
therapy in any tumor and seems unlikely to do so.

Other Physical Methods

Hyperthermia

It now seems unlikely that hyperthermia will be used as a single treatment mod-
ality. Current trends in this field are focusing on combinations of hyperthermia
with either radiation or drugs. Although serious acute toxicities have been
observed with hyperthermia alone or hyperthermia in combination with, for
example, adriamycin, new methods of elevating body temperature appear to be
less toxic. It is of interest that a number of drugs have proved to be cytotoxic
at an elevated temperature, but not under normothermic conditions. The use of
hyperthermia is still experimental, but this modality does represent a unique
approach to cancer treatment and may find a role in concert with other
therapies.

Photoactivation

The use of light-sensitive compounds such as psoralens [7] or hemato-
porphyrins—some of which may be preferentially taken up by tumor tissue—
to induce tumor toxicity when exposed to light (in the form of laser beams in
the case of hematoporphyrin sensitization) is an interesting area for research
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which may provide a valuable form of therapy for specific kinds of cancer.
Examples include some cutaneous neoplasms, cancers of internal body surfaces
which can be illuminated with appropriate instruments, and possibly, in the case
of laser activation, cancers in anatomical locations where the preservation of
function requires that local therapy be applied to the tumor only, with tumor mar-
gins measured in millimeters at most (e.g., the eye). The role of photoactiva-
tion in the overall schema of cancer treatment, however, has yet to be defined.

Chemotherapy

The treatment of cancer by drugs represents a quite different philosophical
approach to that espoused by surgical oncology and, at least for the most part,
radiation therapy. Cancer chemotherapy has been primarily directed against
tumors which are widespread from the outset, or have a known high propensity
to metastasize. However, the regional use of chemotherapy, e.g., in the treat-
ment of tumor in body compartments such as the CNS or peritoneal cavity, or in
organs amenable to regional perfusions such as the liver or an extremity, has
been under investigation for a long time. The therapeutic index of cancer
chemotherapy varies markedly from tumor to tumor and from drug to drug.
While a small number of tumors may be curable by chemotherapy alone, even
when massive or widely disseminated, in other cancers chemotherapy is largely
considered as an adjuvant to surgery or radiation which are used to eradicate
known sites of disease. Chemotherapy is also sometimes used as the sole treat-
ment modality in localized tumors when the tumor is highly sensitive to chemo-
therapy and has a high propensity to spread (e.g., some lymphomas).

Because chemotherapy is a systemic modality the effect of the drugs on nor-
mal tissue is of critical importance. Based, to some extent, on principles learned
from antimicrobial therapy, there has been a major trend in the past decade
towards the use of drug combinations as opposed to single agents. With the
exception of some incurable neoplasms which can be controlled for a period of
time with single agents and the initial clinical trials of new drugs, single agents
are rarely used today except in an experimental setting. The use of drug com-
binations is based on the principles that (a) multiple drugs are likely to be more
effective against cancer cells because of simultaneous damage to several bio-
chemical pathways. (b) resistance is less likely to arise to a drug combination
than to an individual drug, and (c) the overall toxicity of the combination
regimen will, at worst, be increased within a tolerable range above the level an-
ticipated for a single agent when drugs with different side effects are combined.
In a number of malignancies, particularly hemopoietic malignancies, there is
no doubt that drug combinations are superior to single-agent therapy and a
large amount of clinical chemotherapeutic research is devoted to the develop-
ment of better drug combinations (i.e., combinations with a higher therapeutic
index). Whereas new drug combinations can often be rationalized on the basis
of current knowledge, well-designed clinical trials are still necessary to dem-
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onstrate the superiority of one combination over another, and a large helping
of empiricism in such studies is unavoidable. Multiagent regimens fail, all too
often, because of the major obstacle to cure by chemotherapy—the development
of drug resistance, or, perhaps more accurately, the gradual predominance in
a tumor of drug-resistant clones which may have been minimally represented
at the start of therapy.

Because of the all too frequent development of drug resistance and the poor
responsiveness of some tumors from the outset, for a long time there has been a
move toward the development of new agents which might prove to be more
effective than existing agents, or at least to be non-cross-resistant alternatives.
Three major approaches to dealing with the problem of primary or secondary
chemotherapy resistance are being pursued, although the last two are still in
their infancy: (a) the development of new drugs, (b) attempts to reverse resis-
tance, and (c) attempts to use the altered biochemistry of drug-resistant cells as a
therapeutic target. In addition, maximal exploitation of available drugs is being
attempted through the more rational design of drug combinations, the use of
pharmacokinetic information, and the exploration of very high-dose therapy.

Drug Screening

The National Cancer Institute of the United States of America has for many
years undertaken empirical drug screening programs whereby very large
numbers of compounds are examined for cytotoxic activity in selected panels
of animal tumors. Recently there has been a trend towards the introduction of
drug screening against human tumors in vitro, using the clonogenic assay system
or cell lines derived from human tumors (predominantly lung, breast, colon, and
CNS tumors, leukemia, and melanoma). Once promising agents are ideritified,
detailed toxicity studies are carried out in animals, and the drugs are finally
examined in clinical trials for toxicity (phase I) and activity (phase II). The place
of active drugs in cancer treatment is finally examined in phase III trials (usually
randomized) in which drug combinations containing the new agent are com-
pared with the best available drug therapy. Whatever the screening method
used, this approach to the discovery of potential new agents requires extensive
resources and is relatively inefficient. Increased efficiency of preclinical screen-
ing has been made possible by improved knowledge of pharmacology and of the
biochemical pathways with which drugs interact, as well as the development of
computer data bases incorporating structure/activity information so that new
compounds can be selected for screening on the basis of the similarity of their
structure to drugs of known activity or the uniqueness of their structure.

Drug Design
Now that a sizable chemotherapeutic armamentarium has been built up, increas-
ing efforts are being expended in the design and development of new agents by

structural modification of existing drugs (i.e., the development of less toxic or
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more effective analogues). A number of potentially useful agents which appear
to have less of the dose-limiting toxicities of their parent compounds have been
developed, good examples being cisplatinum and anthracycline analogues with
less renal and cardiac toxicity respectively. As more is learnt of structure-activity
relationships, there is likely to be major progress in the ability to synthesize drug
analogues with a number of desirable features, such as rapid penetration into the
cerebrospinal fluid, or even into specific tumors, based on the biochemistry of
the particular tissue, and resistance to enzymatic degradation. It may even be
feasible to design drugs which have activity against specific tumors, which have
less toxicity, or which interfere with more than one biochemical pathway. A
prototype of the latter kind is the drug ara-azacytidine, which combines the
biochemical characteristics of two drugs, cytosine arabinoside (ara-C) and 5-
azacytidine. This agent has proved to be more active than either ara-C or 5-
azacytidine alone in initial animal studies, but whether increased activity will be
observed in clinical studies, and whether it will have advantages over the simul-
taneous or sequenced administration of the individual parent compounds
remains to be seen [8].

A more recent approach to the development of chemotherapeutic agents,
which is also dependent upon computer-based information, is the attempt to
design drugs with particular activities, e.g., the ability to bind to an enzyme (and
therefore inhibit the binding of the normal substrate) known to be important in a
biochemical pathway involved in cellular proliferation. This has been made
possible by the ability to generate, by means of sophisticated computer graphics,
representations of the three-dimensional structure of enzymes, and to predict
the structure of compounds which will bind to the catalytic regions. This permits
the search for, or even the active synthesis of, agents which possess regions with
the appropriate structure for the requisite function. Such an approach has
already been used in the development of new folate inhibitors, and is likely to be
used increasingly as more information becomes available regarding the deranged
biochemical pathways of cancer cells. For example, the design of drugs which
inhibit oncogene products, possibly even oncogene products which are specific
for certain types of tumor, is a potentially very exciting area for future research.

Drug Resistance

In essence, chemotherapy failure is due either to failure of the drug to reach all
tumor tissue (or to do so in sufficient concentration) or to the development of
drug resistance. In the latter case, tumor will continue to progress in the face of
drug concentrations which are normally cytotoxic. This is due either to intrinsic
resistance of a proportion of the tumor cells, which may eventually come to
predominate in the population, or to the development of resistance after expo-
sure to chemotherapeutic agents. Thus, a worthy parallel endeavor to the de-
velopment of improved or alternative drugs is the exploration of the mechanisms
of drug resistance, in the hope that this knowledge will lead to effective methods
of preventing or reversing resistance. Mechanisms of resistance can be simply
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divided into those which reduce the effective level of a drug in tumor cells (i.e.,
impair entry, increase elimination, lessen activation, increase inactivation) or
those which interfere with the biochemical effect of the drug (e.g., reduce bind-
ing of the drug to an enzyme, compensate biochemically for the function that has
been impaired by the drug, or directly inhibit the drug effect). Resistance can be
associated with increased transcription of a gene involved in one of these pro-
cesses (in more extreme cases involving amplification of the gene itself), such as
the dihydrofolate reductase (DHFR) gene whose product is inhibited by
methotrexate, or the multidrug resistance gene which codes for a protein (P170)
believed to be involved in the elimination of certain chemicals, including several
chemotherapeutic agents, from the cell via a membrane pump. Increased levels
of DHFR or P170 means that increased concentrations of cytotoxic drugs will
be required to overcome their effect. Increased levels of glutathione, which de-
stroys free radicals (which mediate the cytotoxicity of some drugs), have been
associated with resistance to anthracyclines. Sometimes resistance is caused by
the structural modification of an important cellular enzyme which is inhibited by
a chemotherapeutic agent e.g., (once again) DHFR.

Knowledge of the mechanisms of resistance will hopefully permit the de-
velopment of methods of avoiding, or lessening the probability of, the develop-
ment of resistance, or even of increasing the sensitivity of tumor cells to chemo-
therapeutic drugs, either before or after the acquisition of clinical resistance.
When 5-fluorouracil (5-FU) is given before methotrexate, for example, it can
induce amplification of the DHFR gene, such that cells become more resistant
to subsequently administered methotrexate [9]. Cells which are resistant to
methotrexate because of defective polyglutamate formation (methotrexate
polyglutamates remain in the cell for longer and increase inhibition of thymidy-
late synthetase, another important enzyme in the pyrimidline synthesis pathway,
as well as prolonging inhibition of DHFR) retain sensitivity to trimetrexate, a
lipid-soluble antifolate which does not form polyglutamates. There is some evi-
dence that sequential administration of methotrexate and trimetrexate may
decrease the rate of emergence of methotrexate resistance [10].

Resistance may be reversed by agents which inhibit the action of the primary
macromolecules involved in the expression of drug resistence (e.g., blocking the
function of P170 with verapamil or quinidine, or reducing levels of glutathione
with buthionine sulfoximine). It may even prove possible to develop drugs which
bind specifically to structurally modified enzymes associated with drug resistance
(such as modified DHFR [11}). Finally, the recent cloning of the gene coding for
P170 (mdr-1) should permit rapid progress in the understanding of its normal
functions and its role in pleiotropic drug resistance.

Rational Drug Combination

Until recently, combination chemotherapy regimens have been designed empir-
ically, paying attention only to the known spectrum of activity and the toxicities
of the drugs under consideration. As information regarding biochemical path-

11



ways improves, the possibility exists of rationally designing drug combinations to
have the maximal effect on a specific intracellular pathway. This approach has,
to date, mainly been explored in the case of drugs affecting purine and pyrimi-
dine metabolism, the pathways of which are known in quite substantial detail.
One example is the use of 5-FU/leukovorin combinations. It has been shown that
complete thymidylate synthetase inhibition by the active metabolite of 5-FU
(fluorodeoxyuridine monophosphate) can only be achieved in the presence of a
folate cofactor, N>’ methylene tetrahydrofolate [12]. Sensitivity to 5-FU cor-
relates directly with the intracellular folate level of cultured cells, and reduced
folates enhance the cytotoxicity of 5-FU in both sensitive and resistant lines [13,
14]. Combinations of drugs acting on the same pathway may prove to be syner-
gistic. This is the case when methotrexate is administered before 5-FU, although
administration in the reverse order has the opposite effect (see above). Hopeful-
ly, as more information is obtained regarding the mode of action of cytotoxic
agents, the design of drug combinations can be based more and more upon the
biochemical effects anticipated rather than simply the known spectrum of activ-
ity and toxicity of a drug and empirical studies of drug combinations in animal
tumors. The latter frequently fail to predict the result in human tumors, the
biochemistry of which may differ markedly.

Role of Pharmacokinetics in Cancer Chemotherapy

In recent years, because of the development of improved methods of measuring
drug levels, particularly through the use of high-pressure liquid chromatogra-
phy, pharmacokinetics has played an increasingly important role in the design of
chemotherapy protocols. Because of age-related and individual differences in
metaoblism and in the absorption (after oral administration) of drugs, standard
dosing does not necessarily produce similar serum levels in different indi-
viduals. In the future, dosage could be determined on the basis of serum levels
attained—a concept which is undergoing preliminary clinical trials. Knowledge
of the distribution and true half-life of a drug; its absorption from the gastro-
intestinal tract, muscle, or subcutaneous tissue; and its protein binding capacity,
lipophilicity, and passage across the blood-brain barrier all enable treat-
ment protocols to be designed more rationally, at least with regard to optimal
dose, route, and scheduling of administration. Erratic absorption of oral 6-
mercaptopurine may be a factor which contributes to the relapse of patients
suffering from acute lymphoblastic leukemia while they are on maintenance
therapy (probably because of a resultant reduction in the dose intensity deliv-
ered to the tumor cells—see below) [15]. Valuable information pertinent to the
dose and frequency of administration of ara-C has been gained with knowledge
of its rapid deamination in serum and tumor cells [16]. Measurement of serum
and CSF methotrexate levels has been instrumental in permitting the safe
administration of high-dose methotrexate regimens, including those designed to
provide CNS prophylaxis.

Pharmacokinetics provide particularly valuable information with regard to
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the choice of drug and design of regional chemotherapy regimens (e.g., hepatic
artery infusions, intraperitoneal therapy). Clearly, such therapy has very
specific indications, such as the presence of hepatic metastases of colorectal
cancer, or intraperitoneal spread of ovarian cancer or cancer of the colon
(see below).

Concept of Dose Intensity

Because the development of chemotherapy regimens has for the large art been
empirical and has also been influenced by practical issues such as the need for
hospitalization, a number of basic aspects of the design of chemotherapy regi-
mens have not been given the attention they deserve. One such issue is the
question of dose intensity—the amount of drug delivered per unit time. Is it
more likely that cure will result from high doses given at relatively long intervals
or from lower doses given frequently, or are these two approaches equivalent so
long as the same dose per unit time is given? There is no absolute answer to this
question, since efficacy is often influenced by the pharmacology of the cytotoxic
drug in question. In the case of ara-C, for example, the effect on the tumor is
clearly schedule-dependent. There is good evidence, however, that for several
drugs, e.g., mitoxantrone in breast cancer and VP16 in lung cancer, there is a
linear relationship between the response rate and the dose intensity (at least
over a part of the dose-intensity range), suggesting that the most important fac-
tor which determines the outcome of therapy (at least the initial response rate) is
often dose intensity rather than schedule [17].

This concept has important implications for the design of phase I and II
studies. In the case of drugs with a steep slope of the linear dose-intensity—
response relationship, small increments in dose intensity may have a significant
effect on response. For mitoxantrone given every 3 weeks, for example, the
response rate in patients with advanced breast cancer increased by almost 20%
for an approximate increment in received dose intensity from 4 to 4.5 mg/m? per
week. Knowledge of the slope of the line representing the dose-intensity—
response relationship permits better assessment of the therapeutic gains which
might be achieved by further increase of dose intensity, and, coupled with knowl-
edge of the schedule-dependency of toxicity, may permit schedules to be de-
signed which maximize dose intensity, and therefore response, and keep toxicity
within acceptable limits. Low-dose continuous infusions, as sometimes em-
ployed for 5-FU in colorectal cancer, for example, may allow more drug to be
administered per unit time, yet result in less toxicity. Preliminary information
appears to confirm that low-dose continuous infusions result in a higher response
rate in patients with colon cancer (see Woolley, this volume).

Another concept resulting from dose-intensity analysis is that larger tumors
require a higher dose intensity. Whereas for low-burden tumors, an increment
in dose intensity may not result in any improvement, for high-burden tumors
significant benefit could result. This is consistent with the finding that relative-
ly low-dose adjuvant therapy is of considerable value in some diseases, while
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higher dose intensities may be curative in an adjuvant setting, even where the
tumor is relatively resistant or incurable by chemotherapy alone (e.g., osteo-
genic sarcoma).

Although calculation of dose intensity for combination chemotherapy regi-
mens is more difficult, this can be done by relating the dose intensities of each
drug in any given regimen to that of the dose intensity of the drug in a standard
regimen in which the component drugs are of approximately equal activity, and
averaging the resultant dose intensities. Such calculations yield dose-intensity—
response relationships as seen for single agents. Moreover, when the range of
dose intensities of the individual agents is sufficiently different in a series of
regimens of similar average dose intensity, the relatively activity of one of the
agents can be determined by plotting dose intensity of the agent in question
against response rate [17]. These kinds of calculations could be useful in the
design of drug combinations which should clearly contain the optimal dose inten-
sities of each drug.

In addition to dose intensity, the duration of treatment is important, the prod-
uct of these two factors being total dose. Theoretically, and assuming that drug
resistance does not arise, there should be an optimal duration of therapy for
each tumor, based upon the total tumor burden. To analyze the relative impor-
tance of dose intensity and total dose, randomized trials will need to be con-
ducted in which either dose intensity or total dose is fixed, with the other factor
as a variable [18].

Massive Dose Therapy

Some investigators have attempted to improve tumor cell kill by using very high
drug doses. In some cases the resultant very high drug levels may result in a
more effective drug action; for example, the ability of methotrexate to prevent
DHFR from producing reduced folates is dependent upon a large excess of
free drug in the cell. Similarly, very high levels of circulating ara-C will swamp
the available deaminases present in normal serum and tumor cells which
rapidly break down this drug. Moreover, high intracellular levels compete effec-
tively with intracellular deoxycytidine triphosphate pools for incorporation into
DNA. Very high drug levels may also increase penetration into tumor cells and
may have other effects which increase tumor cytoxicity. High levels of methotre-
xate, for example, can increase the formation of methotrexate polyglutamates,
which appear to be of significance to the cytotoxic effect of methotrexate, and
provide a basis for selectivity of drug action, since bone marrow cells and intes-
tinal epithelial cells do not accumulate polyglutamates. In the case of S-phase
agents, duration of exposure to the drug is critically important with regard to
toxicity to the normal cells, and extraordinarily high doses of these drugs, with
the attendant theoretical advantages, can be administered to patients for short
periods, measured in some cases in days (e.g., ara-C), without causing lethal
toxicity. High-dose therapy is sometimes carried out in conjunction with
“marrow rescue,” whereby autologous marrow, stored (cryopreserved) prior to
the administration of the high-dose drug therapy, or allogeneic bone marrow is
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reinfused into the patient to permit marrow recovery after what is believed to be
a lethal dose of drug (with or without total body irradiation) has been admin-
istered. Marrow rescue is logical where myelosuppression is the major form of
toxicity of the drug in question. In protocols incorporating very high drug doses,
however, alternative toxicities may sometimes prove to be dose-limiting, e.g.,
liver toxicity with the nitrosoureas, cerebellar toxicity with high-dose ara-C, and
the potential for cardiac toxicity with very high-dose cyclophosphamide. These
extramedullary toxicities essentially limit the drugs which can be used in very
high dosage to alkylating agents, methotrexate, ara-C, and VP16. Moreover, if
the concept of dose intensity is correct, very high-dose chemotherapy may offer
advantages over more conventional dosage schemes only when sufficient total
drug can be administered in a single chemotherapy cycle for destruction of the
total tumor burden (a single cycle of treatment may also lessen the probability
that drug resistance will arise), or when there are particular pharmacologic or
biological advantages. The latter may exist in certain chronic malignancies such
as chronic myeloid leukemia (CML) or follicular lymphomas, particularly small
cleaved-cell follicular lymphomas. These tumors may differ from others in that
there is a population of tumor stem cells which, while retaining sensitivity to
chemotherapy over long periods, appear, like bone marrow stem cells, to be
impossible to eliminate with conventional drug regimens. These tumor stem cells
continually replenish the tumor cell pool. Cure may only be accomplished by
total ablation of these tumor stems cells, a process which appears to be possible,
at least in the case of CML (see chapter 45), by massive therapy, usually involv-
ing total body irradiation followed by hemopoietic reconstitution.

Regional Chemotherapy

While chemotherapy is rightly considered as systemic therapy, like radiation,
exposure of normal cells limits its efficacy. Two potential means of achieving
high tumor drug levels while keeping systemic drug exposure to a minimum are
being studied. The first is regional chemotherapy, in which intra-arterial infusion
(in the case of the liver, portal vein infusion is also used) or intracavitary instilla-
tion can, when appropriate drugs and anatomical situations are chosen, increase
the differential concentration of drugs between the regional tumor and the
serum [19]. With arterial infusion, the differential concentration is inversely
proportional to the ratio of the arterial blood flow to the cardiac output, since the
venous return from the tumor will provide the systemic concentration. Where
systemic clearance is high, or there is a significant “first pass” effect, i.e.,
elimination of drug from the bloodstream before the systemic circulation is
reached, as occurs in hepatic artery infusion of 5-FU, a significant concentration
gradient can be established. Although arterial perfusion has been under explora-
tion for many years, however, it has not become a standard therapeutic
approach, with the possible exception of the control of hepatic metastases of
colorectal cancer using 5-FU. It would appear that in general, pharmacologic
advantages are minor or insignificant.
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The use of intraperitoneal infusions for tumors confined to the abdomen has
met with some success when the tumor nodules are small and drugs with slow
egress from the peritoneal compartment but rapid systemic clearance are
chosen. This approach could prove to be of value when large molecules, e.g.,
protein-drug conjugates, are used, for these penetrate more deeply into the
tumor since they do not readily enter tumor capillaries.

Targeted Chemotherapy

The second method of diminishing systemic toxicity is to use targeted therapy, in
which the tumor uptake of the drug is much greater than uptake into other body
cells, or in which the drug has a relatively specific effect because of the functional
activity and resultant biochemical pathways of the normal and tumor tissue.
Ortho para’DDD, for example, causes necrosis of the normal adrenal cortex and
is active against adrenal carcinoma, while streptozotocin causes specific toxicity
of pancreatic islet tissue and functional islet cell tumors. In the absence of selec-
tive uptake on a biochemical basis, improved specificity can be achieved by cou-
pling the drug to a molecule that will selectively bind or be taken up by the
tumor cell. One potential benefit of efficient targeting would be that highly toxic
drugs or toxins could be used in place of chemotherapeutic agents without risk-
ing systemic toxicity. The most widely explored method to date, although still in
its early stages of development, has been the coupling of drugs to monoclonal
antibodies which bind specifically to tumor cells (see below).

Chemotherapy of Pharmacologic Sanctuaries

An area which has become of increasing importance as improvements in sys-
temic therapy are made is the therapy of tumors in body sites less accessible to
chemotherapeutic agents, e.g., the central nervous system. In several diseases,
spread into the CNS has become an increasingly frequent reason for failure, so
that the development of more effective therapy for brain and meningeal involve-
ment will have an impact upon a wide range of neoplasms. Special characteristics,
primarily lipid solubility, are required of drugs which cross the blood-brain
barrier—which is composed of two lipid bilayers—and toxicity considerations
differ for this body compartment so that direct intrathecal injection is pos-
sible only with a very limited number of drugs. New compounds able to cross
the blood-brain barrier are being developed and evaluated (e.g., phenylhydan-
toin mustard), while oxazaphosphorines not requiring activation in the liver
(hydroperoxycyclophosphamide) have recently been administered directly into
the CSF without major toxicity [20].

Recently intraocular recurrences in acute lymphoblastic leukemia have
focused attention on the eye as a sanctuary site, [21] while the testis has for long
been recognized as a potential sanctuary, depending upon the drugs being used
for treatment. There has, however, been less clinical research directed toward the
testis as a pharmacologic sanctuary because of its amenability to local therapy.
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Reduction or Abrogation of Toxic Side Effects

If the toxic side effects of a drug can be reduced, higher doses can be given, so
increasing its antitumor efficacy. While some drug analogues appear to have less
toxicity in general than the parent compound at an equally tumor-toxic dose,
and others may be less toxic with regard to a specific side effect, an alternative
to the development of new agents is the employment of a method, or additional
agent, to lessen a particular toxicity. For example, hyperchloremic hydration
considerably lessens the nephrotoxic effect of cisplatin, allowing more drug to be
administered [22]. Similarly, sodium thiosulfate or diethyldithiocarbamate can
abrogate both the nephrotoxicity, and, in higher dosage, the cytotoxicity of cis-
platin. Sodium thiosulfate can also be used to prevent systemic toxicity when
cisplatin is used for regional therapy (e.g., intraperitoneal instillation) [23].
Recently a protective effect of ICRF-187 against adriamycin-induced cardiac
toxicity was reported [24].

Another example of an increased therapeutic index as a consequence of
reduction in regional toxicity is provided by dimercaptoethanesulfonate (mesna)
[25]. This sulfhydryl compound is able to protect the renal tract (particularly the
bladder) against the chemical irritation induced by the oxazaphosphorines.
Mesna, which is almost exclusively excreted by the kidney, is inactive in serum,
but binds to urinary acrolein and the 4-hydroxy oxazaphosphorine metabolites
which yield acrolein, the agent believed to be primarily responsible for the
production of cystitis. Clearly, mesna fulfills many of the requirements for an
ideal regional protective agent, since it exerts an effect only in urine and does
not influence systemic cytotoxicity. Its use has permitted reintroduction of ifosfa-
mide, an oxazaphosphorine which may be more effective than cyclophospha-
mide, at least in some tumors, but whose dose-limiting side effect in the absence
of mesna is hemorrhagic cystitis. High-dose cyclophosphamide, as given in
marrow transplantation preparative regimens, is also more safely administered
with mesna uroprotection.

Biological Approaches to Therapy

Progress in the fields of developmental biology, immunology, and molecular
genetics has led to the realization that the pathogenesis of individual cancers can
and will be comprehended in the near future. In some cases, e.g., Burkitt’s
lymphoma, CML, and to a lesser extent other hemopoietic neoplasms, Wilms’
tumor, and retinoblastoma, there is already quite detailed knowledge of the
somatic genetic changes which have induced neoplastic behavior. At the same
time, information regarding the regulation of cell differentiation and prolifera-
tion, the derangement of which is a quintessential aspect of neoplasia, is rapidly
accumulating. These exciting developments in the biological sciences have pro-
vided impetus, and some of the tools, to begin to consider therapeutic interven-
tions based on a view of cancer as a genetically induced derangement of cellular
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behavior, which might in some circumstances be correctable and in others pro-
vide a target for truly tumor-specific therapy. The same techniques which have
permitted an increased understanding of cancer have led to the development of
new and more objective methods of diagnosis and made possible new treatment
approaches using, for example, molecularly cloned cytokines or cell clones. The
present blossoming of clinical trials to examine the efficacy of biological response
modifiers has largely been made possible by the ability to produce large quanti-
ties of cytokines by recombinant DNA techniques. These same molecules, par-
ticularly interleukins and hemopoietic growth factors, have made it possible to
expand clones of cells in vitro which can be used in adoptive immunotherapy,
and raise the possibility of ultimately replacing entire normal hemopoietic
lineages destroyed by intensive chemotherapy.

Immunotherapy

For a long time, the realization that the immune system provides defenses
against a broad range of microorganisms and even cells derived from other
individuals has stimulated efforts to divert this natural defense system toward
the treatment of cancer. Empirical attempts at nonspecific immunotherapy have
met with little success in the past, but the recent ability to raise and purify mono-
clonal antibodies coupled with significant advances in the understanding of
the numerous regulatory factors elaborated by lymphoid cells and macrophages
has led to a resurgences of interest in this area.

Monoclonal Antibodies. Antibodies produced by a single clone of mouse (rare-
ly other species) lymphocytes fused to a plasmacytoma cell line to permit con-
tinued survival and production of the antibody have led to the recognition of a
series of lineage-specific and differentiation-specific antigens, as well as many
others, which, while associated with specific cell lineages (e.g., T lymphocytes)
are not exclusively expressed on such cells. These antigens provide valuable
diagnostic aids as well as potential targets for therapeutic approaches. It should
be noted that, with the exception of the antigen receptors of B- and T-cell lym-
phoid neoplasms (which are clone-specific), no truly tumor-specific antigens
have been recognized in man. This is of significance to therapy in which anti-
bodies directed against these antigens are used, since the consequences of effects
on normal cells must always be considered.

The simple binding of a monoclonal antibody to a surface receptor of a tumor
cell will, by itself, rarely lead to cell death, although some antibodies are cyto-
toxic in vitro in the presence of complement. It is theoretically possible, however,
that monoclonal antibody binding alone could have therapeutic value if the
target antigen (more specifically, epitope) were carefully selected. This is based
upon the assumption that some surface antigens may be obligately expressed
(e.g., an essential growth factor receptor), so that dividing tumor cells must
always possess them, and deprivation of the binding of the appropriate ligand
would have a detrimental effect on the tumor. Appropriate antibodies could
prevent the binding of the ligand to the receptor, by binding to the ligand itself
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or to the cell-surface receptor. This approach has been shown to be theoretically
possible by the demonstration that antibodies against the peptide bombesin
(which acts as a growth factor for small cell lung cancer) can inhibit the growth of
small-cell lung cancer cell lines and xenografts [26]. Many cell surface antigens,
however, as has been shown in a number of clinical trials, may be down-
regulated (modulated) with no apparent harm to the tumor cell, so that they can
be useful as targets only when the monoclonal antibody is conjugated to a toxin,
drug, radioisotope, or possibly cytokine capable of causing cell death. Such
approaches to cancer therapy are in their infancy. Numerous problems still re-
main to be surmounted, such as the destruction of heterologous antibody mole-
cules by the patient’s inmune system, penetration of the antibody molecules to
all tumor-bearing sites, modulation of the target antigen (if initial binding does
not result in cell death), the blocking of monoclonal antibodies by circulating
antigens, and possible side effects due to nonspecific uptake of antibodies by
other organs (especially liver). Whether some of these problems can be over-
come, for example, by the use of human or hybrid (mouse variable region,
human F, region) monoclonal antibodies, which would not excite a significant
host immune response against them, by antibody ‘“‘cocktails’ containing several
antibodies which react with different antigens on the neoplasm, or by the simul-
taneous use of agents which enhance antigen expression to avoid the problem of
modulation remains to be seen.

Adoptive Immunotherapy. For many years the theoretical possibility of boosting
the host immune response against tumor cells has been discussed, and numerous
approaches have been attempted in preclinical and clinical trials. The essential
failure of nonspecific immune stimulants, such as BCG (bacille Calmette-
Guérin), led for a time to disillusionment with the whole concept of im-
munotherapy, but the recent definition of a number of molecules which are in-
volved in the regulation of the immune response has rejuvenated this field.
Highly purified lymphokines—molecules which regulate the proliferation and
function of lymphocytes—are now available in large quantities through recom-
binant DNA technology which has permitted the cloning and expression of their
genes in bacterial systems (or, more rarely, in mammalian cells). This in turn has
raised the possibility of manipulating the immune system in a very precise way,
either in vivo, by administering the purified molecules directly to the patient, or
by expanding selected cell populations in vitro with the aid of lymphokines prior
to reinfusing them into the patient. In practice, there is much to be learnt about
the actions of the many lymphokines, and ongoing clinical trials still have a large
element of empiricism. Among the more promising approaches is the use of
interleukin-2 (IL-2). Numerous studies are currently exploring the use of this
agent alone and in combination with LAK cells (lymphokine activated killer
cells) or with TIL cells (tumor infiltrating lymphocytes), which are expanded in
vitro by the use of IL-2 and then administered to the patient along with addition-
al IL-2 to maintain the proliferation of the responsive cells in vivo. Although the
LAK cell/IL-2 regimen, as originally reported (bolus doses of IL-2 3 times
daily), is toxic, resulting in marked fluid retention, hypotension, and liver and
renal impairment, responses, including complete responses, have been observed
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in tumors for which there is no other effective therapy, such as metastatic renal
cell cancer and melanoma (with response rates of 33% and 23% respectively)
[27]. A much less toxic regimen involving the constant infustion (5-day cycles)
of a lower dose of IL-2 with LAK cell reinfusion was recently reported [28].
A similar response rate was observed although no complete responses were
seen. In this study there was a good correlation between the initial and rebound
(in response to IL-2) lymphocyte counts and the chance of responding. Patients
more likely to respond to this approach would appear to be those with relative-
ly small tumor burdens, a good performance status, and good preservation of
peripheral lymphocyte counts. In such patients, the value of reinfused, in vitro-
stimulated lymphoid cells is not clear, and, indeed, responses have been ob-
served with IL-2 alone (e.g., 31% in patients with melanoma [26]). These results
clearly demonstrate that lymphokine therapy, with or without LAK cells, can
be of therapeutic value and provide incentive for the further exploration of
this approach. It is possible that adoptive immunotherapy may prove to be
of value when combined with monoclonal antibodies directed at cell-surface
receptors (some cells are capable of killing antibody-coated cells), or even in
combination with cytotoxic drugs such as cyclophosphamide. Synergism be-
tween adoptive immunotherapy and cyclophosphamide has been demonstrated
in animal experiments.

Cytokines: Cellular Regulatory Factors

Lymphokines belong to the broader class of cytokines, molecules involved in
cellular differentiation and proliferation in all tissues. In order to exert their
effects, the cytokines must bind specifically to high-affinity cell-surface recep-
tors, which are present on most malignants cells as well as on a variety of normal
tissue. Molecular cloning has made available large quantities of such molecules,
and thus detailed in vitro studies and clinical trials can be carried out.

Interferons and Tumor Necrosis Factor. Prominent among the cytokines are the
interferons. Some tumors have shown good responses to these cytokines, such as
follicular lymphomas and hairy-cell leukemia. a-Interferon is currently one of
the most effective therapies for the latter disease. Whether the effect is mediated
via a direct action on the tumor cells themselves, or via other cells such as lym-
phocytes and macrophages, is not know. Few trials have been performed to date
with other interferons, including 7-interferon, which is showing considerable
promise in preclinical studies.

Another cytokine which has shown considerable promise in preliminary
animal studies is tumor necrosis factor (TNF), a pleiotropic molecule normally
produced by macrophages. TNF has a variety of actions on different cell types,
among them the induction of hemorrhagic necrosis in some animal tumors,
cytostasis, and differentiation induction. TNF-« has been shown to directly in-
hibit the transcription of the c-myc oncogene in the HL60 cell line derived from
human promyelocytic leukemia cells [29]. Clinical trials with TNF are currently
under way.
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It is possible that cytokines will have synergistic effects on tumors when used
in combination with each other (TNF and r-interferon, for example, are syner-
gistic in some systems), or possibly in combination with chemotherapy [30] or
monoclonal antibodies. At present such combination studies remain largely
empirical, but IL-2, for example, can enhance antibody dependent cellular cyto-
toxicity in vitro [31].

Hemopoietic Colony Stimulating Factors. Of particular interest has been the re-
cent availability of purified hemopoietic growth factors, again due to recom-
binant DNA technology. Factors such as granulocyte macrophage-colony stimu-
lating factor (GM-CSF) are able to stimulate phagocytic cell production in vitro
and in vivo. One of the most important potential uses of these factors is the
shortening of the period of granulocytopenia after chemotherapy. Since this is a
dose-limiting side effect with so many chemotherapeutic agents, the hemopoietic
growth factors may considerably increase the total dose of chemotherapeutic
agents which can be administered in a given period. This is critically important
in rapidly growing tumors, where tumor regrowth can occur prior to marrow
recovery. Increased dose rate could also be of major benefit in high-dose chemo-
therapy protocols where the marrow recovery time may be unacceptably long,
thus exposing the patient to a serious risk of infections. Thus as well as permit-
ting an increased dose intensity, hemopoietic growth factors may reduce the
infectious complication rate in neutropenic patients by shortening the period of
neutropenia.

One possible problem with such factors is that they may increase growth rates
of hemopoietic tumors. Careful preclinical testing will be needed to ensure that
administration of such hemopoietic factors will not stimulate tumor growth.

Hemopoietic factors could also be used in the growth of bone marrow in vitro
prior to its use to reconstitute hemopoiesis after ablative therapy. If such tech-
niques could be perfected, they might also have application in reducing myelo-
suppression in response to chemotherapy. For example, autologous marrow
could be grown ex vivo in the presence of gradually increasing concentrations
of chemotherapeutic drugs to which it would become resistant. This marrow
could then be reinfused into the patient who could be treated at higher dose
intensity with the same chemotherapeutic agents. A possible problem with this
approach is the observation that bone marrow never seems to lose its sensitivity
to chemotherapeutic drugs, so that the ability to induce chemotherapy resistance
simply by drug exposure in vitro would be questionable.

The demonstration that cloned colony stimulating factors such as GM-CSF
can activate neutrophils and macrophages and enhance antibody-dependent cell
mediated cytotoxicity in vitro provides a rational basis for the combination of
these factors with appropriate monoclonal antibodies for the treatment of spe-
cific tumors. Further, the enhancement of LAK or TIL cell dependent tumor cell
killing represents yet another novel use of these molecules which is currently
undergoing preliminary exploration.

Growth Factors and Growth Inhibitory Factors. A number of factors produced
by normal cells have been shown to exert an effect on cell proliferation [32].
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Growth factors and their receptors may sometimes be relevant to the pathogene-
sis of cancer, and some oncogenes appear to be altered growth factors or growth
factors receptors [e.g., epidermal growth factor receptor (erb-B), and platelet-
derived growth factor (sis)]. Cancer cells may become independent of some
exogenous growth factors because of activation of a growth factor receptor or
post-receptor pathway, or autologous production of the factor itself. Some fac-
tors which are stimulatory for some cell types are inhibitory for others (e.g., the
transforming growth factor TGF-g inhibits the proliferation of breast cancer
cells). The possible role of these molecules in various cancers is being investi-
gated; this being made feasible by the availability of purified recombinant mole-
cules. Soluble receptor molecules or analogues of growth factors could be used
to inhibit growth factor binding, while growth inhibitory factors could have a
direct role in cancer therapy. As yet, clinical studies using such molecules have
not been reported, but their pleiotropic actions cause problems similar to those
arising from the use of interferons.

Hormone Therapy

Hormone therapy is not a new approach to cancer treatment, but the under-
standing of the mode of action of hormones in a variety of hormone-responsive
tumors, notably breast and prostate, is being rapidly elucidated. While the
hormone dependency of these tumors can be exploited therapeutically by the
deprivation of the relevant hormone (e.g., by gonadotropin secretion blockers to
prevent androgen production in patients with prostatic cancer), new information
on the mode of action of hormones on such tumors could lead to the develop-
ment of alternative approaches. Hormones induce the expression of a number of
genes, including, in some cases, growth factors or, possibly, their receptors. For
example, estrogens induce TGF-a production in hormone-responsive breast
cancer cell lines. Hormone receptors, or hormone-induced surface proteins,
growth factors, or growth-factor receptors could provide targets for therapeutic
attempts, e.g., with monoclonal antibodies or modified growth factors, possibly
coupled to toxins or radionuclides. A combination of anti-hormone and anti-
growth factor therapy could have additive or synergistic value. Once again, the
potential effects on normal tissue must be carefully explored and taken into con-
sideration in contemplating such treatment approaches.

Inhibition of Angiogenesis

Tumors, like normal tissues, require a blood supply in order to proliferate. The
marked variations in tumor vascularity are believed to be due to differences
in the ability of neoplastic tissue to induce capillary growth by production
of angiogenesis factors. A novel approach to cancer treatment is to inhibit
angiogenesis, and thereby impair tumor growth. The demonstration that hepar-
in, normally released by mast cells on the edges of vascularizing tumors, can
potentiate angiogenesis, whereas heparin in conjunction with corticosteroids is
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antiangiogenetic, led to the discovery that heparin fragments without anticoagu-
lant activity could also inhibit angiogenesis in the presence of corticosteroids.
The treatment of tumor-bearing mice with oral heparin (which results in the
release of heparin fragments into the bloodstream) and corticosteroids can
eliminate some tumors [33]. It has also been shown that metastasis occurs
only after vascularization of implanted tumors in experimental animals. Anti-
angiogenesis could also be accomplished by antibodies or new drugs directed
against angiogenesis factors or the receptors for such factors on endothelial
cells. Such agents could provide a new approach to cancer treatment, but no
clinical studies have been reported so far.

Prevention of Metastases

New understanding of the mechanisms whereby cancer cells metastasize from
the primary site (or even from a secondary site) may lead to novel means of
preventing spread. While such therapy could be of major benefit as ancillary
treatment of localized tumors, it is not clear that it could replace adjuvant
chemotherapy, since the latter is based on the assumption that subclinical meta-
stasis has already occurred. However, a small number of metastases which
subsequently became clinically apparent in a favorable site could be dealt with
by local therapy (e.g., wedge resection of pulmonary metastases and antimeta-
static therapy could have a role in preventing further metastasis). Whether
antimetastatic therapy will ever be of value in human tumors remains to be seen.
The process of metastasis is complex, requiring the penetration of cells through
the extracellular matrix (epithelial basement membrane and stroma) and into
a capillary. Intravasation and extravasation of tumor cells requires penetration
of the endothelial basement membrane, and the establishment of a metastatic
colony also requires penetration of perivascular interstitial stroma. The pro-
cess of metastasis therefore requires that the tumor cells have the ability to
attach to and degrade connective tissue-matrix components, including various
collagens, laminin, fibronectin, proteoglycans, and glycoproteins [34]. Effective
antimetastatic therapy would require attack on one or more of the three main
steps of metastasis, e.g., the prevention of attachment to laminin and fibronec-
tin by means of drugs or monoclonal antibodies directed toward the relevant
receptors; the targeting of protease inhibitors to tumor cells to prevent local
hydrolysis of the matrix; or interference with the process of migration of the
tumor cell, possibly by interfering with its recognition of chemotactic signals.
Considerably more work with in vitro and animal models will be required be-
fore clinical trials can be contemplated.

Approaches Based on an Understanding of Molecular Pathogenesis
In recent years there has been dramatic progress in the understanding of the
pathogenesis of cancer at a biochemical level. Cancer is emerging as a somatic,

genetic disorder caused by highly specific alterations in the structure and func-
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tion of relevant genes, frequently as a result of chromosomal translocation. An
understanding of these molecular aberrations is likely to lead to new approaches
to cancer therapy. Ultimately, cancer is a disorder of cellular differentiation,
proliferation, and migration. Thus, future approaches to cancer treatment may
be directed toward rectifying these disorders, either by means of relatively
empirical treatment, or by utilizing approaches directed toward tumor-specific
biochemical lesions produced by specific somatic genetic disorders. The latter
provide hope of ultimately developing truly tumor-specific therapy. Although we
are at the beginning of a new era in the comprehension of the molecular pathol-
ogy of cancer, it is appropriate to begin considering how this new information
may be utilized in the development of novel approaches to cancer treatment.

Induction of Differentiation in Tumor Cells. The possibility of inducing dif-
ferentiation in tumor cells and therefore rendering them nonneoplastic has been
a theoretical goal since the immaturity of most tumor cells was recognized.
Because of major progress in understanding the biology of differentiation, this
approach may become a practical proposition in the future. Such attempts
may involve the use of drugs, including cytotoxic agents and differentiation-
inducing agents (the latter include such compounds as the vitamin A analogues,
i.e., retinoids), but the possibility that cellular regulatory factors which act on
normal cells by influencing physiological pathways will be synthesized and used
as drugs in cancer treatment is a real one. Moreover, the particular approach
employed could be tailored to specific tumors once the mechanism of impair-
ment of differentiation has been elucidated.

Development of Tumor Specific Therapy. Once the deranged biochemical
mechanisms associated with specific cancers have been unraveled, the possibility
of directing highly specific therapy toward the particular cancer exists. This is
because the molecular lesion is unique to each type of cancer cell. Potential
approaches include the development of peptides or drugs with highly specific
properties, e.g., the ability to inhibit an abnormal oncogene product but not the
normal equivalent; the use of antisense oligonucleotides, possibly inserted into
tumor cells by means of retrovirus vectors, which specifically inhibit translation
of an abnormal oncogene messenger RNA; or the development of a means to
bypass the biochemical abnormality of the tumor cell (e.g., by provision of a
missing molecule). These approaches are in their infancy, and, moreover, can
only be explored in the handful of neoplasms for which detailed information is
available.

Molecular Approaches to the Amelioration of Toxicity

One of the major toxicities encountered in the chemotherapeutic treatment of
cancer is myelosuppression. Possible methods of lessening this have been dis-
cussed above. An alternative approach, which could abrogate marrow toxicity
altogether, is to render bone marrow totally resistant to chemotherapy. The
removal of normal bone marrow cells from a patient, insertion of drug-resistance
genes (e.g., multiple copies of a DHFR gene, particularly one which binds
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methotrexate poorly), and reinfusion of the marrow cells should result in an
increased tolerance of the appropriate drug once the resistant cells have become
predominant in the marrow. To date, only preclinical studies of the feasibility of
this form of ‘“‘gene therapy” have been carried out. Whether similar methods
could be applied to the amelioration of other forms of toxicity remains to be
seen.

This brief overview of selected new approaches to cancer treatment has hope-
fully indicated that the empirical approach to cancer treatment is likely to be
gradually complemented by approaches based on new understanding of the
mechanisms of oncogenesis, the interactions between cancer cells and the
tumor-bearing host, and the mechanisms whereby currently available therapies
kill tumor cells, or conversely, tumors cells become resistant to their effects. The
possibilities for developing new approaches to therapy are numerous, and it is
extremely likely that many of those discussed will not prove feasible, while other
approaches not yet conceived of may ultimately become routine. It seems likely
that no single approach will provide an all-encompassing solution to treating
cancer, and that therapeutic approaches will become increasingly specific for
indivdual cancers and for smaller and smaller subcategories of currently ac-
cepted disease entities. Even the newest of approaches, if successful, are likely
to be used initially in addition to more conventional methods. It is, however,
the very diversity of current therapies which promotes optimism. Ultimately, it
would seem that an understanding of the nature of cancer, that is, of the precise
chain of events leading to the conversion of a normal cell into a neoplastic cell,
will prove to be the most fruitful step in developing not only effective, but mini-
mally toxic methods of treatment (and prevention) which are aimed at the root
cause of the neoplastic process rather than at its manifestations. A few years
ago such a statement would have appeared fatuous. In the second half of the
1980s, however, we have entered an era in which understanding the detailed
biochemistry of cancer is becoming a reality. It is inconceivable that this
knowledge will not have a major impact on the prevention and treatment of
cancer in the future.

References

1. Peters LJ, Ang KK (1986) Unconventional fractionation schemes in radiotherapy. In: DeVita
VT Jr, Hellman S, Rosenberg SA (eds) Important advances in oncology 1986. Lippincott,
Philadelphia: 269-86

2. Hoefnagel CA, Voute PA, Marcuse HR (1988) Radionuclide diagnosis and therapy of neural
crest tumors using iodine-131 metaiodobenzylguanidine. J Nucl Med 28: 308-14

3. Saunders WM, Char DH, Quivey JM et al. (1985) Precision, high dose radiotherapy: helium ion
treatment of uveal melanoma. Int J Radiat Oncol Biol Phys 11: 227-233

4. Verney LJ, Munzenrider JE (1982) Proton beam therapy. Annu Rev Biophys Bioeng 11: 331~
357

5. Chu JC, Richter MP, Sontag MR et al. (1987) Practice of 3-dimensional treatment planning at
the Fox Chase Cancer Center, University of Pennsylvania. Radiother Oncol 8: 137-43

25



10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.
22.
23.
24.

25.

26.

27.

28.

29.

26

. Wambersie A, Battermann JJ (1985) Review and evolution of clinical results in the EORTC

Heavy-Particle Therapy Group. Strahlentherapie 161: 74655

. Gasparro FP, Chan G, Edelson RL (1985) Phototherapy and photopharmacology. Yale J Biol

Med 58: 519-534

. Driscoll JS, Johns DG, Plowman J (1985) Comparison of the activity of arabinosyl-5-

azacytosine, arabinosyl cytosine, and S5-azacytidine against intracerebrally implanted 11210
leukemia. Invest New Drugs 3: 331-334

. Schuetz JD, Westin EH (1986) Fluorodeoxyuridine (FdUrd) induced amplification of dihydrofo-

late reductase (DHFR) with methotrexate (MTX) resistance: a potential factor in the interaction
between methotrexate and fluoropyrimidines (abstract). Proc Am Assoc Cancer Res 27: 9
(abstract No 34)

Sobrero AF, Bertino JR (1986) Alternating trimetrexate (TMQ) with methotrexate delays the
onset of resistance to antifolates in vitro and in vivo (abstract). Proc Am Assoc Cancer Res 27:
269 (abstract No 1067)

Bertino JR, Mini E, Sobrero A et al. (1985) Methotrexate resistant cells as targets for selective
chemotherapy. Adv Enzyme Regul 24: 3-11

Santi DV, McHenry CS, Sommer H (1974) Mechanism of interaction of thymidylate synthetase
with S-fluorodeoxyuridylate. Biochemistry 13: 471-481

Evans RM, Laskin JD, Hakala MT (1981) Effect of excess folates and deoxyinosine on the
activity and site of action of 5-fluorouracil. Cancer Res 41: 3288-3295

Waxman S, Bruckner H (1982) The enhancement of 5-fluorouracil antimetabolic activity by
leucovorin, menadione and alpha-tocopherol. Eur J Cancer Clin Oncol 18: 685-692

Zimm S, Collins JM, Riccardi R et al. (1983) Variable bioavailability of oral mercaptopurine. Is
maintenance chemotherapy in acute lymphoblastic leukemia being optimally delivered? N Engl
J Med 308: 1005-1009

Chao DL, Kimball AP (1972) Deamination of arabinosyladenine by adenosine deaminase and
inhibition by arabinosyl-6-mercaptopurine. Cancer Res 32(8): 1721-1724

Hryniuk WM (1987) Average relative dose intensity and the impact on design of clinical trials.
Semin Oncol 14: 65-74

Hryniuk W (1986) Is more better? J Clin Oncol 4: 621-622

Howell SB (1984) Intraarterial and intracavitary cancer chemotherapy. Martinus Nijhoff,
Boston

Arndt C, Colvin M, Balis F et al. (1987) Intrathecal administration of 4-hydroperoxy-
cyclophosphamide (hpc) Proc Annu Meet Am Assoc Cancer Res 28: 439 (abstract)

Bunin N, Rivera G, Goode F, Hustu H O (1987) Ocular relapse in the anterior chamber of the
eye in childhood acute lymphoblastic leukemia. J Clin Oncol 5: 299-303

Ozols RF, Corden BJ, Jacob J, Wesley MN, Ostchega Y, Young RC (1984) High dose cisplatin
in hypertonic saline. Ann Intern Med 100: 19

Markman M, Cleary S, Howell SB (1985) Nephrotoxicity of high-dose intracavitary cisplatin
with intravenous thiosulfate protection. Eur J Cancer Clin Oncol 21: 1015-1018

Green MD (1987) Rationale and strategy for prevention of anthracycline cardiotoxicity with the
bisdioxopiperazine ICRF-187. Pathol Biol (Paris) 35: 49-53

Brock N, Pohl J, Stekar J, Sheef W (1982) Studies on the urotoxicity of oxazaphosphorine
cytostatics and its prevention. III. Profile of action of sodium 2-mercaptoethane sulphonate
(mesna). Eur J Cancer Clin. Oncol 18: 1377

Carney DN, Cuttitta F (1986) Interruption of small cell lung cancer (SCLC) growth by a mono-
clonal antibody to bombesin. 5th NCI-EORTC symposium on new drugs in cancer therapy.
October 22-24, 5th Amsterdam (abstract)

Rosenberg SA, Lotze MT, Muul L et al. (1987) A progress report on the treatment of 157
patients with advanced cancer using lymphokine-activated killer cells and interleukin-2 or high-
dose interleukin-2 alone. Engl J Med 316: 889-897

West WW, Tauer KW, Yanell JR et al. (1987) Constant infusion recombinant interleukin-2 in
adoptive immunotherapy of advanced cancer. N Engl J Med 316: 898-905

Kroénke M, Schliiter C, Pfizenmaier K (1987) Tumor necrosis factor inhibits MYC expression in
HL-60 cells at the level of mRNA transcription. Proc Natl Acad Sci USA 84: 469-473



30.

31.

32.

33.

34,

Wanatabe N, Niitsu Y (1986) Anti-tumor effect and the mechanism of action of human recom-
binant TNF. Gan To Kagaku Ryoho 13: 1322-1328

Shilone E, Eisenthal A, Sachs D, Rosenberg SA (1987) Antibody dependent cellular cytotoxic-
ity mediated by murine lumphocytes activated in recombinant interleukin-2. J Immunol 138:
1992-1998

Goustin AS, Leof EB, Shipley GD, Moses H (1986) Growth factors and cancer. Cancer Res 46:
1015-1029

Folkman J (1985) Angiogenesis and its inhibitors. In: deVita VT Jr, Hellman S, Rosenberg SA
(eds) Important advances in oncology 1985: 42-62 Lippincott Philadelphia

Liotta LA (1985) Mechanisms of cancer invasion and metastasis. In: deVita VT Jr, Heliman S,
Rosenberg SA (eds) Important advances in oncology 1985: 28-41, Lippincott Philadelphia

27



Physical Approaches to Therapy



2. New Approaches in Radiation Therapy
T.J. Kinsella

Introduction

According to recent statistics from the American Cancer Society, over 850000
cases of invasive cancers are diagnosed yearly in the United States. Approx-
imately 70% of these patients will present with locoregional disease potentially
amenable to curative treatment using surgery, radiation therapy, or combined
modality therapy. However, in spite of current treatment strategies, up to 30%
of these patients will develop recurrent local disease which, in the majority, will
lead ultimately to death. In addition, acute and late radiation damage to normal
tissues can occur following high-dose external beam therapy used in definitive
radiation therapy or as adjunctive therapy in combination with surgery and/or
chemotherapy. We now realize that the radiation tolerance of some normal tis-
sues can be modified in combined modality therapy due to additive or synergistic
effects of surgery and, particularly, chemotherapy with radiation therapy.

While radiation therapy is a major treatment modality for many cancers,
present-day clinical practice has been determined largely by empiricism from
experience accumulated over the last 50-60 years. Such clinical experience has
resulted in an arbitrary classification of tumors as being radioresponsive (e.g.,
lymphoma and seminoma), moderately radioresponsive (e.g., squamous cell
carcinoma and adenocarcinoma), and poorly radioresponsive (e.g., melanoma
and glioblastoma). Obviously, within each tumor type, many other factors can
influence radiocurability, including tumor size, histological grade, and anatomi-
cal location.

Although radiotherapy has been shown to be effective in sterilizing many can-
cers, the biological mechanism(s) of this process are not completely understood.
Over the last two decades, a considerable amount of work has been done on
defining the inherent radiosensitivity of both normal and tumor cells [1-10].
Other biological factors felt to be important include repair of radiation damage,
reoxygenation of hypoxic cells, redistribution of cycling cells, and recruitment of
noncycling cells into the cell cycle. Collectively, these have been referred to as
the four R’s of fractionated radiotherapy [11]. Pathophysiological considerations
such as tumor blood flow and the immunocompetence of the host may also be
important in determining the radiation response, although these have not been
studied as thoroughly in the radiobiology laboratory.

Today, clinical radiation therapy involves the use of high-energy linear
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Table 1. Normal tissue reactions to radiation

Acute Intermediate Late
Structure at risk Actively proliferating Slowly proliferating Endothelium and
cell renewal systems cell renewal connective

systems tissue

Regions at risk Gut, skin, marrow Lung, heart, liver, All
kidney

Dependent variables Dose rate, fractionation Fractionation, total Total effective
effective dose dose

accelerators, which generate megavoltage photons. Radiation treatment plan-
ning using simulators, computerized tomographic (CT) scanning, and computers
allows the radiation oncologist to define more precisely the tumor volume and
then to determine how to deliver a homogeneous dose to this volume with rela-
tive sparing of adjacent normal tissues. The major parameters of a treatment
course of external beam irradiation are the total dose, the number of treatment
fractions (usually 1 fraction/day X 5 days/week), and the dose rate (usually 1.8~
2.0 Gy/fraction). For most common carcinomas, the total dose is often 45-50 Gy
for microscopic residual disease and 60-75 Gy for gross residual disease of intact
tumors. The use of brachytherapy techniques employing interstitial or intracavit-
ary applicators for such sites as the cervix can permit delivery of higher total
doses (>80 Gy) to a precisely defined “boost” volume.

The choice of optimal radiation therapy is often limited by consideration of
acute and, more importantly, late effects of treatment on normal tissues (Table
1). Often, the tolerance of multiple normal tissues must be weighed in designing
radiation treatment. Acute effects occur in rapidly proliferating tissues (e.g.,
bone marrow, skin, intestine, bladder, and the epithelium of the aerodigestive
tract) and are believed to result from a disruption of homeostasis in these
cell-renewal systems. Recruitment of noncycling cells into active proliferation
and reduction of the mean cell cycle time are characteristic responses of these
cell-renewal systems to fractionated irradiation. Typically, acute damage is self-
limited and completely reversible within a short period (a few days to a week),
although a reduction in the dose rate is often necessary. While normal and tumor
cells of the same tissue probably sustain similar radiation damage, normal tissues
appear more effective at cell recruitment and at acceleration of the division of
cells already in cycle.

Late radiation injury is infrequent, but often progressive in nature, leading to
considerable morbidity and even mortality. The mechanism(s) of late injury are
not completely understood. Most likely, it results from injury to the supporting
tissue stroma with secondary parenchymal damage. A progressive, obliterative
arteritis of small arteries and arterioles associated with fibrosis of connective
tissue is found histologically. The total radiation and the volume of normal tissue
irradiated are the major variables determining late radiation injury.

Theoretical curves depicting the probability of tumor control and the risk of a
major complication are plotted as a function of the total radiation dose in Fig. 1.
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Fig. 1. Theoretical curves depicting
the probability of tumor control and
the risk of a major complication
to normal tissues related to the
radiation dose. The distance separ-
ating the curves represents the ther-
apeutic gain
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Although both curves have a sigmoid distribution, their relationship will vary
according to the normal tissue and tumor type. The distance separating the
curves represents the therapeutic gain. Therapeutic gain can be realized by
increasing the probability of tumor control, reducing the risk of major com-
plications, or, ideally, both. However, if the curves are shifted equally in the
same direction, there is no therapeutic gain, merely a modification of radiation
response. The difference between treatment programs A and B in Fig. 1 is an
improvement in tumor control with program B, but at a higher risk of complica-
tions. In addition to considering the probability of incurring a major complica-
tion, the probability of treating it effectively is an integral part of the initial
treatment decision. Thus, if a radiation complication is manageable, the higher
dose (program B) should be used to maximize tumor control and the higher
complication rate be accepted.

While it is felt that the tolerance of normal tissues and “‘resistant’”” tumor cell
populations have limited the radiocurability of certain tumors, especially at high-
er clinical stages, research in radiobiology and radiation physics is providing
ways of increasing cure while limiting morbidity. It is the intent of this chapter to
review the state-of-the-art information on several innovative approaches in
radiation oncology and to speculate on areas of future research. Topics included
in this review are radiobiology and tumor biology, radiation sensitizers and
protectors, combined modality therapy, systemic use of radiation, and particle
beam radiation therapy.

Radiobiology and Tumor Biology

It is important to define carefully terms used to describe the clinical response of
tumors to radiation therapy. Traditionally, there has been some confusion with
the terms “radiosensitive” and “‘radioresponsive.” The term “‘radioresponsive”
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is used to describe a tumor in which obvious shrinkage of a tumor mass occurs
after some modest dose of radiation therapy has been applied. Thus, when a
tumor mass shrinks during the course of treatment, it is considered ‘“‘radio-
responsive.” Shrinkage of a tumor is a gross and complex manifestation of many
factors, including cell death, change in cell-cycle distribution, and possibly a
change in tumor vascularity, which are difficult to assess as independent vari-
ables. If the rate of cell division is very slow, then the expression of cell death
may evolve over many weeks or even months, which is the clinical observation of
traditionally poorly “‘radioresponsive’ tumors, such as sarcomas.

Sublethal Radiation Damage Repair

The term “radiosensitive” refers specifically to cell survival data obtained from
in vitro and in vivo experiments using mammalian cells and tissues including
both normal tissues and tumors. Likewise, “radioresistant” refers to data simi-
larly derived from cell-survival analysis. A typical radiation survival curve for a
“sensitive’” and a “‘resistant” cell population is shown in Fig. 2. The cell-survival
data are plotted as a logarithm of survival versus radiation dose on a linear scale.
Radiation dose is expressed in terms of Gray (Gy), which has recently been
adopted in preference to the rad (1 Gy = 100 rad). The radiation survival curve
is characterized normally by two parameters.

Following low radiation doses, the survival curves of most mammalian cells,
including cultured human tumor lines, have a ‘‘shoulder” which is interpreted to
show that cells can repair some amount of radiation damage (sublethal damage)
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Fig. 2. X-ray survival curves of
human Ewing’s sarcoma cells
and human hematopoietic bone
marrow precursor cells (CFU-C)
(adapted from [9]). Radiation
survival curve parameters n and
Curve A D, are indicated on the graph.
Note the increased sensitivity of
the bone marrow CFU-C com-
<D, = 1.3 Gy pared with the tumor line. In
general, hematopoietic cells are
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other normal tissues exhibit X-
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before additional radiation results in cell death. The width of the shoulder is a
relative measure of the extent of the given cell population to repair sublethal
damage and is described by the term n which is obtained when the exponential
straight line portion of the curve is extrapolated to zero dose. As illustrated in
Fig. 2, the Ewing’s sarcoma line appears to be more capable of sublethal damage
repair than the human bone marrow CFU-C (colony-forming unit-culture) (n
= 6.0 for Ewing’s sarcoma line cells, compared with 1.2 for CFU-C). For most
mammalian cells, the n value ranges between 2 and 10.

The second parameter of radiation survival is a measure of the slope of the
exponential portion of the survival curve and is expressed as the D,. By defini-
tion, the D, is actually the reciprocal of the slope and is the dose which will
reduce survival to 37% along any straight portion of the curve. Again, most
mammalian cells, including both normal and tumor cells, reveal a rather narrow
range of D,s of 1-2 Gy. In general, it is felt that the n value may be a more
relevant determinant for correlating clinical radioresponsiveness or curability,
since the usual radiation doses used in the clinic are within the range of those
found on the shoulder of the survival curve.

There are a number of general characteristics of sublethal damage repair,
including completion of repair within 2—4 h from irradiation, sustained repair
capability with multiple or fractionated irradiation (as long as the interval be-
tween fractions is >4 h), and repair during protracted low dose-rate (0.2-1 Gy/
h) irradiation. Some laboratory studies have demonstrated a greater capacity of
certain normal cells to repair sublethal damage compared with tumor cells of
similar tissue origin [12].

Potentially Lethal Radiation Damage Repair

A second type of radiation repair that has been described is called potentially
lethal damage repair (PLDR) [13, 14]. This repair is observed in vitro when cells
are irradiated in dense plateau conditions and held in this “nutrient-depleted”
environment for several hours after irradiation before subculturing and cloning
at low cell densities. Also, PLDR has been observed in murine tumor systems in
vivo. It is assumed that in many human carcinomas and sarcomas, a variable
proportion of the cell population may be in a “nutrient-depleted” state (acidic
pH; noncycling) and may repair potentially lethal damage. Indeed, some investi-
gators argue that the extent of PLDR may correlate, at least in part, with the
radiocurability of certain human tumors [15, 16]. An important question which
remains is the influence or extent of PLDR following conventionally (2 Gy)
fractionated irradiation in the clinic.

Mechanisms of Radiation Damage

While these processes of sublethal and potentially lethal damage repair have
been demonstrated in normal and malignant human cells, the molecular
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mechanisms responsible for repair are not completely understood. A large
amount of experimental evidence supports the hypothesis that radiation pro-
duces many of its effects by damaging DNA [17, 18]. Radiation may damage the
DNA in the genome directly or indirectly. Direct radiation damage occurs when
radiation is absorbed by DNA and resuits in strand breaks. It has been estimated
that a dose of 1 Gy delivered to a mammalian cell should lead to 3 X 105 bond-
breaking absorption events [17]. Yet, this dose of radiation would result in only
20%-30% cell kill in a typical mammalian cell population in vitro. Elution
studies show that about 40 double-strand breaks and 1000 single-strand breaks
in the DNA will be registered with this dose, but most breaks will be rejoined
(repaired) within a few minutes to a few hours of radiation. Clearly, this suggests
that only a minority of direct DNA breaks can result in lethality. However, there
are some cell lines that lack virtually any ability to repair sublethal and potential-
ly lethal radiation damage. Cultured skin fibroblasts and lymphocytes from
patients with the autosomal recessive disease, ataxia telangiectasia (AT), are
exquisitely sensitive to X-rays (Do = 0.4-0.5 Gy n = 1.0) and show no radiation
repair in vitro [19, 20]. These types of repair of cellular damage, while opera-
tionally defined, appear nonetheless real and should serve as a framework for
future work on the molecular biology of DNA radiation damage and repair
(e.g., identifying repair genes, amplifying them, and finally characterizing them
via an appropriate cloning vector).

Indirect damage to DNA following radiation results when reactive chemicals
(free radicals) are produced intracellularly by the interaction of secondary elec-
trons and the cellular solvent, water. These products of water excitation and
ionization, principally hydroxyl radicals and peroxides, are estimated to result in
70%-80% of radiation damage, with direct DNA effects accounting for the
other 20%—-30% [18]. These highly reactive products of hydrolysis can migrate
and cluster, making repair more difficult. However, the reactive species can be
scavenged or inactivated by repair enzymes, such as glutathione peroxidase and
polymerases, and other smaller molecules which may contribute hydrogen atoms
for the termination of free radical reactions. Investigations are under way com-
paring indirect radiation damage and repair in normal and malignant cells.

Heterogeneity of Radiation Response

Heterogeneity in the intrinsic radiation response of subpopulations derived from
human tumor cells has been reported, as well as differences in the radiosensiti-
vity of primary tumor cells versus metastatic tumor cells in experimental animal
systems [7, 8, 10]. There is good reason to believe that the generation of hetero-
geneity among tumor cells may be a factor determining clinical radiation re-
sponse [21]. The development of substantial resistance to chemotherapeutic
drugs within stem-cell populations of tumors is well recognized [22]. The study
of tumor-cell heterogeneity to radiation is an expanding area of research with
many unanswered questions. Further studies are needed to examine whether the
heterogeneity of radiation sensitivity within a tumor-cell population is related
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entirely to intrinsic differences in radiosensitivity. Most likely, cell-kinetic and
microenvironmental factors (PO,, pH, etc.) are important variables of the clini-
cal radiation response. The interaction of these factors in determining radiation
response is an active area of experimental research.

It is well established that cell-cycle kinetics influence the radiation response
[23, 24]. In general, cells are most radiosensitive in Gy/M phase and most
radioresistant in late S phase. The radiosensitivity of Go (noncycling) cells is
more difficult to assess, since the most reliable assay of clonogenic survival re-
quires that cells attempt proliferation (cell division) before reproductive death
can be ascertained. Some in vivo studies indicate greater radiosensitivity of pro-
liferating cells than of nonproliferating (Go) cells [25]. On the other hand, radia-
tion clearly affects cell kinetics of several well-regulated normal tissues (bone
marrow, bowel) and some experimental tumors [25, 26], although these data are
less clear. With substantial radiation-induced cell kill, increased cell prolifera-
tion can result which may be mediated through changes in cell-cycle duration,
recruitment of Go cells into the cell cycle, or a change in cell loss.

One major difficulty in unraveling the interaction of cell kinetics and radia-
tion in human tumors involves differentiating the cell kinetics of truly clonogenic
or stem cells from the kinetics of the total cell population. Difficulties also exist
in repeatedly monitoring cell kinetics during a course of fractionated radiation
therapy. However, a number of invasive and noninvasive techniques are being
developed which may be applied to investigating the interaction of cell kinetics
and radiation, including positron emission tomography with [11C] thymidine and
cell-sorting techniques using a thymidine analogue (bromodeoxyuridine, BUdR)
and fluorescent-tagged anti-BUdR monoclonal antibody to distinguish cycling
and noncycling cells [27, 28].

At present, clinical studies are under way using some of these in vitro and in
vivo techniques to better understand the contribution of radiation damage repair
and cell-cycle effects on the response of some tumors, including small-cell lung
carcinoma, Ewing’s sarcoma, adult soft-tissue sarcomas, and high-grade brain
tumors [8, 9, 21, 27, 28]. Such studies may result in an alteration of radiation
dose fractionation and total dose for specific tumor types over the next few
years.

Radiation Sensitizers and Protectors

In the design of a clinical strategy to modify radiation response, the effect on
both tumor and normal cells (or tissues) must be considered. If a clear advance
in clinical radiation therapy is to result, then there must be a substantial differen-
tial effect resulting in sensitization of the tumor, protection of normal tissues,
or, ideally, both. At present, there are two classes of chemical radiosensitizers
and one class of chemical radioprotector which have been developed in the
radiobiology laboratory and are being studied in clinical trials.
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Hypoxic Cell Sensitizers

The concept of a chemical radiosensitizer of hypoxic cells dates from the initial
observations by Gray, Thomlinson, and coworkers that oxygen has a major
effect on cellular radiation response [29]. As the oxygen concentration is re-
duced, there is a corresponding decrease in radiosensitivity such that at very low
concentrations (<0.1% oxygen), mammalian cells are approximately 3 times
more resistant to X-rays than in fully oxygenated conditions (20% oxygen). It is
now recognized that the population of hypoxic cells within rodent tumors and
possibly in some human tumors can vary from 1% to 20% [30].

Initial attempts at increasing the oxygen concentration in tumors employed
hyperbaric oxygen. Some clinical trials showed an improvement in local control
and survival in traditionally moderately responsive tumors such as advanced cer-
vix and head and neck cancers [31]. However, technical difficulties in administer-
ing hyperbaric oxygen and the observed adverse physiological changes in tumor
blood flow in some tumor sites led to a major effort to develop drugs which could
mimic oxygen and thus act as chemical radiosensitizers of hypoxic tumor cells.

Over the last decade, the 5-nitro- and 2-nitroimidazole drugs have been found
to have potential as clinical radiosensitizers. The first prospective randomized
clinical trial using metronidazole, a 5-nitroimidazole, and an unconventional
radiation fractionation scheme (9 fractions over 3 weeks to a total dose of 30 Gy)
compared with the unconventional radiation therapy alone in patients with
glioblastoma showed that the addition of the sensitizer [32] increased survival.
However, it must be realized that the combination of metronidazole and uncon-
ventional radiation was not better in terms of survival compared with historical
controls using conventional radiation alone. A subsequent randomized, prospec-
tive trial in glioblastoma patients using conventional radiation as the control
showed there was no advantage in using the combination of metronidazole and
unconventional fractionation [33]. Moderate to severe gastrointestinal and
peripheral nerve toxicity limited the frequency and duration of administration of
metronidazole.

Further in vitro and in vivo work established that the 2-nitroimidazoles were
superior to the 5-nitro compounds as hypoxic cell sensitizers based on a higher
electron affinity and lipophilicity [34, 35]. Misonidazole (Ro-07-0582) was
selected for clinical use and has undergone extensive phase I to III testing by
the Radiation Therapy Oncology Group (RTOG) and others [36]. Attempts to
reduce neurotoxicity using the concomitant administration of dexamethasone or
pyridoxine have shown some promise in early testing [37, 38].

Although these clinical results with misonidazole are not very encouraging, it
is not certain whether the role of hypoxic cell sensitizers in clinical radiotherapy
has been assessed adequately. A recent review of the experimental data on mis-
onidazole indicates that, with the dose schedules used clinically, the expected
therapeutic gain was more in the range of 1.1-1.2 rather than >1.5 as initially
projected [39]. Whether a 10%-20% effect on a subpopulation of tumor cells
(i.e., the hypoxic cells) could be detected clinically is questionable. More recent-
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ly, potentially superior hypoxic-cell sensitizers have been started in phase I cli-
nical trials [40]. A less neurotoxic drug than misonidazole is SR 2508, permitting
over 3 times more drug to be administered. A second compound, Ro-03-8799,
produces a sensitizer-enhancement ratio almost 4 times greater than misonida-
zole for the same administered dose. In addition, this new sensitizer produces
some acute neurotoxicity, but no cumulative neurotoxicity is evident in the avail-
able phase I testing [41].

Halogenated Pyrimidines as Sensitizers

A second class of radiosensitizers is the halogenated pyrimidine analogues, prin-
cipally BUdR and iododeoxyuridine (IUdR). These compounds are analogues
of the nucleoside thymidine and have been recognized as in vitro radiosensitizers
for over 20 years [42, 43]. Although the exact mechanism of radiosensitization is
not clearly understood, it most likely results from direct incorporation of these
analogues into DNA, replacing thymidine. Exponentially growing cells in culture
exposed to BUdR or IUdR prior to X-irradiation may show a change in both the
shoulder width (n) and slope (D,) of the radiation survival curve. An approxi-
mate linear relationship is found for thymidine replacement by these drugs, with
40% thymidine replacement resulting in an enhancement ratio of 3-4 [42].

Based on these experimental studies, two clinical trials using selective intra-
arterial infusions of BUdR and conventional fractionated X-irradiation were
performed in the 1960s. Japanese investigators reported an improvement in
survival in a one-arm study of approximately 200 patients with primary brain
tumors, half of whom had high-grade gliomas [44]. Catheter-related problems
resulting in sepsis, brain abscesses, and arterial emboli were found in about 15%
of patients, but no enhancement of radiation injury to normal brain tissue was
reported. However, in a small randomized prospective trial at Stanford Uni-
versity, of patients with advanced head and neck cancers, comparing the com-
bined modality experimental approach to radiation therapy alone, no improve-
ment in local control was found but there was enhancement of damage to normal
tissue in the ipsilateral oropharyngeal cavity with combined radiation-sensitizer
treatment [45]. In retrospect, the latter trial was not an optimal test of this com-
bined approach, since the oropharyngeal mucosa is mitotically active and would
be expected to incorporate BUdR to an extent as great as, or probably greater
than the adjacent squamous cell carcinoma. Because of these conflicting studies,
clinical interest in the halogenated pyrimidine analogues as radiosensitizers
diminished in the 1970s.

Over the last 4 years, investigators at the National Cancer Institute have initi-
ated phase I/II studies of both BUdR and IUdR given as constant intravenous
infusions for up to 2 weeks [46]. The clinical strategy is to attempt to maximize
tumor incorporation using two separate 2-week infusions prior to and during
X-irradiation. Patients with glioblastoma multiforme and unresectable high-
grade bone and soft tissue sarcomas have been selected for study, since both
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tumor types are considered to be poorly radioresponsive and the normal tissues
surrounding these tumors (normal brain, muscle, bone) do not contain a large
proliferating cell component.

Pharmacological studies reveal steady arterial levels of 1-5 X 10~¢ molar
at the maximum tolerable doses of both BUdR and IUdR given by continuous
intravenous infusion [47, 48]. Incorporation of BUdR into human dividing cells
in vivo was measured by comparing the survival curves of patients’ bone marrow
(CFU-Cs) prior to and following the 14-day infusion [49]. Radiation enhancement
ratios of 1.5-2.2 were found at the higher infusion levels of BUdR, suggesting
that enhancement of dividing tumor cells was clearly possible. Subsequently,
direct tumor cell incorporation into a variety of human tumors, including glio-
blastoma multiforme, chondrosarcoma, melanoma, and poorly differentiated
adenocarcinoma has been demonstrated by tissue biopsy following administration
of the sensitizer and histological staining using a specific monoclonal antibody
against BUdR and IUdR [50, 51]. In these tumor specimens, up to 50%-70% of
cells are counterstained with the monoclonal antibody.

Tumor response to this combined sensitizer-radiation approach has been
dramatic in several patients, with some glioblastoma patients surviving for more
than 2 years and some high-grade sarcoma patients having a complete response
for up to 2 years. Systemic toxicity, primarily to the bone marrow, has been the
dose-limiting factor, but marrow recovery is prompt and most patients receive
two 2-week infusions [50, 52]. In general, the toxicity to local normal tissue in
this combined modality approach has been acceptable.

These phase I and II results of the halogenated pyrimidine analogues are
encouraging and further clinical trials are planned. More quantitative informa-
tion on thymidine replacement in tumor cells is needed using such methods as
cesium chloride gradients and high-performance liquid chromatography assays.
With this information, attempts to enhance incorporation of these sensitizers by
blocking endogenous thymidine synthesis using coadministration of fluorodeoxy-
uridine (FUdR) seems reasonable. Additionally, a direct, continuous intra-
arterial infusion might allow for up to 1 log greater tumor concentrations of the
drug compared with the presently used continuous intravenous infusion [47].

New Potential Radiosensitizers

In the future, two additional classes of potential radiosensitizers may undergo
clinical testing. There is currently a great deal of interest in the role that cellular
sulfhydryl compounds, particularly glutathione (GSH), may play in the radiation
response of mammalian cells, including human tumor cell lines, in vitro and in
vivo [53]. By depleting cellular GSH levels using such drugs as diamide, which
binds GSH, or buthionine-sulfoximide (BSO), which blocks GSH synthesis, the
in vitro radiation survival curve is shifted to the left, suggesting sensitization,
particularly for hypoxic cells [54, 55]. Interestingly, this same approach of GSH
depletion can increase the in vitro sensitivity of tumor cells made resistant
to such drugs as melphalan and cis-platinum compounds [56, 57]. Cross-
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sensitization of drug-resistant cancer cells to radiation by BSO administration
opens up interesting avenues for future clinical research into combined chemo-
therapy and radiation therapy [57].

The second class of future radiosensitizers are the metabolic inhibitors of
PLDR as previously described [13, 16]. Agents such as dactinomycin, B-
arabinofuranosyladenine (8-ARA-A), and other purine nucleoside analogues
have been shown to inhibit PLDR in vitro and in vivo [58, 59]. If further ex-
perimental studies of these PLDR inhibitors show positive results, these drugs
may enter clinical trials.

Radioprotective Drugs

Over the last 5 years, considerable progress has been made in the experimental
and clinical testing of radioprotective drugs in radiation therapy. The prototype
drug is WR-2721 [S-2-(3-aminopropylamino)-ethylphosphorothioic acid], which
has undergone clinical testing in the USA and Japan [60, 61]. Three factors
have been recognized which may explain the ability of a drug like WR-2721 to
preferentially protect normal tissues: decreased blood flow and/or vascularity,
which limits drug access to the tumor; differences in tumor-cell-membrane
permeability to these drugs; and the decreased protection afforded hypoxic
cells (primarily in tumors) by these compounds.

However, the relative importance of these factors in man is not known.
Experimentally, a number of thiophosphate drugs have been identified which
have comparable radioprotection of normal tissues without protection of solid
tumors. One problem in further clinical investigation of these compounds is a
lack of a sensitive assay for plasma or tissue levels of WR-2721 and its metabo-
lites. Moreover, there are differences in phase I studies of WR-2721, regarding
the maximum tolerated single dose, that need to be resolved before multiple
dose and phase II testing can proceed [60, 61]. Of major importance if clinical
application is to be successful will be to establish the optimal timing of radio-
protective drug administration in relation to the delivery of radiation.

Combined Modality Treatment with Chemotherapy and Surgery

Combination of Radiation and Chemotherapy

Over the last 15 years, there has been increasing use of a combination of modali-
ties in the clinical treatment of cancer. It is instructive to approach the idea of
combined modality treatment with cytotoxic drugs and radiation using the con-
cepts proposed by Steel and Peckham [62]. An improvement in the therapeutic
gain can be realized in a variety of ways: enhancement of tumor response
(similar to the use of the radiosensitizers described previously); minimization
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of normal tissue damage (similar to the use of thiophosphate derivatives like
WR-2721); spatial cooperation, which requires radiation to eradicate local
disease and cytotoxic drugs to treat gross and/or microscopic metastatic foci;
and toxicity independence, which requires the use of cytotoxic drugs and drug
scheduling that do not enhance radiation injury to normal tissues.

The majority of experimental studies of combined chemotherapy and radia-
tion have been directed toward enhancement of tumor response using tumor
cells grown in monolayers, as multicellular spheroids, or more commonly in vivo
in mice [63-65]. However, it is obvious that there is a need for better and more
diverse tumor models. Recently, there has been a shift to the use of human
tumor cells grown and treated in vivo as xenografts using nude mice, or in vitro
using semisolid medium cultures or human tumor-cell spheroids. Cell-kinetic-
directed therapy should also be developed in a fashion similar to that described
by Barranco et al. [66]. In order to develop more effective drug-radiation pro-
tocols for human cancer treatment, it is also important to develop noninvasive
techniques to monitor physiological and biochemical states of the tumor as well
as of normal tissues. The technology of nuclear magnetic resonance spectro-
scopy is evolving to monitor parameters such as the inorganic phosphate to
adenosine triphosphate ratios in various in vivo tumors which can then be cor-
related with more traditional techniques (such as tumor regression measure-
ments) to elucidate more effective drug-radiation sequences [67].

In the clinic, numerous protocols have been devised both for single drug and
combination chemotherapy regimens combined with radiation therapy. Com-
bined modality therapy made up of combination chemotherapy and radiation
has been particularly successful for such tumors as Wilms’ tumor and childhood
sarcomas [68, 69]. For adult solid tumors, combined modality therapy has made
recent progress in squamous cell carcinomas arising in the head and neck area as
well as in the anus [70, 71]. Improvements in locoregional control and disease-
free survival in these childhood and adult cancers is most likely due to spatial
cooperation. However, clear improvements in cures using combined modality
therapy may be fraught with unexpected late effects, such as second neoplasms.
The difficulty of investigating clinically the multiplicity of drug combinations and
drug-radiation sequencing to improve tumor response, yet limit both acute and
late damage, necessitates increased experimental studies using appropriate
human tumor and normal tissue assays.

Combination of Radiation and Surgery

Historically, radiation therapy has sometimes been used as a modality for
sparing normal tissues, for example in the larynx for treatment of early
stage laryngeal carcinomas that would otherwise be ablated by surgical resec-
tion. More recently, the combination of radiation therapy and less aggressive
(function-sparing and cosmetic) surgery has achieved locoregional control as
satisfactory as more radical surgery alone for some tumors. The treatment of
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early-stage breast cancer and soft tissue sarcomas of the extremities in adults are
two examples where combined modality therapy has been found to be equiva-
lent to radical surgery in recent randomized, prospective trials [72, 73].

The basic rationale for combining surgery and radiation therapy is that radia-
tion can sterilize minimal gross or microscopic residual disease with acceptable
toxicity. An analysis of patterns of failure for many tumors, including gastric
carcinoma, pancreatic carcinoma, rectal carcinoma, and retroperitoneal sarco-
mas, reveals that locoregional failure can vary from 30% to 70% following
“complete” resection. While the use of radiation therapy as a postoperative
adjunctive treatment may be effective in reducing local failure at some sites,
the total dose of radiation is usually limited to 45-50 Gy, primarily because of
bowel tolerance [74].

Recently, there has been increasing interest in the USA in the use of intra-
operative radiation therapy (IORT) to treat abdominal, pelvic, and retroperitoneal
tumors. The present interest in IORT is based on the work of Abe and co-
workers in Japan [75]. The strategy of IORT is quite simple. It involves the use
of a large single dose of radiation delivered at the time of surgical exploration to
a tumor or a tumor bed and potential areas of locoregional spread. The use of
IORT may improve the therapeutic gain of tumor control in relation to normal
tissue toxicity for two major reasons. First, the extent of tumor can be more
precisely defined at surgery and the tumor can be directly irradiated. Second, all
or part of sensitive normal tissues (small bowel, liver, stomach, ureter, etc.) may
be excluded from the treatment volume by operative mobilization, customized
lead shielding, and the selection of appropriate electron beam energies. The
concept of IORT is similar, in some aspects, to the use of interstitial or intra-
cavitary radiation (brachytherapy), where a large dose can be delivered to a
specified tumor volume with relative sparing of adjacent normal tissue. Intra-
operative radiation therapy may have an advantage over brachytherapy tech-
niques in that it provides a more homogeneous dose distribution, especially
to large volumes (> 5cm?3), although the dose rate used for IORT (2-10 Gy/
min) may be less biologically advantageous to irradiated normal tissues.

When used as an adjunct to surgical resection, IORT requires that the tumor
volume may include some intact normal tissues such as blood vessels and
peripheral nerves as well as extensively manipulated tissues such as anastomosed
vessels and gastrointestinal suture lines. Since the radiation tolerance of these
tissues to large single doses of IORT was not known, investigators at the National
Cancer Institute performed dose-tolerance experiments using large animals to
provide guidelines for clinical doses [76]. Both clinical and histological changes
caused by IORT in doses up to 50 Gy were studied. The animal data indicate
that intact blood vessels tolerate up to 50 Gy without loss of structural integrity.
Vascular anastomoses heal after doses of 45 Gy, although fibrotic strictures can
develop with time and lead to growth of collateral vessels around the anasto-
moses. Intestinal suture lines heal after doses of 45 Gy. However, bile duct
fibrosis and stenosis develop at doses above 20 Gy, and biliary-enteric anasto-
moses fail to heal at any dose level. Ureteral irradiation leads to stenosis and
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sometimes occlusion at doses of 30 Gy or more. Finally, peripheral nerve (e.g.,
femoral or sciatic nerve) can show evidence of nerve loss with clinical paresis and
paresthesia at 25-30 Gy.

The clinical studies of IORT both in Japan and in the USA have concentrated
on locally advanced malignancies of the abdomen, pelvis, and retroperitoneum.
Over 1000 patients have been treated in Japan and approximately 400 in the
USA. Preliminary results indicate that it is technically feasible to combine IORT
and a major surgical resection and that the acute morbidity is quite acceptable
(75, 76]. Additionally, IORT may be combined with moderate dose (45-50 Gy)
external beam irradiation for unresectable tumors such as pancreatic carcinoma
and locally advanced rectal carcinoma. Early phase I/II clinical trials indicate
some benefit of using IORT in the treatment of gastric, rectal, cervical, and
bladder carcinomas [77, 78]. Randomized prospective trials are under way at the
National Cancer Institute comparing surgical resection and IORT (with moder-
ate dose external beam irradiation) with resection and high-dose postoperative
external beam irradiation in gastric carcinoma and retroperitoneal sarcomas
[78].

In the future, experimental and clinical studies of IORT for mediastinal, lung,
and brain tumors should be performed. Radiobiologic studies of acute and late
IORT-induced normal tissue toxicity are necessary in these sites to guide sub-
sequent clinical studies and to minimize the likelihood of late complications of
treatment.

Systemic Radiation Therapy

Radiation therapy may be used as a systemic agent to prepare patients for organ
transplantation and sustained immunosuppression. Since total lymphoid irradia-
tion (TLI) causes immunosuppression in patients with Hodgkin’s disease
[79, 80], there has been considerable recent interest in TLI for the treatment of
autoimmune disease and organ transplantation {81-83]. Total body irradiation
(TBI) has been used mainly for bone marrow transplantation in acute and
chronic leukemias and aplastic anemia [84, 85]. High-dose TBI has also been
used as a systemic cytotoxic agent for the treatment of childhood sarcomas and
small cell carcinoma of the lung [9, 86].

Total Lymphoid Irradiation

TLI has been used in the treatment of early stage Hodgkin’s and non-Hodgkin’s
lymphomas for over two decades. While such treatment is effective in curing
many patients, it was noted to cause a marked depression in the peripheral blood
lymphocyte count, which recovered gradually over 1-2 years [79, 80]. A persis-
tent depression of T-cell count and a reversal of the normal T-cell/B-cell ratio
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were noted with long-term follow-up. Functionally, delayed hypersensitivity
responses were absent, although the clinical sequelae of severe bacterial or viral
infections were uncommon. Moreover, not a single case of radiation-induced
leukemia has been reported in Hodgkin’s-disease patients treated with TLI
alone [87, 88].

The immunosuppressive effects of TLI have been examined extensively in
animal models of organ transplantation and autoimmune diseases [89-91].
Successful engraftment of skin, bone marrow, and hearts was performed using
various immunosuppression regimens including TLI. The results of human
trials using TLI for preparing prospective renal transplant recipients show that
the addition of TLI to conventional immunosuppressive agents (prednisone and
azathioprine) resulted in an approximately two fold improvement (78% vs 36%)
in 2-year graft survival in patients who had previously rejected a renal transplant
[83]. Based on the successful treatment of a systemic lupus glomerulonephritis-
like disease in NZB/NZW F; mice [90], TLI has been used as therapy for refrac-
tory autoimmune diseases in man. Preliminary studies performed in patients
with refractory rheumatoid arthritis at Harvard University show objective re-
sponses in the majority of cases [82].

Clinical investigations of the value of TLI in autoimmune diseases like
rheumatoid arthritis and systemic lupus erythematosus need to be continued.
Similarly, the use of TLI for kidney and heart transplantation should be evalu-
ated objectively. Continued studies in small laboratory animals should be help-
ful in defining the mechanisms of immune alteration induced by TLI. Defining
these mechanisms may ultimately permit the development of more effective
transplantation programs in man.

Total Body Irradiation

Over the last decade, total body irradiation (TBI) has played a crucial role in
bone marrow transplantation for leukemias, lymphomas, congenital hemato-
poietic disorders, and immunodeficiency syndromes. There are several methods
of delivering TBI. The most experience has been with single fraction TBI (7.5-
10 Gy) given at a low-dose rate (0.05 Gy/min) and at a moderate-dose rate (0.26
Gy/min) [85]. However, because of a high rate of interstitial pneumonitis and an
unacceptably high recurrence rate in certain leukemia patient groups, trials of
fractionated TBI were initiated which suggest an improvement in survival with a
decreased risk of pneumonitis [92, 93]. When multiple daily fractions of TBI are
administered, the interval between fractions should be long enough to allow for
complete repair of sublethal damage in the critical normal tissues (e.g., in the
lung and gut).

In future, more rigid guidelines for the clinical use of TBI need to be estab-
lished. TBI studies should explore the types of drugs and timing of their adminis-
tration necessary for preparation of the patient before radiation and marrow
transplantation. Obviously, certain drugs which enhance pulmonary or gastro-
intestinal complications should be avoided. Finally, with more successful trans-
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plantation regimens, an assessment of other late effects including endocrine
dysfunction, sterility, and carcinogenesis will be necessary.

Therapy with Radionuclides

The last area to be discussed in this section is the evolving field of radionuclides
targeted to antibodies for systemic therapy. In the past, both beta-emitting iso-
topes such as phosphorus-32 and gamma-emitting isotopes such as iodine-131
have been used therapeutically for specific clinical situations, such as the treat-
ment of polycythemia vera and thyroid cancer [94]. In other situations, such as
the treatment of ovarian cancer, isotopes have been bound to colloids for in-
traperitoneal injection, although the range of the beta particles in tissue is only
3-5 mm, which may allow treatment of microscopic peritoneal deposits but
certainly not of gross disease [96]. Further, the use of an intraperitoneal radio-
isotope such as colloidal chromic phosphate is limited to situations in which
the regional draining lymphatics (peritoneal, diaphragmatic) are obstructed and
there is free circulation within the peritoneal cavity [95]. Finally, attempts at
localization of liver tumors by direct intra-arterial infusion of yttrium-90 micro-
spheres have had limited success [96].

So far, a diverse array of systemically infused monoclonal and polyclonal
radiolabeled antibodies have been demonstrated to localize primary and
metastatic sites [97, 98]. While much of the effort has been directed at diagnostic
scanning, the potential for tumor therapy, especially with alpha particles, is
quite attractive [99, 100]. The determination of dose distribution, toxicity, and
tumor response following administration of these isotopes needs to be refined
further. Efforts should be concentrated on the dose administered and its rela-
tionship to the tumor-saturation dose rather than simply on dose escalation.

Particle Beam Radiation Therapy

Interest in the clinical investigation of particle beam radiation therapy is based
on two theoretical advantages over conventional photon (or X-ray) irradiation.
The first is the improved physical dose distribution provided by certain particles
(protons, pions, helium ions), which allows an increase in the radiation dose to a
well-defined tumor volume while sparing adjacent normal tissues (e.g., bowel,
spinal cord) which typically limit the dose of external photon irradiation. The
second theoretical advantage involves several in vitro and in vivo radiobiological
observations of particle beam irradiation, which include less dependence on the
presence of molecular oxygen for cell kill, less variability in cell kill based on the
cell-cycle position, and less repair of sublethal and potentially lethal radiation
damage.

The clinically attractive physical properties of particle beams relate to the
pattern of energy deposition on a microscopic scale (termed linear energy trans-
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fer or LET). Neutrons, which are uncharged particles, are attenuated exponen-
tially in matter in a similar fashion to 4-6 MV X-rays, but have significantly
greater biological effects for the same physical dose. In comparison with the
exponential attenuation of neutron and X-ray or photon beams, charged parti-
cles such as protons, helium ions, pions, and a number of heavy ions, have a
discrete range of penetration determined by their initial momentum and modi-
fied slightly by different tissues (muscle, fat, bone) in the body. When a charged
particle reaches the end of its path, an intense burst of ionization called the
Bragg peak occurs. The ionization in this Bragg peak is considerably more dense
than anywhere along the path of a charged particle and enhances the radiobio-
logical effects in this defined peak. By selecting charged particle beams with the
correct initial incident energy or by interposing absorbing material between the
beam source and the patient, it is theoretically possible to make the tumor
volume in the patient conform to the range of the Bragg peak.

Probably the most important biological property of these types of high LET
radiation compared to conventional X-rays is their greater effectiveness in killing
cells in an oxygen-poor environment. As previously mentioned, mammalian
cells are approximately 3 times more resistant to killing by X-rays when the
oxygen concentration is lowered to <0.1% than in fully oxygenated conditions
(20% oxygen). Since the proportion of hypoxic cells in rodent tumors and
possibly in some human tumors may be as high as 30%, the observed poor re-
sponse of some tumors to X-rays may be explained by the presence of these
“resistant” hypoxic cells. With some high LET irradiation, there does not
appear to be any difference in cell kill under hypoxic compared with under nor-
mal oxygen conditions.

In order to take advantage of the physical and biological potential of particle
beam irradiation, very sophisticated and costly treatment planning is required.
An important consideration in particle beam irradiation, particularly for charged
particles, is the correction of dose calculations for tissue density inhomogeneities.
Modern CT scanners provide a good first approximation of tissue densities for
both normal and tumor tissues. In the case of neutron beams, a determination of
tissues with high lipid concentrations (brain, spinal cord, adipose tissue) is neces-
sary since there is preferential absorption of energy from neutrons in hydro-
genated materials.

The clinical application of particle beam irradiation is hampered by several
problems. A major logistical problem results from the considerable distance of
most particle beam therapy facilities from clinical centers. In the USA, three
cyclotrons for neutron irradiation have been recently installed in or adjacent to
major medical centers to facilitate clinical research. In Europe, several institu-
tions have participated in neutron trials for many years, although most equip-
ment had poor neutron beam characteristics. For charged particle treatment,
clinical research is severely hampered by the physical limitations of the equip-
ment and the fact that sophisticated treatment planning has only recently been
developed. As a result, only a small number of patients can be treated annually
with each charged particle beam. Clinically, the Harvard cyclotron is used for
proton beam irradiation and the Lawrence Berkley cyclotron for helium ion
therapy. Pion radiotherapy clinical studies are being carried out at Los Alamos

47



in the USA, in British Columbia, and at the Swiss Institute of Nuclear Physics
(SIN).

The preliminary clinical data on particle radiation therapy have been recently
reviewed, and the reader is referred to two excellent reviews for more detail
[101, 102]. Briefly, there is unequivocal evidence that the unique dose distribu-
tion of these particles can provide clear-cut advantages in certain clinical situa-
tions such as ocular melanoma and paraspinal soft tissue sarcomas. However,
these documented advantages of particle radiation therapy over conventional
photon irradiation are limited to date. While the preliminary results of neutron
therapy are not as encouraging as might have been expected from preclinical
studies, it is important to point out that neutron therapy systems designed speci-
fically for patients did not become operational in the USA until late 1983. Thus,
the clinical research program to evaluate the role of neutrons in cancer therapy
with adequate treatment systems will need to run for several more years before
firm conclusions can be drawn.
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3. Radiotherapy Treatment Planning: Past, Present,
and Future

A.S. Lichter, B.A. Fraass, D.L. McShan, R.F. Diaz, R.K. TenHaken,
C. Perez-Tamayo, and K. Weeks

Introduction

Radiation therapy treatment planning has made tremendous strides over the last
two decades. With the application of modern imaging modalities, faster compu-
ters, advanced graphics techniques, and new calculational algorithms, treatment
planning is ready to progress to new levels of sophistication. This chapter will
summarize the progress made in clinical treatment planning and highlight where
the field may be heading over the next decade.

Historical Perspective

When radiation was initially used therapeutically in the first half of this century,
machine energy was low, the penetrating power of the beams was modest, and
most radiotherapy prescriptions were based on the dose applied to the skin
(formerly the “skin erythema dose,” later the “applied dose” or “‘given dose”).
Since the skin was the site of maximum dose build-up and was frequently the
dose-limiting structure in radiotherapy treatment, the practice of basing pre-
scriptions on skin dose was logical and warranted. While radiation depth dose
curves were measured and the dose from combinations of beams could be calcu-
lated, for the first 50 years of radiotherapy there was little treatment planning as
we know it today.

Several factors combined to change the importance of treatment planning and
tissue/tumor dose calculation. In the 1950s Cobalt-60 units became available and
for the first time radiotherapists had a reliable machine that could produce high
energy photons with a significant amount of skin sparing. Instead of skin, the
dose to underlying structures became the dose limiting factor and calculation of
dose to major organs became increasingly important. The simulator was popula-
rized as a tool for increasing the accuracy of set-up, leading to increased demand
for precision [1]. The rad (r) replaced the Roentgen (R) as the unit of radiation
dose. Since the Roentgen was a unit of exposure and the rad a unit of absorbed
dose in tissue (radiation absorbed dose), calculating doses to specified targets
became more common.
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The methods used by physicists and dosimetrists in the 1950s and 1960s to
calculate the relative dose at a point inside the patient were rather straightfor-
ward and have changed little to the present time. Tables of percentage depth
dose were created by direct measurement of beam attenuation in water; correc-
tions for field size, blocks, and distance to the body surface were made, and the
calculations were done using reference tables and simple multiplication of the
appropriate factors [2]. However, when it was necessary to calculate a dose dis-
tribution over a cross-section of the patient, early efforts at treatment planning
became very cumbersome. It was necessary to take a precalculated isodose
curve, place it underneath a paper containing the external contour of the pa-
tient, and to trace the beam data onto the contour. This was done for all beams,
and then the doses were summed at points of beam intersection to create the
isodose plan (Fig. 1). If a comparison of several beam configurations was
wanted, the dosimetrist might spend hours or days planning a single case.

The advent of the computer dramatically changed radiotherapy treatment
planning. After creating a computerized model of the fall-off of radiation
intensity with depth in tissue and storing this information in a computer for a
variety of field sizes, one could place beams on a contour of the patient using the
computer. The computer rapidly summed the doses throughout the irradiated
area, adding together the contribution of all beams and then displaying the
resultant dose distribution. What used to take hours by hand took minutes by
computer, and accuracy was increased since many more data points could be
sampled. The first computerized dosimetry systems were developed in the late
1950s {3}, and development continued into the early 1960s [4, 5]. These were
experimental systems, but once it became clear that computerized dosimetry was
reliable and accurate, commercial manufacturers entered the market. By the
mid-1970s computerized dosimetry was the standard worldwide.

The 1960s and 1970s produced other significant changes in the field of radia-
tion oncology. Simulators became widely used as radiotherapists were designing
more sophisticated treatment plans with custom-shaped shielding blocks. The
mantle field for treating Hodgkin’s disease is a good example of a then new
treatment approach that demanded a simulator for optimal results [6]. Linear
accelerators began to replace the Cobalt-60 machine as the main treatment unit
in radiotherapy. The added precision of these machines further enhanced the
radiotherapist’s ability to deliver dose to a precise volume of tissue. Computers
became faster and less expensive, allowing for greater flexibility in designing
calculational algorithms. Computerized dosimetry systems also became more
sophisticated; for example, being able to calculate the influence of inhomo-
geneous tissue density on the dose distribution [7, 8].

It was into this rapidly expanding field of radiotherapy treatment planning
that the computed tomogram (CT) made its entry, and radiotherapists wasted
little time before recognizing and taking advantage of its potential [9-12]. CT
provided the anatomic information on patient shape, location of tumor and
target volume, and location of normal anatomic structures. Furthermore, CT
performed these tasks on multiple parallel slices and gave information on tissue
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Fig. 1. Treatment planning as formerly done,
manually. The isodose curve from the anterior field
is traced on to the patient contour (dotted lines in
upper figure). The posterior field is also traced
(dashed lines in middle figure). Finally, the two-field
dose distribution is summed where the isodose lines
cross, showing the composite dose distribution
(solid line in lower panel)
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density differences as well. Much as with the first computerized planning systems
themselves, the first CT treatment planning systems were developed as one-of-a-
kind demonstration systems, usually in academic departments. A series of stu-
dies in the literature demonstrated the advantages of these systems [13-16], and
illustrated treatment planning superimposed on the CT scan itself for greater
accuracy and visual impact. Today most commercial treatment planning com-
panies market systems with the capability to treatment plan directly on top of
CT data.
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Table 1. Differences between diagnostic and radiotherapy planning CT scans

Diagnostic Treatment planning

Round couch Flat couch

Position for best diagnostic information Must duplicate treatment position

No breathing Quiet breathing

No external marks External markers define a coordinate system

Standard CT-Based Treatment Planning

Currently, CT-based planning represents the state of the art for radiotherapy
treatment planning. There are a variety of ways in which this art is being prac-
ticed today. We feel strongly that the most accurate CT treatment planning is
performed on scans taken for the specific purpose of radiotherapy planning.
The differences between a CT scan taken for diagnostic reasons and one taken
for therapy reasons are summarized in Table 1. The most obvious difference
between the two scans is in the couch configuration. Virtually all diagnostic scan-
ners come equipped with a round couch. This type of couch was necessary with
early scanners that had small (40cm) apertures so that patients could fit into the
scanning ring. Today modern scanners have large apertures of 70cm or more and
the round couch is unnecesary; however, it persists. Radiotherapy patients are
treated on a flat couch. It is difficult to use a round-couch CT scan for therapy
treatment planning without having to make an estimate of how the external
contour of a patient on a flat couch will align with the contour in the round-couch
CT scan. Geometrical errors are introduced in this estimating process. Thus we
perform all our treatment-planning CT scans using a flat-couch insert (Fig. 2).
Another major difference between the two types of scans is patient position.
In a radiotherapy planning scan the patient must be aligned in the treatment
position for several reasons. First, certain organs, especially intraabdominal
structures, can move with changes in position. Second, the external shape of
the patient is position-dependent. Third, it is important to obtain CT slices that
are parallel with the central axis of the treatment beam. Characteristic diag-
nostic positioning for scans of the head and brain, for example, are significantly
different from typical radiotherapy treatment positions (Fig. 3). While all the
anatomic information is present on a diagnostic CT of the head, the relation-
ships between structures can be greatly obscured when the angulation of the
head is changed. Fourth, a powerful new tool in radiotherapy treatment plan-
ning involves aligning CT cuts with the simulator films to aid design of fields and
shielding blocks (see below). This technique cannot be accurately employed if
the scan was performed in a position that is different from the treatment posi-
tion. Finally, the information that pinpoints the location of tumor, target, and
normal tissue rarely comes from a single radiographic study, but rather from
many different types of studies including CT, magnetic resonance imaging, sim-
ulator films, etc. It has become increasingly important to be able to correlate
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Fig. 2. Differences between a radiotherapy treatment planning scan and a diagnostic CT scan are no
more evident than in the couch configuration. Differences in anatomic configuration occur when the
patients are scanned on a round couch and treated on a flat one

Fig. 3. Typical scan positions for a diagnostic versus treatment-planning CT scan of the head. The
diagnostic scan is angled so that one can image the entire intracranial content without scanning
directly through the orbits. Treatment positions for radiotherapy place the head in a more neutral
position. Using the diagnostic information directly for treatment planning purposes becomes difficult
since the diagnostic scans do not align with the central axis of the radiotherapy treatment plan

and use many kinds of images. For radiotherapy treatment planning purposes
this means that as many imaging studies as possible should be obtained in the
treatment position to ensure consistency. This concept is discussed in greater
detail later in this chapter.

The standard use of CT images for treatment planning involves the superim-
position of a dose distribution directly onto the CT image (Fig. 4). This simple
strategy is very sophisticated in its ability to demonstrate proper coverage of the
target region and to display doses to normal tissue. Since CT scans are done at
multiple levels and radiation treatment covers a volume of tissue, it is a straight-
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Fig. 4. A CT scan with treatment fields and dose distribution directly superimposed. The numbers
are percentages, representing the percentage of dose relative to the point where the treatment beams
meet in the center of the patient. It is easy to see which anatomic structures are encompassed by the
high-dose volume and to make adjustments to the fields as needed. Similarly, dose to normal tissues
can be quickly visualized and adjusted as required

forward step to display the dose distribution on multiple transverse slices within
the treatment volume. One then confirms that the tumor and normal tissue doses
are adequate at several key levels and adjusts the treatment plan accordingly.

Three-Dimensional CT-Based Treatment Planning

Once multiple CT scans became routinely available to radiotherapists, new hori-
zons opened in the treatment planning field. One of the most obvious new ap-
plications involved the integrated display of multiple CT slices stacked in a way
that reflected their true geometric relationships (Fig. 5). Simultaneous display of
dose distributions on these selected slices creates a better appreciation of the
volume being treated. Since CT scans can be reconstructed in the sagittal plane,
this sagittal image can then be displayed along with transverse cuts, either in a
multiwindow format or directly integrated (Figs. 6, 7). Calculating and display-
ing dose on the sagittal plane is a complex problem which is addressed separately
below. However, this calculational problem can be solved and dose can be dis-
played on these integrated multiplanar displays as illustrated in Figs. 6 and 7.
The saggittal view of the treatment plan is especially useful in following the dose
to structures such as the spinal cord that might traverse an entire treatment
volume longitudinally at varying depths. Instead of relying on dose displays from
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Fig. 5. Multiple CT slices for treatment of carcinoma in the upper esophagus. The dose distribution
is displayed on six slices simultaneously. One begins to appreciate the three-dimensionality of
radiotherapy treatment planning through such displays. Adjustments to the fields can be monitored
on all levels simultaneously

two or three levels in the cord, the dose to this critical structure can be visualized
in its entirety using a single display.

Stacking of multiple CT slices has also become the most precise way in which
to draw shielding blocks for treatment fields. By drawing the tumor and target
volume on multiple consecutive CT slices, one can then display this information
with the appropriate divergence, creating a display called the ‘“beam’s eye view”
(BEV) (Fig. 8) [17, 18]. This is an exciting display which can aid treatment
planning in a variety of ways. One can use it to decide upon the overall size of a
field. All too frequently the field size that is chosen by studying the simulator
film, the diagnostic films, and the diagnostic CT, is too small and would have
touched the target volume (i.e., allowed no tumor-free margin) in one or more
places. One can also use the display to help choose the best angle to use for the
treatment fields. For example, by displaying critical normal tissues as well as the
traget, one can immediately recognize the best gantry angle and collimator angle
so that the normal tissue is spared (Fig. 9).

Finally, one can use the display to design shielding blocks. The blocks are
drawn using the joy stick and cursor, either freehand or, in our system, auto-
matically by selecting a constant margin around the volume—for example, 1 cm
(Fig. 10). In our system the block design is fed by computer into an automated
block cutting machine (HEK Model MCP-70-SE) and the styrofoam form is
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Fig. 6. Multiple CT slices displayed in a multiwindow format. Each color codes for a different dose
intensity. The reddish-brown coloration indicates full dose; Green and blue colors are low-dose re-
gions. In the lower right hand corner is the saggital dose distribution. The spinal canal and vertebral
column can be seen making an S-shaped course through this volume. With special angulation and
shielding, the high-dose region is confined in front of the spinal cord. The entire spinal column is in
green with a small area of pink, indicating that 60% or less of the dose is going to this structure. To
view this figure in color see Color Plates following page 78

fashioned. Alternatively, the block information can be printed on paper and this
print-out used as a template for a standard block cutting device. If the field size
and location have already been selected, we still use the beam’s eye view to
verify block design. The simulator film is digitized into the computer system and
its size is scaled to correspond to the size of the field on the treatment planning
screen. The drawn blocks are then digitized into the system by tracing over the
simulator film blocks with the cursor of the digitizer. The blocks appear on the
same display with the stacked CT slices and target volumes. Modifications to the
block shapes are made, if necessary, and the blocks are then cut from the film in
a standard manner.
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Fig. 7. The same four panels of dose information as in Fig. 6. now integrated into an anatomically
correct display. Dose can be seen to spill over from the saggital plane onto the transverse planes and
vice versa. This is a further step towards conceptionalizing the three-dimensionality of radiotherapy
treatment planning. To view this figure in color see Color Plates following page 78

Fig. 8. The “beam’s eye view” display. The blue lines represent the CT slices. The pink outlines
represent the target volume on each slice. The white lines outline the field size necessary to treat this
target volume. Adjustments can be made to the field location and size and block shape to ensure
proper coverage of the volume. To view this figure in color see Color Plates following page 78
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Fig. 9. Beam’s eye view display to determine gantry
angle. The target (esophagus) is located anterior to
the spinal cord. In this illustration, the gantry has
been angled so that the target is separated from the
spinal cord. A block would then be added to this field
to shield the spinal cord while still exposing the
target. The rotation of the gantry can be done inter-
actively and the target and spinal cord structures
will move relative to one another, allowing the
dosimetrist to optimize the gantry angle

Fig. 10. A block design for the prostate tumor volume. A 1-cm margin has been taken in all direc-
tions. This block design superimposed on the CT target volumes is the most accurate way to draw
shielding blocks. To view this figure in color see Color Plates following page 78
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MRI in Radiotherapy Treatment Planning

Cross-sectional CT scans show the electron density variations across the scanned
volume. Often such variations do not differentiate unambiguously between
tumor and normal tissue. Imaging modalities which provide further information
can have an important place in radiotherapy. Magnetic resonance imaging (MRI)
images the presence and/or status of hydrogen in the body. The status is a com-
plex function of local molecular environment, allowing great flexibility in the
construction of the images. Clinical experience with MRI has increased rapidly
and optimal pulse sequencing techniques are improving our ability to delineate
tumor from normal tissue. It is already clear that for certain tumors, MRI data is
indispensable. For some tumors, such as primary brain stem gliomas, it is the
only imaging modality that can visualize the lesion [18]. MRI can also display
sagittal and coronal images that are primary images and not reconstructed
images as they are with CT. For visualizing some longitudinal structures, such as
the spinal cord or tumors that are oriented logitudinally, the MRI display is
superb. However, MRI has several drawbacks as a treatment planning modality.
It does not give tissue density information as does CT. Its long image-acquisition
time makes the study susceptible to artifacts and inaccuracy due to patient mo-
tion. The image can be distorted by nonuniformity of the magnetic field through-
out the scanning volume. This is less of a problem with small regions such as the
brain, but becomes a big concern for body images.

With these drawbacks and advantages in mind, it appears that the best way to
use MRI is to integrate it with CT data whenever the MRI adds information as to
tumor location and extent of disease which is missing from CT. This means super-
imposing the information from the two images, using the CT as the anatomic
standard. Correlating these studies is a challenging task. If the images were
obtained with external markers on the patient outlining the treatment ports, the
job becomes somewhat easier. One then knows which slice on each study corre-
sponds to the central axis of the beam, giving a good start to the process of
cross-referencing the studies. One must then superimpose the corresponding
scans at each level, quantitating the misregistration and/or distortion between
the MRI study and the CT, and then align and ‘“‘unwarp” the distorted MRI
image to match the CT as closely as possible (Fig. 11).

Further checks on the accuracy of the match of the two studies are then per-
formed. For example, a coronal MRI of the thorax is displayed on the screen.
We draw the location of the external patient contour and lung from a stacked set
of CT scans and superimpose them on the MRI to confirm that the two studies
agree on the location of these structures (Fig. 12). This process is repeated for
the MRI using the CT as the reference display and the MRI as the overlay. All
three major views—sagittal, coronal, transverse—are checked. The planning
system has the ability to rotate one data set relative to the other in order to
improve the alignment and agreement between the studies. When the best
match is achieved, treatment planning can then proceed on the basis of either
study interchangeably (Fig. 13). Thus the advantages of both CT and MRI can
be integrated and utilized.
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Fig. 1la,b. An MRI unwarping
sequence. a The MR image is over-
laid with the CT data from the
external contour and lungs. The dis-
tortion of MRI is especially severe
in the inferior corners of the image.
b The unwarped image

Three-Dimensional Dose Calculations

Having MRI scans in both sagittal and coronal orientations as well as re-
constructed CT images in these and other non-transverse planes was not ideal
for radiotherapists because dose could not be calculated or displayed on these
images. Most treatment planning systems are set up to calculate dose on
transversely-oriented planes only, with the central axis of each beam forced to
be coplanar with those transverse planes. In addition, the basic algorithms used
to calculate the dose on those planes were predicated on approximations and
simplifications which are only appropriate to two-dimensional types of calcula-
tions. In order to accurately display dose on planes that are not oriented copla-
nar with the transverse central axis of the beam, one needs a three-dimensional
dose calculation algorithm.

There are several distinct areas in which three-dimensionality must be in-
corporated into dose calculations. The first is simply the ability to calculate dose
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Fig. 12. Data set correlation between CT and MRI. The saggital MRI is displayed. The small boxes
indicate location of lung and external contour on multiple CT slices. Notice the excellent agreement
between the CT and MRI in this display. All three views (transverse, sagittal, and coronal) are

checked in this fashion and adjusted as necessary in order to bring the CT and MRI in perfect
alignment

Fig. 13. Once integrated, CT and MR images can be used interchangeably, as on this display where

different studies are integrated in a single picture. To view this figure in color see Color Plates
following page 78
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on a 3D grid of points, even if the way in which the dose is calculated for each
point is one-dimensional. Many recent treatment planning systems are capable
of volume-type calculations [19].

The second area is that of the beam geometry. Correctly calculating the
divergence of the radiation beam and determining the effect of that divergence
on transverse or other planes of calculations is a straightforward but very time-
consuming part of the dose calculation. Most commercial treatment planning
systems do not incorporate this effect, even when calculating dose to off-axis
transverse planes. In a 3D planning system, where one is utilizing non-transverse
planes and beam’s-eye-view type planning, this geometry is critical.

Dose calculations which take into account the shape of the radiation field and
shielding blocks which are placed in the field are the third type of three-
dimensionality. This added sophistication is required in 3D views of plans in
which a coronal image is used to evaluate the dose resulting from a plan, even
one as simple as an anterior-posterior opposed pair of fields (Fig. 14). The scat-
ter under blocks and lack of full scatter in the field near blocks must be incorpo-
rated once the planning system is used to evaluate those doses. There are several
methods by which these effects are taken into account, but most of them are
calculationally slow. The algorithm used by our system, on the other hand,
accurately incorporates all the effects discussed so far, and requires only 15
seconds per beam per plane to calculate on the VAX 750 (Digital Equipment
Corp.)

Incorporation of scatter effects due to missing or low density tissue which
is not in the ray line between the radiation source and the point at which dose
is being calculated is the final aspect of three-dimensionality which must be

Fig. 14. Dose displayed on a coronal MRI slice in a patient with cancer of the left lung. The full
effects of beam diversion, dose near the edges of the blocks, and dose under blocks are completely
accounted for in this display. To view this figure in color see Color Plates following page 78
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incorporated into the dose calculations. In general, incorporating this effect re-
quires a 3D integration over the whole volume which is irradiated. For electron
beams, this is handled fairly well by algorithms such as the 3D version of the
pencil beam model which was developed in our department [20]. For photon
beams, however, this is a much more difficult project due to the long range
of scattered photons and electrons, especially for high energy beams. At the
present time, calculational algorithms, such as the Delta Volume method [21],
require large amounts of computer time, and are not clinically useful. This is an
area of active research in many centers.

The Future of Radiotherapy Treatment Planning

In the near future, three developments will profoundly change the way
radiotherapy treatment planning is practiced. These developments are: (1) fully
three-dimensional treatment planning, (2) an integrated radiographic display of
patient and tumor anatomy, and (3) conformational or dynamic therapy. All
three are being practiced on prototype systems today but over the next decade
will be refined, “‘debugged,” and made practical and affordable for widespread
use.

Fully Three-Dimensional Treatment Planning

Up to now, radiotherapists have been constrained to treat patients with beams
that entered the patient at right angles to the central axis of the body. This
severely limited the flexibility of the therapist in individualizing treatment to fit a
specific anatomic situation. Treatment planning became predictable, and even in
the most sophisticated institutions atlases of radiotherapy treatment planning
could contain reproductions of treatment plans that would satisfy the vast major-
ity of treatment situations [22]. Why had treatment planning become so rigid in
this era of advanced tumor imaging? One can point to several important factors.
For one, tumor anatomy could not be displayed in 3D. The inability to visualize
the tumor in anything but a transverse display limited the creativity of radio-
therapy. Without beam’s-eye-view displays it was impossible to visualize how
oblique fields entering from a superior direction, for example, would hit the
tumor and miss normal structures. In fact, it was difficult to know exactly which
structures would be in the beam path. Simulators are relatively bulky pieces of
equipment and cannot simulate from many angles that are non-coplanar with the
axis of gantry rotation. Thus the beam’s-eye-view display becomes even more
critical for setting up unusual fields and designing shielding blocks to shape these
fields. Finally, dose calculations could not be performed three-dimensionally or
displayed superimposed on images obtained in arbitrary planes.

Radiation oncology is now developing solutions to these problems. As
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Fig. 15 Fig. 16

Fig. 15. The first steps towards solid-surface 3D reconstruction. The right lung has been outlined on
consecutive CT slices. The slices have been stacked and shading has been applied to create the 3D
effect. The left lung has had a wire frame reconstructed to give further 3D characteristics

Fig. 16. The solid surface has been “tiled” and shaded to create a full 3D effect

pointed out, 3D dose calculation and display are becoming more rapid and more
accurate. Calculational speed is increasing due to better software design, faster
and more powerful hardware, and in some cases the design of custom chips to
calculate dose [21]. The beam’s-eye-view display is now available [17, 18]. All
that remains is to produce and display the 3D view of patient anatomy and this is
now practicable on several prototype treatment planning systems as well as in
some commercial graphics display hardware.

The concept of displaying 3D structures is a relatively simple one. If one can
stack CT images that have designated structures outlined, then the structures
can be given a 3D appearance by connecting outlines from various slices through
the use of a “wire frame” (Fig. 15). This gives each structure the appearance of
solidity, and one can see through this girder-like frame to visualize other struc-
tures. A more realistic 3D form can then be generated from the wire frame
display through the use of a graphics technique known as “tiling.” Here the
individual frames in the wire frame are made solid and these solid tiles are
shaded lighter or darker to simulate a light shining on their surface. The tiles that
are to be perceived as being closest to the viewer are made lighter, while those
that recede into the screen are shaded darker corresponding to their depth into
the picture. The result can be very realistic (Fig. 16). By reconstructing solid-
surface displays throughout an anatomic region, a full 3D reconstruction can be
displayed (Fig. 17).

Having created this 3D picture of the patient’s anatomy and the tumor, how
can one use it for treatment planning? To begin with, one must be able to display
beam positions with respect to the anatomy and target volume. To plan three-
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Fig. 17. A complete 3D reconstruction of a lung tumor. The external contour of the patient is seen in
blue lines. The trachea and lungs are in white. The left lung has been made transparent to see the
tumor ( pink structure) and pulmonary arteries (blue) through the lung. The heart and aorta are in
red, the spinal cord in green, the esophagus in yellow, and the bones of sternum and clavicles in
brown. The reconstruction can be rotated to view from any angle. Pictured here is the left superior
oblique view. To view this figure in color see Color Plates following page 78

dimensionally, the beams must be able to strike and enter the patient from any
given angle. Thus the computer planning system must be able to simulate not
only different field sizes and gantry angles, the standard functions that are
available in 2D treatment planning systems, but must be able to reproduce all
motions of the couch (including pedestal angle), and all collimator functions
(including collimator angle and asymmetric collimator jaws). Since many of the
advanced non-coplanar field arrangements cannot be reproduced on the simula-
tor, all patient setup parameters must be available from the computer plan.
The 3D display should be flexible so that the target region can be easily iden-
tifed and visualized. By making some structures ‘“transparent” through the use
of wire frames, a centrally located tumor can be visualized. One must also have
the ability to cut away any part of the display and view the CT reconstruction on
the surface of that cut-away plane so that anatomic relationships are reinforced
(Fig. 18). Wedge- or pie-shaped cut outs are frequently made in a trial-and-error
fashion until the most useful display is achieved. The display can be rotated in
any direction so that the planners can ‘“walk around” the patient while viewing
the display. This rotation can be done by precalculating the display in successive
increments of 5 or 10 degrees, saving each picture on disk. The replay of these
images is then controlled with a joy stick. The ideal way to employ rotation is to
do so in real time. Commercial graphics display workstations that can perform
this task are becoming available. Industry has been using similar technology for
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Fig. 18. A 3D reconstruction for a brain
tumor case with a wedge-shaped cutout
through the target volume. CT data appears
on all three surfaces. This cutout can be
moved, enlarged, or reoriented until the best
reinforcement of internal versus external
anatomy is created. To view this figure in color
see Color Plates following page 78

several years, but the requirements for treatment planning systems to have this
real-time rotational capability are somewhat more complex than is available in
CAD/CAM-type systems.

Once the graphics requirements are met, the planning system must then be
able to display dose on any of the graphics images created. This requires a fully
3D dose calculational system, the complexities of which have been touched upon
above. The dose display also needs to be graphically flexible. For example, it
may be advantageous to display a particular isodose level as a solid surface. If
one then displays the target volume as a solid of a different color, it is easy to see
if the target extends beyond the desired dose region in any direction (Fig. 19).
This is the type of detailed error analysis that is almost impossible to perform in
a conventional 2D system. The system can also display the dose to a target or
normal structure graphically using dose—volume histograms, a function that is
essential in a volume-oriented planning system. An example of a dose—volume
histogram for a liver is presented in Fig. 20. Since dose—volume histogram analy-
ses of treatment plans for specific sites are not commonly available, there is little
information about partial organ radiation tolerances. For example, the whole
liver can safely tolerate 30 Gy of conventionally fractionated therapy (10 Gy/
week in five fractions). But how much dose can 70% of the liver take if the other
30% gets no dose, or receives only 10 Gy? The permutations are endless. With a
3D system, it will be possible to assemble clinical experience using dose—volume
data for a variety of organs and, in so doing, characterize partial organ toler-
ances that have long eluded quantification.

Another developmental area in 3D treatment planning involves the intercom-
parison of alternative treatment plans. In a 2D system, one can view two or three
rival plans side by side and choose between them with relative ease. How is one
going to compare the relative merits of alternative 3D plans? Certainly dose—
volume histograms will help, especially for normal tissues. Another display that
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Fig. 19. In this four-field boost
(anterior, posterior, left and
right lateral fields) for prostate
cancer, the volume that is en-
compassed by the 95% isodose
line is displayed as a wire frame.
To view this figure in color see
Color Plates following page 78

Fig. 20. A dose—volume histogram for a patient with hepatoma. The target volume receives full dose
throughout the treatment. The liver receives a partial dose, the left kidney is receiving considerably
less than the right kidney as would be expected. By contrasting dose—volume histograms for different
treatment configurations, one can choose between rival plans

is worthy of study is the dose-difference display. In this display the dose distribu-
tion for one plan is subtracted from another plan and areas of difference, greater
or lesser dose, are highlighted in color (Fig. 21). This display can emphasize and
quantitiate where plans are different. By combining the dose-difference display
with 3D graphics, one has a start on the complex process of 3D plan intercom-
parison. A great deal of work needs to be done in this area. Simply knowing that
two plans differ in dose by a certain amount does not tell you which one is better.
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Fig. 22. A fully divergent radiograph
digitally reconstructed from CT data.
This picture has the appearance of the
scout view from the CT scan, but with
computer techniques, full divergence
has been restored to the radiograph. It
can thus be compared with simulator
films or port films. To view this figure in
color see Color Plates following page 78

If one plan has an advantage in terms of lung dose while the other is superior in
terms of cardiac dose, which one should be chosen?

A final capability needed by the 3D system is the ability to graphically gener-
ate a fully divergent radiograph [23]. The scout view of a CT scanner has diver-
gence represented laterally but not in the superior-inferior direction. Recon-
structed images that are derived from individual CT slices contain no divergence
at all. Radiotherapy simulators and treatment machines have fully divergent
beams and thus the planning system must be able to introduce divergence into
the CT data. Divergence can be visually taken into account in the stacked CT
displays previously illustrated (Fig. 8). One views the central slice edge on, the
slices superior to central ray from their underside and slices inferior to central
ray from their top side. By projecting the CT information onto a plane located
behind the scanned object at a known distance and performing the projection
from a set of ray lines originating at a single point, one can produce an image
that simulates a divergent radiograph (Fig. 22). The need for these types of films
becomes clear when one considers that simulator films of many non-coplanar
fields cannot be taken whereas port films on the treatment machine can be
obtained. Simulators have image intensifiers that give the device a C-arm con-
figuration, and once the gantry is rotated to an oblique angle the movements of
the couch pedestal are severely restricted lest the couch collide with the image
intensifier. On linear accelerators without beam stoppers, the freedom of move-
ment is much greater. If one has the ability to create a divergent radiograph from

Fig. 21a—c. Illustration of a dose-difference display. a A bilateral arc rotation for the boost treat-
ment in prostate cancer. b The same treatment volume approached with a six-field conformational
technique. ¢ The two plans subtracted from each other and the dose difference displayed. Over the
central prostate target volume the dose is within 5% on each plan. However, the bilateral arc plan
places 45% more dose in the posterior rectal region compared to the six-field treatment plan at this
slice level. The six-field plan is thus clearly superior in terms of dose to normal tissues. To view this
figure in color see Color Plates following page 78
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Fig. 23. The back-projection TV system for rapid entry of anatomic structures using CT scans. To
view this figure in color see Color Plates following page 78

the CT data,then this image becomes the substitute simulator film to which the
port film can be compared for accuracy. In many ways, a 3D treatment planning
system requires the therapist to “fly on instruments,” to use the aviation analo-
gy, having to perform treatments with fields that cannot be set up and verified in
the conventional manner. This will clearly produce a certain level of uneasiness
until we become more secure with this new technology and until we can show
that the instrument approach is accurate, reliable, and reproducible.

There are many new problems created by 3D treatment planning, aside from
the verification issues just discussed, mostly revolving around the issues of speed
and cost. Today most prototype fully 3D systems are relatively slow and cumber-
some and take a great deal of time to operate, both in terms of data input and
calculational speed. For data input, someone must enter the outline of each
structure to be displayed into the planning system. For a thorax, where 10-12
structures on a slice can be required for a full anatomic reconstruction, 100 to
200 separate entries are not uncommon, consuming large amounts of time. Such
data entry must be made faster. We and others have automated the entry of the
external contour and the air-containing structures of lungs and trachea. We have
gone further, setting up a back-projection television system which projects the
CT image onto a digitizer tablet. Then, with the use of a pen for data entry, one
can digitize the outline of structures into the system quickly (Fig. 23). The big-
gest advance in this area will come from automated structure recognition and
data entry for a large number of normal anatomic structures. Such work is under
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development in both diagnostic and therapeutic radiology departments, and the
next few years should witness dramatic progress in this area of research.

The other facet of the time required to perform 3D treatment planning relates
to computer calculational speed, both for creating the displays and for calculat-
ing the dose. The problems of creating the graphics displays are being rapidly
solved by a new generation of graphics display systems specifically designed to
deal with 3D structures. These systems are expensive today (ranging from
$60000 to $120000), but their price will surely fall in the next few years. The
speed of dose calculation is a different problem. The sheer number of calcula-
tions that must be performed is staggering for a fully 3D dose calculation. Of
course, much of the complexity of the dose calculation is driven by the level of
dose accuracy that one is willing to accept. If one tries to calculate dose to less
than a 5% error, especially if inhomogeneity corrections are required, the com-
plexity of the calculation increases dramatically. Our system requires 10 min to
calculate each photon beam in a 3D calculation of (40)3 points. At Washington
University, a very accurate algorithm called Delta Volume requires about 40 h
to calculate the same field using similar computer hardware [21]. This is clearly
an area in which different groups will choose a different approach to the
tradeoffs involved.

In our opinion, one of the most important characteristics in a treatment plan-
ning system is its interactivity. It is very important that the dosimetrist and physi-
cian be able to plan in real time for maximum efficiency. It is totally impractical
to envision a system wherein a beam configuration is suggested and then hours
or days must elapse before dose can be displayed. If a change is then required,
several more hours are needed. Such a system will stretch treatment planning for
each case over several days and will simply not be used. How can the process be
enhanced? The answer lies in several parts. Hardware is becoming faster, so that
the brute force necessary to process a complex calculation is at hand. We esti-
mate, for example, that the speed difference between a VAX 750 and a VAX
8800 (Digital Equipment Corp.) will be a factor of about 30. That is, a calcula-
tion that takes 30 min on the 750 will take 1 min on the 8800. Right now an 8800
is 10-15 times more expensive, but the cost of this calculational speed will drop
dramatically in the future just as it has done in the past. Research is being done
to streamline the calculational code so that speed is enhanced [23, 24]. Array
processors can further enhance the speed of certain calculations. Finally, we
must be creative in setting up systems to create a hierarchy of calculational speed
and accuracy. For example, to set up beam configurations and to compare sever-
al different set ups, a very coarse calculation grid may be all that is required.
Approximations which give limited calculational accuracy could be used to
speed the process. Once a plan or two has been chosen, then the full detailed
calculation could be performed.

Cost is another serious problem. Three-dimensional treatment planning is
very labor-intensive compared to 2D planning, just as CT treatment planning
(when done correctly) is more time-consuming and labor-intensive than non-CT
planning. The hardware cost for a modern 3D multiuser system can be sizable
(Table 2). This all increases patient cost, and the charge for 3D treatment plan-
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Table 2. Components and costs of a typical multiuser 3D compatible CT treatment planning system

Approximate cost

Item Description (in $1 000s)
Computer 32 bit
at least 8 megabyte memory
> 4 users 30-50
Disk storage 400 megabyte—1 gigabyte 20-50
Tape drive 1600/6250 bits per inch 10-30
Terminals Several needed 0.8 each
Printer Gray scale, line drawings 10-30
Digitizer Digitizer tablet 6
Imaging system 16 bit x 512 x 512 display hardware vector
generator joystick/trackball/mouse
graphics processor 35-70
TV digitizer Video digitizer + camera + stand 8
Software Variable capabilities 30-100

Total  160-350

ning must be greater than for 2D planning. Is it worth the price? Our patients,
hospital administrators, and third party payers will demand an answer. Careful
research will be required to answer this question.

An Integrated Radiographic Image of Anatomy and Tumor

Every oncologist depends heavily on radiographic imaging to help delineate the
location of primary and metastatic tumors. The number of useful studies has
grown in recent years. One now routinely views plain radiographs, CTs, MRIs,
isotope scans, contrast studies, ultrasound scans, and even single photon emis-
sion computed tomography (SPECT) and positron emission tomograms (PETSs).
Each of these studies has distinct advantages in displaying tumors and normal
structures. Currently we view each of these studies independently, then integrate
them in our mind’s eye to create the overall image of the patient’s disease.
Radiation oncologists are particularly dependent on analysis of X-ray and scan
data to formulate their treatment.

Others have suggested [25, 26], and our experience with integrating CT and
MRI has reinforced the idea, that it might be possible and certainly highly desir-
able to integrate all imaging into a single display, relating all studies to each
other. A patient with a bile duct tumor that is poorly visualized on CT may have
his data from cholangiography integrated with and superimposed on the CT
image for accurate treatment planning. The data from a PET scan might be
overlaid on the MRI and CT images to help differentiate between viable tumor,
edema, and necrosis. The distribution of a tagged antibody as seen through the
SPECT scanner might be superimposed on the CT or MRI to help calculate
the dose to metastatic deposits in liver or lung. It is clear that the technology
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exists today to produce such integration, and we would predict that this research
will result in a powerful diagnostic and therapeutic tool over the next decade.

In principle, a series of closely spaced CT scans spanning an area of interest
yields a 3D grid of electron density information which defines the patient’s
anatomy at a level of resolution sufficient to be useful for radiotherapy planning.
However, the CT scans are not always adequate for this purpose by themselves;
they are useful if:

1. The patient’s position during the CT study is identical to the positioning of
the patient during the therapy

2. The patient is adequately marked during the CT study so that patient and
beam positioning are not dependent on additional simulation-type proce-
dures or information

3. All the diagnostic information needed to plan the case is directly imaged with
the CT data (i.e., no MRI, PET, ultrasound, radiograph, or other imaging
information is necessary)

4. The physician and planners have no need to visualize the CT anatomic
information in views which are not transverse to the patient (i.e., no use of
beam’s-eye view or X-ray radiographs)

In practice, qualifications 1, 3, and 4 are never completely satisfied. It is
almost always necessary to perform a simulation-type procedure before or after
the CT study in order to localize the area of interest for the CT study, mark the
patient’s skin and verify the immobilization technique, or to verify beam place-
ment and blocks design. In addition, attempting to perform radiation therapy
planning with precision forces one to pay careful attention to maintaining a self-
consistent set of patient data. One must ensure that the information transmitted
to the physician from a simulator film with focused shielding blocks drawn on it
agrees with the same information when presented overlaid on a 2D transverse
CT slice. Finally, MRIs, ultrasound scans, and radiographs all contribute a great
deal of diagnostic information that must be used quantitatively.

Incorporating patient-related data from several different sources is thus
essential to the ability to plan treatment accurately in three dimensions. This
capability is also the source of a major increase in complexity of the planning
system. In order to make quantitative use of the various kinds of data, detailed
correlation of the different images and studies into a self-consistent set of ana-
tomically related data is often required. This data set, even in a fully 3D system,
will rely heavily on the 2D images from CT, MRI, and radiographs, since a
significant learning curve must be overcome before these 2D images will be re-
placed by 3D ones.

A few details of the method used at the University of Michigan to facilitate
the integration of various imaging modalities and the synthesis of 2D gray scale
images and 3D graphics are described here to illustrate the complexity of the
problem. Patient-related information is stored in several different formats. All
gray-scale images used in the planning system, including CT, MRI, PET, digi-
tized radiographs, digitized isodose data, and compound B-mode ultrasound
scans, are maintained in a standard image file format. This allows the substitu-
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tion of one type of image directly for another if the image sets have been aligned
(see Fig. 13). A second file maintains the coordinates of the 3D surfaces (see for
example Figs. 16, 17) which have been abstracted from serial contours of CT or
other data. The final patient-related data file describes the relationships of all the
2D images and contours and the 3D surfaces with each other. Images which
come from the same self-consistent set of scans are maintained as a group (‘‘data
set”’), so that one data set (for example, MRI) can be aligned with another (CT)
without worrying about individual slices. Each 2D slice, set of slices, or data set
can be translated, rotated, warped, and overlaid with contours and other in-
formation from other slices or data sets using a system of reference points and
manual or automatic methods of correlation of the various systems.

Each one of the features described above is necessary in order to register and
correlate the information in one data set with another, as is illustrated in Fig. 12
for the use of MR and CT images for treatment planning. Overlaying contours
abstracted from an axial MRI scan onto the corresponding CT image immediate-
ly presents the need for fairly sophisticated methods for comparison and correla-
tion of data from different sources. Patient positioning for different studies (for
example, CT, MRI, and simulator localization) can be somewhat variable. Each
of the studies may have its own inherent distortions that must be avoided or
corrected. Therefore, in order to transfer a target volume from an axial MRI
scan to the corresponding CT scan, one is already forced into a system which can
overlay information from one type of study on that of another, can unwarp dis-
torted images, and can deal with variable patient positioning and marking. In
summary, generation of a self-consistent data set in which geometrically accu-
rate MR and CT images can be interchangeably displayed (as in Fig. 13) requires
many sophisticated image correlation tools. Progress in this area has been rapid
and over the next decade we predict that this unified radiographic patient image
will achieve widespread use not only in radiotherapy but in general diagnostic
radiology as well.

Conformational or Dynamic Therapy

The goal of any radiation treatment is to give all the dose to the tumor with no
dose going to normal tissue. Since this goal is unattainable, one tries to come as
close to the ideal as possible through the use of sophisticated treatment plan-
ning. The need for minimizing normal tissue dose can be understood from analy-
sis of the theoretical dose-response curve (Fig. 24). Let us assume for simplicity
that the cell density distributions of tumor and normal tissue (P, and P,) are
homogeneous though not necessarily equal. Similarly the cell killing effects (K,
and K,,) of each treatment fraction (G, and G,) are on average relatively time-
independent functions during treatment. The result of n identical radiation frac-
tions of equal time increments will result in C; (C,) surviving tumor (normal)
cells as given by the expressions

C,=P,G'K"V, (1)
C,=P,GIK'V (2)
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Fig. 6. Multiple CT slices displayed in a multiwindow format. Each color codes for a different dose
intensity. The reddish-brown coloration indicates full dose; Green and blue colors are low-dose re-
gions. In the lower right hand corner is the saggital dose distribution. The spinal canal and vertebral
column can be seen making an S-shaped course through this volume. With special angulation and
shielding, the high-dose region is confined in front of the spinal cord. The entire spinal column is
in green with a small area of pink, indicating that 60% or less of the dose is going to this structure
(see p. 60)
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Fig. 7. The same four panels of dose information as in Fig. 6. now integrated into an anatomically
correct display. Dose can be seen to spill over from the saggital plane onto the transverse planes and
vice versa. This is a further step towards conceptionalizing the three-dimensionality of radiotherapy
treatment planning (see p. 61)

Fig. 8. The “beam’s eye view” display. The blue lines represent the CT slices. The pink outlines
represent the target volume on each slice. The white lines outline the field size necessary to treat this
target volume. Adjustments can be made to the field location and size and block shape to ensure
proper coverage of the volume (see p. 61)
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Fig. 10. A block design for the prostate tumor volume. A 1-cm margin has been taken in all direc-
tions. This block design superimposed on the CT target volumes is the most accurate way to draw
shielding blocks (see p. 62)

Fig. 13. Once integrated, CT and MR images can be used interchangeably, as on this display where
different studies are integrated in a single picture (see p. 65)

Color Plate III



Fig. 14. Dose displayed on a coronal MRI slice in a patient with cancer of the left lung. The full
effects of beam diversion, dose near the edges of the blocks, and dose under blocks are completely
accounted for in this display (see p. 66)

Fig. 17. A complete 3D reconstruction of a lung tumor. The external contour of the patient is seen in
blue lines. The trachea and lungs are in white. The left lung has been made transparent to see the
tumor (pink structure) and pulmonary arteries (blue) through the lung. The heart and aorta are in
red, the spinal cord in green, the esophagus in yellow, and the bones of sternum and clavicles in
brown. The reconstruction can be rotated to view from any angle. Pictured here is the left superior
oblique view (see p. 69)

Color Plate IV



Fig. 18. A 3D reconstruction for a brain tumor case with a wedge-shaped cutout through the target
volume. CT data appears on all three surfaces. This cutout can be moved, enlarged, or reoriented
until the best reinforcement of internal versus external anatomy is created (see p. 70)

Fig. 19. In this four-field boost (anterior, posterior, left and right lateral fields) for prostate cancer,
the volume that is encompassed by the 95% isodose line is displayed as a wire frame (see p. 71)

Fig. 21la—c. Illustration of a dose-difference display. a A bilateral arc rotation for the boost treat-
ment in prostate cancer. b The same treatment volume approached with a six-field technique. ¢ The
two plans subtracted from each other and the dose difference displayed. Over the central prostate
target volume the dose is within 5% on each plan. However, the bilateral arc plan places 45% more
dose in the posterior rectal region compared to the six-field treatment plan at this slice level. The
six-field plan is thus clearly superior in terms of dose to normal tissues (see p. 72)
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Fig. 22. A fully divergent radiograph digitally reconstructed from CT data. This picture has the
appearance of the scout view from the CT scan, but with computer techniques, full divergence has
been restored to the radiograph. It can thus be compared with simulator films or port films (see p. 73)

Fig. 23. The back-projection TV system for rapid entry of anatomic structures using CT scans (see
p. 74)
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Fig. 24. The theoretical sigmoid curve for tumor control and complications as a function of dose

where V, and V are the tumor and target volumes respectively, and where we
remember that in practice V, <V due to the need to surround the tumor with a
margin of safety. In addition we must pay attention to the ‘entrance/exit’ volume
(V) which consists of all irradiated (to a lesser dose) normal tissue outside the
target volume. Analogously to the above, we would have for the cells in that
volume

Ce=P.GeKcVe €)

where P., G., and K, are suitable averages over the volume V.. Relative value
judgements determine which normal tissue parts of the V + V. volume are
more important; such judgements are usually decided by clinical experience.
The practice of radiotherapy has established how far one can go in dose relative
to given field sizes in specific anatomic sites before normal tissue tolerance is
exceeded with appreciable certainty. This prescribed dose is, in effect, a measure
of normal tissue tolerance and, relative to the dose fraction size, establishes the
number of fractions permitted. Empirical methods for varying n and the dose/
fraction as well as time spacing between treatments have been developed and are
summarized in [27].
C; has been assumed by many authors [28, 29] to be related to cure via

local cure probability = e—Ct. 4)

This is the Poisson expression for the probability of zero survivors when the
expected number is C,. This naturally leads to the sharp dose response curve for
cure (local control), as shown in Fig. 24. It is also assumed that a similarly sharp
mathematical function holds for normal tissue tolerance. The degree of sharp-
ness of both responses is debatable and will not be addressed here. Regardless, it
is clear that in radiotherapy we desire to keep C, + C. (surviving normal cell
population) as large as possible, simultaneously making C, (surviving tumor cell
population) as small as possible. All things being equal, it is clear from Eq. 1 that
the smaller the tumor/target volume, the easter it is to reduce C, to small final
values. Additionally, the smaller V, and V become, the smaller V, becomes, thus
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reducing the risk of normal tissue complications. One sees immediately from
Eqgs. 1-4 that the need to restrict the target volume tightly to the tumor volume
(i.e., make V =V,) can be very important in achieving our stated goal [30]. The
degree of importance is directly related to the sharpness of the associated dose
responses and the answers to these questions can only be decided by clinical
experience. It is becoming clear that our ability and confidence in shaping the
dose distributions (i.e., in restricting the target volume to the tumor volume) is
increasing and will continue to increase in the future. Thus one expects that a
new generation of clinical experience will be forthcoming, based on the higher
tumor doses permitted by smaller target volumes achieved with confidence from
the new generation of radiation treatment planning techniques.

To date, the best methods devised for restricting and shaping the dose dis-
tribution involve the use of multiple fields with beam shaping provided from
custom-shaped blocks. If one treats a tumor with anterior-posterior opposed
fields, then one creates a block of dose that extends from one side of the body
through to the other (Fig. 25a). While some situations demand this approach, in
general this treatment technique does not minimize normal tissue exposure. A
refinement of this technique is to add lateral or oblique fields to restrict the high
dose region to a cube or box shape (Fig. 25b). This is a step in the right direction,
but few tumors are cube-shaped and further reduction of the irradiated volume
is possible. Another method of restricting dose is to rotate the field, creating a
cylinder of dose (Fig. 25c). However, the cylinder must be as large as the largest
dimensions of the tumor in any direction, again losing some dose to normal
tissue. The ideal field configitration would have the beam aiming at the tumor
from multiple directions with the beam shape adjusted at each angle to corre-
spond to the exact shape of the tumor (Fig. 25d). This technique is known
as conformational therapy, an idea that has been researched for two decades
[31-33].

How many fields are enough? No one has yet studied this question. If one is
using a series of fixed fields with shielding blocks, then there is a practical limit to
the number of fields possible due to treatment machine time: each time the
gantry is moved to a new angle, the technologist must go into the room and
change the blocks in the machine head. It is likely that between six and eight
fields are all that can be employed in this fashion. We have begun to explore this
technique in the treatment of prostate cancer. Our former boost technique in-
volved a bilateral arc rotation, a relatively standard approach. This technique
encased the prostate and seminal vesicles in a cylinder of high dose. The cylinder
was placed as far anterior as possible in an attempt to protect the rectum (Fig.
21a). Our new technique involves the use of six fixed fields as illustrated (Fig.
21b). The CT scan is used to outline the prostate and seminal vesicle volume on
each slice (typically 20-30 slices). The CT data are viewed from the six angles
using beam’s-eye view. Shielding blocks are drawn using the autoblock function
to create a 1.0-cm margin around the target. The patient is set up isocentrically
in the exact position used for arc rotation. The six fields are treated independent-
ly. A dose difference display (Fig. 21c) comparing the dose from the arc to that
from this six-field plan shows the savings in dose to the rectum with the new
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Fig. 25. a A tumor approached with a pair of opposed fields. The tumor volume is adequately
covered but large amounts of adjacent tissue are treated. b The tumor is now approached with a
four-field crossfire technique that creates a box of high dose. The tumor is adequately treated and
smaller amounts of normal tissue receive dose compared to the two-field plan illustrated in a. ¢ A
rotation is now used, creating a cylinder of high dose. This further restricts the dose that normal
tissue receives but there is still a substantial amount of tissue outside the tumor volume that receives
the full tumor dose. d A fully conformational treatment. The shape of the field is adjusted through
multiple collimator leaves that can move during the rotation. At each angle of treatment, the shape
of the individual leaves is adjusted to precisely conform to the tumor shape. In this fashion an
extremely tight dose distribution is created and the maximum amount of normal tissue is spared

technique compared to the standard rotational fields. The dose to the target
region is preserved, as evidenced by a zero dose difference. Since the rectum is a
major source of morbidity in the curative treatment of prostate cancer, it is
difficult to discount the importance of a technique which lessens dose to this
critical normal structure.

A full rotation can be thought of as a large series of fixed fields strung
together. The ultimate conformational therapy would involve a rotation wherein
the field shape could be altered while the rotation was in progress, always having
the field to conform to the shape of the tumor. Such dynamic conformational
therapy is certainly possible [31-33]. The easiest way to visualize accomplishing
such therapy is by using a field-shaping collimator that is made up of 30-40 thin
leaves, each capable of independent motion. Such multileaf collimators have
seen use over the last decade, and at least one commercial manufacturer has
made a multileaf system available for sale (Scanditronix AB, Uppsala, Sweden).
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By using the beam’s-eye-view option in the planning system, one could adjust
the location of the 30-40 leaves on a degree-by-degree basis during a rotation.
The information could be fed to the machine through a computer interface and
the leaves could be driven during the therapy. One could conceive of motion of
the couch and non-uniform dose output or gantry speed to further shape the
high-dose volume. There is little doubt that some form of this type of therapy
will be commercially available within the next decade.

There are many potential problems associated with dynamic conformational
therapy. Planning systems will have to be fully 3D and very powerful to perform
the treatment planning and dose calculation. The 60—80 motors that drive the
leaves of the collimator will have to be extremely reliable. Patient throughput
will have to remain high for the therapy to be affordable. It is highly likely,
however, that research will solve these problems and that dynamic conforma-
tional therapy will become the next major treatment advance in radiation
oncology.

Summary

Radiotherapy treatment planning has achieved new levels of sophistication in
recent years, and the future for continued improvement is bright. During the
next decade, tumor localization will become more precise, using fully 3D dis-
plays of integrated radiographic imaging data. Compiling this display will be
largely automatic using artificial intelligence concepts and automatic structure
recognition computer programs. Radiotherapy treatment will progress to
conformational therapy where extremely precise dose distributions will closely
follow the contours of the tumor. This will allow increased dose to the tumor
without an increase in normal tissue dose. Local control and cure rates will thus
be enhanced.

Acknowledgement. We would like to acknowledge the financial support provided by Scanditronix;
the figures were produced by their treatment planning system.
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4. Hyperthermia as Cancer Therapy:
Current Status and Future Prospects

H_.I. Robins*

Although hyperthermia is currently an experimental therapeutic modality, anti-
cancer effects of elevated (noncauterizing) temperature were first observed in
ancient Egyptian times [1]. Hippocrates later incorporated fever therapy into a
homeopathic approach to disease. During the nineteenth century, Coley re-
ported an anecdotal series of cancer patients responding to fevers induced by
erysipelas and bacterial endotoxins [2], and his observations have stimulated a
number of novel approaches to cancer therapy, including immunotherapy and
hyperthermia. In 1953, Warren induced “artificial fevers” using diathermy in
conjunction with incandescent light bulbs and also described antineoplastic
activity [3]. A methodical evaluation of the potential value of hyperthermia has
been undertaken only in recent years. The hypothetical basis for the use of
hyperthermia as cancer therapy by these early clinical workers can, at best, be
described as intuitive.

During the past two decades, however, a considerable data base, including
both laboratory and clinical studies, has been accumulated, which provides a
sound rationale for the continued exploration of the role of hyperthermia in
cancer therapy. The effect of elevated temperatures on cell viability has been
well documented [1, 4-12]. Hyperthermia has also been shown to potentiate the
cytotoxic effect of ionizing radiation and certain drugs on malignant neoplasms
[1, 4-12]. 1t is less certain whether cancer cells are inherently more sensitive
than normal cells to the damaging effects of hyperthermia, although examples of
such differential sensitivity have been reported [13-22]. Although there may not
be a universal increased sensitivity of all types of cancer to heat, in comparison
with normal cells, leukemias and lymphomas may represent a general group of
neoplasms which is unusually heat sensitive [10]. The biological basis for this is
not clear; nevertheless, anecdotal response data from clinical experience, as well
as an informal survey of animal data, suggest that the role of hyperthermia in the
treatment of the leukopoietic neoplasms deserves special attention [10, 16-22].

Although temperatures in excess of 41°C will kill cells exponentially as a func-
tion of time and temperature—with S phase cells being particularly sensitive [1,
7, 8, 11, 18, 23}]—the direct killing effects of heat may have limited clinical util-
ity, and hyperthermia is unlikely to play a significant role in cancer therapy when

* American Cancer Society Fellow, supported in part by USPHS Grant R01-CA35361, awarded by
the National Cancer Institute, DHHS.
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used as a sole treatment modality [1, 7, 24]. Hyperthermia alone has produced
disappointingly poor response rates, as well as short response durations [1, 24—
27]. The possible biological basis for these observations is discussed in an in-
sightful review by Oleson and Dewhirst [1]. The value of hyperthermia in the
future is therefore more likely to reside in its use as an adjunct to other forms of
therapy [24].

It has become obvious that the cell heterogeneity of various neoplasms
limits the effectiveness of any given form of therapy, including radiation, chemo-
therapy, hyperthermia, or immunotherapy [24, 28-30]. A combined modality
approach diminishes the chances that a subpopulation of tumor cells may be, or
may become, resistant to therapy. Thus, the observation that hyperthermia,
which is not intrinsically myelosuppressive, can potentiate the tumoricidal
effects of radiation, chemotherapy, and immunotherapy [1, 5,7, 8, 11, 24] makes
its use as part of a multimodality treatment approach attractive [24, 31]. In addi-
tion to potentiating the cytotoxic effect of conventional therapeutic modalities,
hyperthermia can also alter the effects of certain noncytotoxic drugs on tumor
cells [24]. Such drugs, known as labilizers, have no activity against neoplastic
cells at normothermic temperatures but promote antineoplastic cell kill in the
setting of hyperthermia. Anesthetic agents represent one class of such drugs
[22, 32-34]. Tt is of interest that some labilizers, e.g., lidocaine and thiopental,
seem to exhibit selective neoplastic cell kill at drug levels which are clinically
acceptable [22].

Systems developed for clinical hyperthermia fall into three major categories:
(a) local, (b) regional, and (c) systemic, or whole body.

Local Hyperthermia

Local hyperthermia can be accomplished with several different technologies
(e.g., capacitive and inductive, radio frequency, ultrasound, and microwave)
[1, 7,11, 35, 36]. Most early clinical reports are anecdotal in nature, due in part
to problems relating to thermometry. Further, study populations frequently in-
cluded only patients with solitary lesions; hence, comparative data on response
rates in matched tumors were not provided. In a controlled study with paired
lesions, the effect of radiation alone can be compared with that of hyperthermia
plus radiation. Controlled studies of this type, which support the use of local
hyperthermia in conjunction with radiotherapy, have recently been reported
[25-27, 37-40] (Table 1).

Two problem areas in local hyperthermia studies which must be addressed are
invasive thermometry (i.e., the measurement of intratumor temperature) and
uneven tumor heating. The uneven heating produced by current local hyper-
thermia technologies is particularly significant since the work of Oleson and
Dewhirst supports the conclusion that it is the lowest temperature achieved in a
tumor mass that is the best predictor of response [1, 40-42].
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Table 1. Local hyperthermia—controlled clinical trials

Treated lesions with complete response
%

Heat source Number of lesions Radiation alone  Radiation plus heat Reference
Ultrasound >302 46% of patients had a superior [26]
response in the heated lesion
Radio frequency 33 50 65 [37]
Radio frequency 86 33 80 [25]
Microwave or 123 39 76 [38]
radio frequency
Microwave 48 58 79 [39]

2This study contained patients with multiple lesions. Similar lesions in a given patient were matched,
and data were reported in terms of the number of patients (7/15) having a superior response to heat
plus radiation.

As cancers which are refractory to standard therapy tend to be disseminated,
local hyperthermia has been currently relegated to a palliative role. As tech-
nology develops, however, it may have curative potential in the treatment of
some primary cancers, €.g., primary head and neck, cervical, and CNS cancers,
particularly when used in combination with other modalities.

Regional Hyperthermia

Deep regional hyperthermia has been somewhat hampered by the same tech-
nological limitations described for local hyperthermia; invasive thermometry
is accordingly beset with even more difficulties. Several different methods of
generating heat have been developed, including electromagnetic induction heat-
ing by circumferential coil, microwave, and ultrasound [1, 43-48]. Several re-
ports by Storm et al. [43, 44] describing regional hyperthermia with or without
radiation or chemotherapy indicate that this approach is feasible. However, as
heating sessions (time-temperature profiles) are not reproducible for a given
patient, and even less reproducible between patients, it is extremely difficult to
carry out valid, controlled, randomized trials of regional hyperthermia. The
development of appropriate instrumentation for specific anatomical sites, e.g.,
the pelvis, which can assure the reproducible delivery of a given thermal dose is
a major challenge for workers in this area.

Limb perfusion hyperthermia for the treatment of sarcomas and melanomas
was first reported in 1967 by Cavaliere et al. [8, 49], and later by Stehlin et al.
[50]. Impressive response rates were obtained when hyperthermia was combined
with chemotherapy. These studies were retrospective and relied on historical
controls, so that they must be interpreted with caution. Some observers consider
that these nonrandomized studies represent the most impressive historical argu-
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ment for clinical hyperthermia. A recently published prospective randomized
trial done by Ghussen et al. [51] in Germany demonstrates the efficacy of perfu-
sional hyperthermia. Additional controlled multiinstitutional clinical trials of
regional hyperthermia are currently in progress in Italy and Sweden.

Whole-Body Hyperthermia

As whole-body hyperthermia (WBH) addresses the issue of systemic disease, it
offers perhaps the greatest potential for hyperthermia to be used as an adjunct to
other therapies, with curative intent.

In published reports of phase I trials of WBH in humans, core temperatures
have been maintained at 41°C—42°C for several hours with variable morbidity
and occasional mortality [3, 9-12, 52-59]. The variety of WBH methods cur-
rently available reflects a lack of consensus as to the best application of physio-
logical and physical principles to systemic hyperthermia. Most technologies for
WBH include a requirement for general anesthesia with endotracheal intuba-
tion, as well as complex equipment to regulate patient temperature [4, 9, 10-12].
Worldwide, the system most used has been the extracorpoieal approach de-
veloped by Parks et al. [8, 54]. Studies to date have demonstrated the feasibility
of extracorporeal heating in combination with both radiation and chemotherapy,
and significant response rates have been reported in nonrandomized studies.
Similarly, the hot-water suit system, developed by Bull et al. [8, 55], has under-
gone extensive clinical trials [12]. This system has been modified and now in-
cludes mechanical ventilation [59].

Englehart et al. initiated the first randomized study, which compares 40.5°C
WBH plus chemotherapy with chemotherapy alone in patients with small-cell
lung cancer [60]. This study utilizes a diathermy hot-air system, in which the
peak core temperature achieved is significantly below the 41.8°C obtained with
other methods. Preliminary results of this study favor the WBH arm [61].

In spite of its potential, many workers have not been enthusiastic about WBH
due to concerns relating to toxicity, the need for mechanical ventilation, the
complexity of instrumentation and monitoring during treatment, and the lack of
ability to deliver multiple treatments to a single patient in a given week [11, 12].
In this regard, Robins et al. have recently reported on a radiant heat system for
41.8°C WBH [62], which is safe, simple in operation, does not require general
anesthesia with endotracheal intubation, allows for multiple treatment sessions
per week, and lends itself to a multimodality approach. A phase I clinical trial of
WBH (which incorporates the labilizers—lidocaine and thiopental—discussed
above) has been completed, and second-generation studies, based on preclinical
murine studies, have been initiated at the Wisconsin Clinical Cancer Center [10,
24, 62]. These studies include chemotherapy and WBH, total-body irradiation
(TBI) and WBH, interferon and WBH, local radiotherapy and WBH, and WBH
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combined with supralethal chemotherapy and ablative TBI as part of a bone
marrow transplant proconditioning regimen.

As of December 1987, the Wisconsin group has incurred no significant hyper-
thermia toxicity in more than 500 treatments. Responses observed have been
encouraging, and plans are now being made to begin randomized prospective
multiinstitutional trials with this system.

Hyperthermia in Combined Modality Therapy

As innovative technological research has improved the future potential of hyper-
thermia, similarly exciting pharmacological developments have kept pace. A
class of chemotherapeutic drugs which have activity as single agents, are non-
myelosuppressive, and are both hyperthermia and radiation sensitizers would be
ideal for use in the multimodality approach considered earlier. Lonidamine is an
example of such a drug [24, 63]. Clinical trials involving lonidamine combined
with radiation and/or hyperthermia are in progress [24]. Kubota et al. (using the
drug bleomycin) have recently reported on such a trimodality approach in pa-
tients with bladder cancer [31].

Although use of hyperthermia in patients with metastatic disease may, in the
future, prove to be both palliative and even curative, WBH may play its most
significant role in the adjuvant setting (i.e., to sterilize micrometastases in pa-
tients rendered free of gross or detectable disease by surgery, but at risk for
relapse, e.g., stage II breast cancer or Duke’s C colon cancer). The hypothetical
rationale for the use of systemic hyperthermia in combination with chemo-
therapeutic agents as adjuvant therapy has recently been outlined [24].

Although the scientific rationale for hyperthermia is unequivocal, its fulfill-
ment as a cancer therapy requires further basic research and controlled clinical
trials. Five thousand years have passed since the first record of a patient being
treated with hyperthermia; its promise as a therapy remains.
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5. Photodynamic Therapy
T.F. DeLaney

The ideal in cancer treatment is selective destruction of tumor without disrup-
tion of normal cell and tissue function. An interesting recent development in
oncology has been experimental in vitro, in vivo, and clinical work with light-
activated photosensitizers causing impressive cytotoxic effects that are expressed
differentially in tumor and normal tissue because of preferential localization of
the sensitizers in neoplastic tissue and the ability to shield most normal tissue
from light exposure. This therapeutic strategy is generally referred to as photo-
dynamic therapy (PDT), but it has also been termed photoradiation, photo-
therapy, or photochemotherapy. To assess the potential application of PDT in
oncologic management, the principles of photodynamic action and relevant
laboratory and clinical work to date will be reviewed.

Historical Observations

The earliest report of the action of light-activated chemicals in biologic systems
was in 1900 by Raab, who described the lethal effect of light on paramecium
treated with an acridine dye [1]. His work showed that neither light nor dye
alone had any apparent lethal effect on the cells, but that together they were
effectively cytotoxic, with a dose-dependent response demonstrable for each.
Numerous other reports on sensitized photochemical processes in living systems
have subsequently appeared [2], but the majority of attention in the clinic
has been focused on the porphyrins. Policard [3] reported in 1924 on reddish
fluorescence in experimental rat sarcomas illuminated by a Wood’s lamp. He
attributed the fluorescence to excitation of endogenous porphyrins accumulating
in the tumor site because of secondary infection by hemolytic bacteria. Lipson et
al. [4] reported on the use of hematoporphyrin derivative (HpD) for fluores-
cence detection of tumor tissue in 1961, and subsequently on the treatment of a
patient with recurrent breast cancer using HpD and localized exposure of the
tumor to light in 1966 [5]. Diamond et al. [6] reported in 1972 on destruction of
glioma cells in tissue culture and subcutaneously transplanted gliomas in rats
with hematoporphyrin and visible light. Dougherty et al. [7] at Roswell Park
reported in 1975 on the eradication of nearly 50% of subcutaneously trans-
planted tumors in mice and rats using intraperitoneally administered HpD and
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red light directed to the tumor. This was achieved without excessive damage to
surrounding uninvolved skin in the light field.

Kelly and Snell [8] reported in 1976 on preferential HpD fluorescence in
malignant and premalignant lesions in the urinary bladder. They included
observations from treatment of a single case of human bladder cancer with HpD
activated by light from a mercury lamp directed into the bladder with a glass
light guide. They observed treatment effects only in those areas which had been
illuminated.

These encouraging early reports on the potential utility of HpD for tumor
localization and treatment, as well as the recent development of appropriate
high-output laser and fiber-optic systems for light delivery, have provided the
impetus for the current interest in this field. Indeed, numerous clinical and ex-
perimental investigations with HpD PDT have been pursued to examine possi-
ble efficacy in a variety of tumor sites. Before reviewing these studies, it would
be helpful to examine the photochemistry and photobiology involved in photo-
dynamic destruction of malignant tissue.

Basic Principles

PDT involves the interaction of sensitizer, light, and oxygen (Fig. 1). The ground
state sensitizer is excited by the absorption of light. Sensitizer which has been
excited by light can subsequently react or de-excite in several ways, as illustrated
in Fig. 2. Excited sensitizer can react (Fig. 1) through a type 1 free radical
mechanism or alternatively via a type 2 reaction involving reactive singlet oxy-
gen ('O,) [2]. Oxygen has been shown to be critical for HpD photodynamic
action in vitro. Both pathways result in potentially cytotoxic oxy-products. Type
2 processes are thought to predominate in PDT. Excited singlet sensitizer can
undergo an intersystem crossover, a spin inversion yielding the excited triplet
state, which can interact in a spin-conserving manner with ground state oxygen
(30,) to produce reactive singlet oxygen.

De-excitation of activated sensitizer can occur in several ways, as illustrated
in Fig. 2. Excited singlet sensitizer can return to the singlet ground state with
either liberation of heat or emission of a photon; the latter process is called
fluorescence. Excited singlet sensitizer can also undergo the intersystem cross-
over to yield the excited triplet sensitizer. Sensitizer in this state can either react
with oxygen or undergo de-excitation with liberation of a photon; light emission
in this manner is termed phosphorescence. In the case of HpD, fluorescence and
phosphorescence yield light in the visible red range with a peak between 600 and
700 nm. This is the photochemical basis for the fluorescence detection of tumors.
Excitation with blue-green light results in pinkish-red fluorescence in tissue
which has localized photosensitizer. The first recent clinical use of HpD by
Lipson et al. [4] in 1961 was in fact for fluorescence detection of tumors via
endoscopy in the trachea, esophagus, stomach, and bronchial tree. Fluorescence
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4. Organosulfide oxides 4. Organosulfide oxides
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Fig. 1. Light-activated photosensitizer (*sensitizer) can interact with ground state molecular oxygen
via a type 1 (free radical) or a rype 2 (singlet oxygen) oxidative pathway to yield reactive oxygen
species
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localization of transitional cell carcinoma and carcinoma in situ, with sub-
sequent histologic mapping of cystectomy specimens has been performed for
lesions in the bladder [9]. Fluorescent areas were shown to represent either
carcinoma or severe dysplasia in 15 patients studied after cystectomy, although
faint flourescence was occasionally seen in regenerating mucosa surrounding
fresh biopsy sites.

The HpD photosensitizer is a complex mixture of porphyrins produced by the
acetic acid-sulfuric acid treatment of hematoporphyrin, which in turn is manufac-
tured commercially by the degradation of bovine hemoglobin. Auler and Banzer
[10] described the induction of fluorescence in both experimental animal and
human tumors after systemic administration of hematoporphyrin and illumina-
tion with a quartz lamp. Lipson et al. [4] demonstrated that the HpD localized
better in malignant tissue than the crude hematoporphyrin. Consequently, the
initial clinical work in PDT utilized the HpD. Dougherty et al. [11] later purified
and characterized the most active component in the HpD as an ether, although
Kessel [12] suggests an ester bond linking the hematoporphyrin units. This mate-
rial, whether in fact ester or ether, appeared in animal testing to provide a higher
therapeutic ratio (tumor versus skin response) than the previously employed
HpD mixture. A preparation of dihematoporphyrin ethers is currently under-
going clinical evaluation.

Whichever sensitizer is ultimately found to be optimal, the ideal photosensi-
tizer for the clinic would fulfill several criteria: it would be localizable in tumor;
nontoxic; measurable in tissue; and photochemically active, preferably over a
relatively narrow frequency range at a wavelength with clinically applicable
tissue penetration. The HpD (or the more active dihematoporphyrin com-
pound) fulfills some but not all of these criteria. It is photochemically activated
to cause unequivocal destruction of tumor, is preferentially retained by tumor
compared with certain normal tissues, and is relatively nontoxic when adminis-
tered systemically, although the cutaneous and ocular sensitivity to sunlight for
6-8 weeks after administration is bothersome. Patients can avoid phototoxicity
by shielding themselves appropriately from sunlight, and in doing so they can
carry on normal daily activity under indoor lighting without risk. Since the liver
is the primary metabolic and excretory organ for porphyrins and is the site of the
highest accumulation of porphyrins after HpD injection, it has also been advised
that the drug not be used in patients with compromised hepatic function.

There are, however, several disadvantages to HpD. It absorbs light (Fig. 3)
most strongly in the blue region around 400 nm; this absorption peak is charac-
teristic for the porphyrins and is called the Soret band [13]. Other less prominent
peaks are seen at or near 500 nm (green), 540 nm, and 580 nm. The least pro-
minent of the excitation bands of the HpD is at 630 nm (red light); paradoxical-
ly, 630 nm is most often utilized in the clinic. The rationale for the use of red
light (usually supplied by an argon-pumped dye laser; Fig. 4) is its optical be-
havior in tissue. In the visible spectral range, light absorption in tissue is general-
ly inversely proportional to wavelength. Red light penetrates tissue better than
green or blue light, which, although far more readily absorbed by the photosen-
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Fig. 3. HpD absorption spectra (broken lines), fluorescence excitation spectra (continuous lines),
and action HpD (triangles cells incubated for 18 h with HpD 12.5 pg/ml in Puck’s medium E2a with
3% serum). The upper part shows the spectra of 2.5 ug/ml HpD in phosphate buffered saline and
10% human serum, while the lower part shows the spectra of HpD bound to NHIK 3025 cells; the
same action spectrum is shown in both parts. The cells for absorption and fluorescence were incu-
bated for 18 h at 37°C with 50ug/ml HpD in Puck’s medium E2a with 3% serum. A = absorbance.
Fluorescence, excitation, and action values beyond 450 nm have been multiplied by 5. (Courtesy of
J. Moan [13])

sitizing HpD, are also strongly absorbed by melanin and hemoglobin and hence
have a very short range in tissue.

The penetration of red light in tissue is a complex phenomenon, dependent
upon tissue density, pigmentation, blood flow, surface geometry, and tissue in-
terfaces. As a rough approximation, incident intensity falls off exponentially by a
factor of 1/e or 37% every 2 mm [14, 15]. PDT with 630 nm light produces tumor
necrosis to a depth of 3-10 mm, depending on sensitizer concentration, light
energy delivered, and the tissue treated. Although certain tumors such as car-
cinomas in situ, certain early-stage invasive lesions, some dermal malignancies,
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and some intraperitoneal carcinomatoses may be confined to these dimensions,
light penetration with externally directed red light will not be sufficient to steri-
lize most tumors with a single treatment. Hence, effective use of HpD PDT with
red light in the clinic will require several external treatments; placement within
the tumor of interstital optical fibers; or combined modality therapy using
surgery, radiotherapy, or chemotherapy to debulk tumor followed by PDT to
sterilize residual tumor.

Another disadvantage of the hematoporphyrin preparation currently in use is
that it in fact represents a mixture of porphyrin compounds. This makes it very
difficult to study drug pharmacology, to optimize light delivery, and to predict
effects on normal tissue within the light field.

In order to address some of these troubling issues, research efforts are cur-
rently directed at characterizing the active component(s) in HpD. Ongoing work
has been directed as well at measuring singlet oxygen levels in order to correlate
dose with response [16]. Singlet oxygen, the presumed final common mediator of
photodynamic cytotoxicity, should reflect the combined effects of photosensi-
tizer concentration and activity, light dose delivered, and tissue concentration of
oxygen. In addition, research to develop other photosensitizers that satisfy the
above constraints—in particular absorption at longer wavelengths with deeper
tissue penetration—is in progress. The most promising of the compounds under
study are the phthalocyanines [17].

PDT requires sufficient light delivery to produce effective photosensitization.
The amount of light energy delivered to a particular lesion is generally expressed
in joules (J) or in joules per surface area treated (i.e., joules per square centi-
meter). It represents the product of light output or power (in watts, i.e., joules
per second) and the time of irradiation (in seconds). The energy and wavelength
used are dictated by the photochemical properties of the photosensitizer, the
biologic and physical characteristics of the tumor, and the mode of light delivery
employed. Initial efforts with PDT employed conventional wavelength-filtered
lamps, which, although generally inexpensive and reliable, were hampered by
relatively low output and the inability to couple them to optical fibers, thereby
making most deep lesions inaccessible.

The subsequent combination of lasers and single-strand optical fibers had a
significant impact on the clinical development of PDT by permitting the effective
delivery of light to deep-seated tumors, using endoscopic, interstitial (placement
of optical fibers within the tumor), or intracavitary (i.e., within the bladder)
techniques. Significantly higher power densities could also be achieved. The use
of the laser (Light Amplification by Stimulated Emission of Radiation) in PDT
differs somewhat from its use in other forms of medical therapy (Table 1). The
CO;, laser (Fig. 5) is emitted in the middle of the infrared spectrum at 10 600 nm
and is efficiently absorbed by water in tissue [18]. It can cut tissue like a knife or
ablate tissue by vaporization [19]. The neodymium YAG laser (Fig. 5), operat-
ing in the near infrared range at 1060 nm, is used for its thermal and coagulative
properties [18] in such settings as endoscopic coagulation of bleeding varices or
for management of endobronchial obstructions [19]. The primary use of the laser
in PDT is to provide high-power densities of light at a desired wavelength in
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Table 1. Lasers commonly used in medicine and surgery

Type Wavelength (nm) Tissue interaction Application
CO, 10 600 (infrared) Vaporization Cutting, ablation
Neodymium YAG 1060 (near infrared) Thermal Coagulation
Argon/dye 454-514 (blue/green) Photosensitization Photodynamic
therapy
630 (red)
cosmic —_—— .0000 NM
x-ray —— .1
S, 10
ultra-violet —
argon laser violet ; e 400
blue — 500 <ible liah
green i visible light
Yellow —_—— 600 9
ooanae L 700
YAG laser 1000
CO2 laser infrared —’_ 10,000
microwave m—— 1.0 cm
TV and FM —— 100 cm
AM radio 10,000 cm

Fig. 5. The electromagnetic spectrum. (Courtesy of M. Manyak)

order to efficiently excite the photosensitizer present in tumor [20]. Thermal
effect—although potentially present in varying degrees, depending on the tech-
nique of light delivery—are not necessary to effect treatment [21], as HpD acti-
vated by light alone will produce marked cytotoxicity [22].

The laser systems in use for clinical PDT are the argon-pumped dye and the
pulsed metal vapor lasers, which can deliver 4-5 watts of light. A description of
these systems is available in the literature [20].

The mechanism of preferential localization of HpD in tumors is not under-
stood. There is little doubt that differential fluorescence and cytotoxicity appears
between tumor and certain normal tissues in vivo; this has been reported by
many independent investigators [4, 7-9]. Attempts to study the phenomenon
have been hindered by the fact that HpD represents a number of porphyrin
compounds with differing fluorescence quantum yields and biologic activities.
Gomer et al. [23] examined the distribution of [°H] HpD and ['*C] HpD in
malignant and normal tissue in the mouse at various times after intraperitoneal
injection. Interestingly, label counts were higher in tumor than in skin or muscle
at all times sampled from 1 to 72 h after injection. However, counts in liver,
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spleen, and kidney were consistently higher than those in the tumor. Hence, the
concentration of this mixture of porphyrins in tumor is not necessarily higher
than that found in certain normal organ systems. Conversely, these investigators
noted fluorescence only in tumor tissue and not in any other organ system, in-
cluding liver or spleen. It was not clear whether this represented a difference in
optical properties of these organs because of darker pigmentation or whether
they retained different, nonfluorigenic porphyrin moieties or catabolized por-
phyrin products than the tumor.

Bugelski et al. [24] examined the distribution of isotopically labeled HpD in
murine normal and tumor tissue using autoradiography. Tumor stroma con-
tained more labeled HpD than did the tumor cells. They postulated that higher
vascular permeability and inefficient lymphatic clearance seen in tumors might
account for this distribution and the differential uptake between tumor and
normal tissue. Kessel and Chou [25] used gel exclusion and reverse-phase
chromatography to study the localization of HpD in tumors and concluded that
the most hydrophobic of the components are involved in tumor localization.

Preclinical Studies

Although an early report by Moosman et al. [27] suggested potential differences
in HpD cellular uptake between normal and tumor tissue-derived cell lines, the
majority of work with in vitro cell lines indicates no such clearly reproducible
difference. The major differences in localization between tumor and normal
tissue appear to occur at the tissue rather than the cellular level. Henderson et
al. [27] looked at both established and primary normal and tumor lines in vitro
and found no difference in their ability to bind HpD, using scintillation counting
of [’H]HpD.

Christensen et al. [28] examined photodynamic effects on human, Chinese
hamster, and murine cell lines that varied in their capacity to induce tumors in
syngeneic, immunosuppressed mice. The found no evidence that cells with dif-
fering tumor-induction capacities showed any differences in relative sensitivity to
photodynamic treatment in vitro. Henderson et al. [29] found that RIF mouse
tumor cells were more sensitive than EMT-6 tumor cells to photodynamic treat-
ment in vitro; paradoxically, the reverse appeared to hold for PDT in vivo.

The association between the loss of cellular viability and inhibition of mem-
brane transport, as well as the localization of HpD fluorescence in a membrane
fraction, suggests that membrane targets are likely sites of cellular inactivation
by the combination of HpD and light [30]. The actual target or site of inactiva-
tion, however, has not been identified. Many types of cellular injury have been
reported, but plasma membrane [31, 32] or mitochondrial injury [33] appear to
be the most critical for cellular destruction. Sandberg and Romslo [33] demon-
strated photodynamic damage in isolated rat liver mitochondria, with uncoupling
of oxidative phosphorylation, energy dissipation, inhibition of respiration, and
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swelling and disruption of the mitochondria. These effects could not be elicited
in the absence of any one of the photodynamic components—porphyrin, light,
or oxygen—again suggesting that activated oxygen products are mediating the
observed cytotoxicity.

Studies by Gomer et al. [34] of HpD photoradiation effects on Chinese
hamster ovary (CHO) cells showed no mutagenic activity above backround
levels. This suggests that nuclear damage after HpD PDT might be relatively less
pronounced than cytotoxic effects occurring elsewhere in the cell.

The site of photodynamic destruction of tumor in vivo has been ascribed to
both direct cytotoxicity on tumor cells and indirect effects, possibly resulting
from damage to vessels supplying the tumor. Tochner et al. [35] sterilized an
ascitic murine ovarian carcinoma implanted in the peritoneal cavity of mice,
using HpD and light introduced into the peritoneal cavity. As the tumor cells in
this model were essentially in a suspension of ascites fluid and not vascularized,
the cytotoxic effects of PDT appear to have been directly upon tumor cells them-
selves.

Data from Henderson et al. [29] with both EMT-6 and RIF murine tumors in
vivo and in vitro suggested that mechanisms other than direct effects on tumor
cells might be responsible for the cytotoxicity seen with PDT. Their work in-
cluded a number of interesting observations. The RIF line was more sensitive to
PDT in vitro than was the EMT-6 line. In vivo, however, a light dose of 200
J/em? controlled 100% of subcutaneously implanted EMT-6 tumors in contrast
to 13% of the RIF tumors. When tumors were treated with the same light dose
in vivo and then immediately explanted, tumor cell clonogenicity in vitro was
surprisingly found to be nearly the same as in untreated controls. If explantation
and plating were delayed for varying lengths of time from 1 to 24 h, tumor cell
death occurred rapidly and progressively, indicating that tumor cell damage was
expressed only if the cells remained exposed to the in situ environment after
treatment. This suggested that other host-related factors, such as photodynamic
effects on vasculature, are involved in tumor cell death in vivo.

Work by Star et al [36] with tumors sandwiched in transparent observation
chambers showed that blood vessels in the tumor began to empty, with blan-
ching of the tumor, about 10-15 min after PDT. Blood flow returned if the initial
PDT was not too extensive; however, in cases where illumination was continued
for long periods, circulation would slow, ultimately stop, and be followed by
diffuse hemorrhage.

Skin lesions in patients treated with PDT show pronounced vascular changes
[37]. Treated lesions manifest a predictable series of visible changes and wheal
formation within the 1st h after therapy. Lesions will then go on to display a
purplish discoloration within the next few hours, which gives the tissue a con-
tused or purpuric appearance. Necrosis and eschar formation in areas of treated
tumor will then appear over a period of several days to weeks, depending on the
dose delivered and the size of the area treated. Laser Doppler blood flow
measurements show dramatic increases in blood flow in the region of treated
tumor during therapy, with subsequent decreases in blood flow over the next
1-24 h to a level usually below that seen in tumor and approximating that seen in
normal tissue. Residual pulsatile tumor blood flow has been demonstrated in all

102



of the cases measured, even in tissues where subsequent necrosis has occurred.
The light doses employed in the treatment of patients have been generally three
to fivefold lower than those used in experimental work with murine tumors,
which may account for some of the differences observed in vascular responses to
PDT. Laser Doppler blood flow measurements with subcutaneously implanted
RIF tumors in the mouse are currently in progress to compare vascular re-
sponses with those observed in patients. Interestingly, blood flow will increase in
nonilluminated areas adjacent to treatment fields, suggesting the release and
diffusion of vasoactive mediators from the treated areas of these patients [37].

Preclinical trials of PDT in animal models included work in several anatomic
sites. Jocham et al. [38] looked at the effects of PDT on the Brown-Pearce carci-
noma transplanted into the urinary bladder of rabbits. They noted that HpD was
preferentially taken up and retained by the tumor. In additon, they were able to
destroy tumor without excessive damage to normal urothelium.

Hayata et al. [39] studied methylcholanthrene-induced tumors in canine
bronchi. Six of seven animals showed fluorescence of HpD at the tumor sites.
Three animals were treated with HpD activated by red light delivered fiber-
optically through the bronchoscope; cytologic or pathologic complete responses
were seen in all of the animals at follow-up times to 6 months. Normal tissue
showed no macroscopic changes; histologically, only slight degeneration and ex-
foliation of columnar cells were observed. Light alone, without HpD, showed no
effect on the tumors.

Increased fluorescence has been seen after intravenous injection of HpD in
amelanotic melanoma transplanted in the rabbit choroid compared with un-
involved choroid [40]. Gomer et al. [41] evaluated acute normal ocular tissue
toxicity following single photodynamic treatments with HpD and red light directed
through the pupil and onto 1 cm? of the retina. They were able to demonstrate
ocular damage in the form of retinal edema, detachment, and necrosis at
clinically relevant doses of HpD and light. The damage, while limited to the
illuminated area in all but the highest doses of light and HpD, nevertheless
underscores the need for careful light delivery in this setting.

Douglass et al. [42] looked at intra-abdominal treatment of rabbits in whom
the Brown-Pearce tumor had been implanted into bowel, liver, pancreas, or
bladder. Upon illumination of the peritoneal cavity with ultraviolet light after
HpD injection, fluorescence was generally seen only in the tumor implants.
Tumor necrosis was seen after treatment of the tumors with red light at doses of
30 J/cm? or greater. Illumination with red light below energies of 144 J/cm? pro-
duced little normal tissue damage.

The toxicity of the intravenous HpD alone, without light, has been assessed in
Swiss HalCR (White albino) mice, with LDsq values of 275 mg/kg at 24 h and 230
mg/kg (male) or 180 mg/kg (female) at 14 days [43]. HpD at these doses pro-
duced degenerative changes in hepatic, renal, splenic, and thymic tissue. These
doses are well above the 10 mg/kg often used in experimental mice work examin-
ing the efficacy of PDT. The dose used for human trials has been up to 5 mg/kg
HpD or up to 2.5 mg/kg of the more active dihematoporphyrin ethers prepara-
tion.

The LDs, of these porphyrins in mice was considerably lower when the ani-

103



mals were also treated with full-spectrum xenon light at relatively high energies
(108 J/cm?) to the entire dorsal surface [43]. The LDso was 7.5 mg/kg for the
HpD and 4 mg/kg for the dihematoporphyrin ethers. Death was considered
secondary to a shock syndrome. When similar studies were performed in rats
with hematoporphyrin doses of 20 mg/kg, no deaths occurred, suggesting a rela-
tionship to relative surface area exposure.

Clinical Experience with PDT

The clinical experience to date with PDT has been accumulated using either the
HpD or the more active preparation, the dihematoporphyrin ethers (DHE).
HpD is no longer commercially available in the United States, while the DHE
preparation is currently available only as an investigational drug. The first sys-
tematic use of PDT in the clinic was at Roswell Park beginning in 1976 by the
group led by Dougherty [44]. Their initial efforts were with cutaneous and sub-
cutaneous malignancies. Since that time, several thousand patients have been
treated worldwide for a variety of malignancies involving various sites. The
majority of these patients had relapsed after or refused conventional treatment.

When reviewing the treatment reports available in the literature, it must be
remembered that PDT is a local treatment modality. As such, its impact on the
overall disease process will be most important when only localized disease is
present. In patients with systemic disease or disease not encompassed in the
phototherapy field, PDT can only be expected to yield local palliation. For pa-
tients with localized disease, PDT will only have potential curative results if the
photosensitizer concentration and light energy are sufficient to sterilize tumor.
Light delivery can be optimized in lesions of minimal thickness or lesions which
can be interstitially implanted with light-diffusing needles. It is not surprising
that investigators have shown particular interest in PDT for lesions involving
skin, carcinoma in situ of the urinary bladder, endobronchial tumors, and tumors
of the head and neck.

The greatest number of patients reported on have had malignancies involving
the skin—primarily recurrent metastatic breast carcinoma—but patients with
basal cell carcinomas, squamous cell carcinomas, malignant melanomas, mycosis
fungoides, and Kaposi’s sarcomas have also been treated [44—47]. Patients have
received HpD by intravenous injection and have then been treated with red
light, generally 72-96 h after injection. Patients have been treated with external
surface illumination, interstitial implantation for larger lesions, or some com-
bination thereof. Most patients had disease that had not been controlled by prior
surgery, chemotherapy, and/or ionizing radiation. As many patients had ad-
vanced disease in other sites as well, the aim of treatment was generally control
of a local disease problem.

Although investigators have used different criteria to judge response, it is
clear that complete responses have been obtained even in heavily pretreated
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areas. All reporting investigators have remarked upon the differential response
seen between tumor and adjacent normal tissue within the light field. At light
doses from 20-72 J/cm? that may produce necrosis and control of tumor, normal
skill will become erythematous and might later show some transient hyperpig-
mentation, but it will otherwise tolerate therapy. Treatment appears to be effec-
tive to a depth ranging from 0.2 to 1.0 cm, depending on the dose delivered,
concentration of sensitizer injected, and mode of light delivery. Investigators
report complete response rates generally greater than 20% and up to 80% [43].

Several factors are important, however, in determining acute tolerance of
treatment, anticipated response rate, and cosmetic outcome. Treatment of small
nodules is generally well tolerated, with minimal or no patient discomfort un-
less high-power intensities are employed and thermal effects occur. Treatment of
large, ulcerated areas of tumor even at relatively low doses (e.g., 20 J/cm?) and
moderate-power intensities can result in moderate to severe discomfort requir-
ing narcotics for control; furthermore, thick eschars may form in such fields.
While such eschars can be managed with dressing changes and enzymatic de-
bridement, they may require weeks before granulation and healing is completed.

The skin of patients with inflammatory breast carcinomas recurring diffusely
in dermal lymphatics is quite sensitive to photoradiation. Although the depth of
tumor in such cases may not be great, ulceration and breakdown will occur in the
often extensive areas infiltrated by tumor. Unfortunately, this may occur at
doses insufficient for tumor control. With tumor extensively permeating lympha-
tics, tumor outside the treatment field or too deep for the range of light pene-
tration may also reseed the treated area. The literature suggests that patients
who have received doxorubicin and prior irradiation to a given area may show
increased normal tissue sensitivity to photoradiation [43].

In the primary skin tumors, PDT appears most effective with basal cell carci-
nomas, yielding good cosmetic results and durable complete responses in over
80% of cases [45, 46]. Complete responses have been seen for up to 4 years [45].
Squamous cell lesions, either skin primaries of head and neck lesions recurring
in the skin, appear less responsive [46]. Pigmented melanomas are almost
completely unresponsive to PDT because of extremely efficient light absorption
by melanin. Unpigmented lesions, however, can be effectively controlled by
photoradiation. Control of Kaposi’s sarcomas up to 3 cm in diameter has been
reported [47].

The best results for cutaneous and subcutaneous lesions will be seen in rel-
atively small (less than 2 cm), discrete lesions. For primary nonmelanotic skin
cancers, PDT may prove to be curative in appropriately selected cases. Most
cutaneous or subcutaneous lesions thicker than 0.5 cm will probably need sever-
al external treatments or treatment by interstitial technique. In most patients
with extensive, recurrent disease for which other therapy has failed, photoradia-
tion alone will not likely prove to be curative. It may, however, be of significant
palliative benefit, particularly if some reduction in tumor volume can be
achieved with surgery, radiation, or chemotherapy.

Wile et al. [48] reported on 21 patients with head and neck tumors recurrent
in the primary site who were treated with HpD and red light. The majority had
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squamous cell carcinomas that had been refractory to conventional therapy.
Complete responses were seen in 6 patients (29%), and partial responses were
sen in 11 patients (52%). The complete responses were durable in four of the six
cases at follow-up times from 8 to 18 months. They occurred in two patients with
tongue lesions, one with a soft palate lesion, and one with a nasopharyngeal
lesion. In ten patients with regional head and neck cancer recurrences in soft
tissues, results were less favorable: two complete responses and three partial
responses were seen. In these patients, however, tumor would often recur at the
margins of the treated field; the overall course of the patients’ disease did not
appear substantially altered by PDT.

Takata and Imakiire [49] reported on six cases of squamous carcinomas in-
volving larynx, oropharynx, or tongue treated with PDT. They noted significant
necrosis of tumor in each of the cases, but pathologic examination of biopsy and
surgical specimens revealed nests of viable tumor deep beneath the mucosal
surface, suggesting inadequate light delivery and dose inhomogeneity. They
noted no deleterious effects on surrounding normal tissues, although localized
edema was seen after the procedure, suggesting that tracheostomy for airway
protection might be indicated in the case of laryngeal lesions.

One potential use of phototherapy in the head and neck might be for detec-
tion and treatment of carcinoma in situ. In such a setting, one is able to obtain
optimal light distribution because of the minimal thickness of disease. One could
hope to deliver effective local therapy with minimal normal tissue side effects.

In view of the grim prognosis with high-grade gliomas, there has been some
interest in PDT for these tumors, Diamond et al. [6] reported on the inactivation
of glioma cells in tissue culture with hematoporphyrin and light, as well as signif-
icant destruction of gliomas transplanted subcutaneously in rats. HpD, which is
protein bound in serum, does not cross the normal blood-brain barrier [6]. Laws
et al [50] from the Mayo Clinic reported a phase I feasibility study with photo-
radiation for the treatment of malignant brain tumors. All patients were felt to
be surgically incurable, and conventional therapy had failed. Patients had gross
recurrent tumor at the time of treatment. Five patients were studied, four of
whom had primary brain tumors and one of whom had a metastatic lesion. After
HpD administration, they inserted a single quartz fiber into the tumor, using
stereotactic technique, and delivered 810 J of 630 nm red light. The patients
appeared to tolerate treatment well. Computerized tomography (CT) scans in
two of the patients demonstrated a transient decrease in either the size of the
mass or resultant mass effect after the procedure. Needle aspiration specimens
of tumor showed fluorescence under blue light; normal brain in the biopsy speci-
mens did not fluoresce.

Preliminary results with treatment of brain tumors have also been reported by
McCulloch et al. [51] Patients received HpD 48 h prior to radical excision of
tumor. Examination of frozen section specimens under blue light.showed
fluorescence in four of nine glioblastomas and three of three metastases ex-
amined. Red light was delivered at operation to the surgical bed. Postoperative-
ly, patients with high-grade glioblastomas also received whole-brain irradiation.
Definitive conclusions about results of treatment are difficult. Three of the nine
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glioblastoma patients were alive after treatment, two without evidence of dis-
ease at 35 and 42 months. The investigators did note more prominent cerebral
edema following PDT and hence preferred to resect tumor to leave a cavity into
which swollen brain could expand. They also noted no apparent effect on the
efficacy or side effects of the subsequent radiotherapy.

PDT for malignant intracranial lesions is thus under study. Clearly, to be
effective, adequate light will need to be delivered to malignant tissue in which
HpD is localized. The HpD does appear to reach central nervous system lesions.
The more challenging problem appears to be homogeneous delivery of light to
the volume of tissue infiltrated by tumor, which often extends beyond the limits
of grossly evident tumor. The combination of resection with subsequent delivery
of light to the tumor bed and the use of an interstitial array of light sources are
both potential approaches to this problem which require further investigation.

Another potential central nervous system application for PDT might be for
the treatment of meningeal disease. Generally, such disease presents as thin
plaques of tumor on the meninges that could be effectively treated by red, or
even less penetrating green light, which also activates the HpD. Light delivery
in this setting would represent a technical challenge that would need to be
addressed in appropriate animal models. The optimum mode for photosensi-
tizer delivery—in particular, whether intrathecal administration is possible and
whether it offers any advantage compared with intravenous administration—
would also need to be studied.

Photoradiation has been attempted for control of choroidal malignant mela-
noma, a tumor managed traditionally by enucleation but treated on an investiga-
tional basis in recent years by laser photocoagulation, trans-scleral diathermy,
local radiation with scleral plaques, and external proton beam irradiation. Bruce
[52] reported on 11 patients treated after intravenous administration of HpD
with red light delivered transcorneally, trans-sclerally, or via a combination of
these approaches. Changes in the appearance of tumor masses were noted with-
in minutes of exposure to light. In particular, there was blanching of the tumor,
with the concomitant development of edema and pinpoint hemorrhages in over-
lying retina. The adjacent uninvolved retina did not appear to be affected by these
changes. Post-treatment fluorescein angiograms showed dramatic reductions in
the vascular supply to tumor. A reduction in tumor size was seen in all patients
who were 5 months or longer post-treatment, with volume decreases initially
identified at 10-12 weeks after therapy. The final appearance of the tumor was
that of a large chorioretinal scar. Follow-up times in this series were still under a
year, so long-term results are pending. Post-treatment complications included
some degree of transient chemosis, iritis, and lid swelling in all patients. Exuda-
tive retinal detachment worsened or developed in 9 of the 11 patients, appearing
usually within 3 days of treatment. Detachments were more extensive in patients
with larger tumors. The detachment resolved within 6 weeks in six of the nine
cases. Other changes noted included choroidal detachment, cataract, vitreous
hemorrhage, vitreous inflammatory reaction, and reduced visual acuity. The re-
duction in visual acuity occurred where tumor or retinal detachment involved
the macula.
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Bruce [52] used high-energy densities, generally above 1500 J/cm? and rang-
ing from 293 to 6800 J/cm? for treatment. There is no comment about the rela-
tive degree of pigmentation in the lesions treated. Melanin is an efficient
absorber of red light, so that high-energy densities must be used if sufficient
light is to reach the deepest portions of tumor. These light doses will, however,
increase the risk of damage to uninvolved normal tissue. Indeed, Murphree and
Gomer [53] concluded after treatment of eight choroidal melanomas with PDT
that pigmented melanomas of even modest height would not be adequately
treated by conventional PDT alone. Hence, careful follow-up reports on pa-
tients treated in this fashion will need to be seen.

Photodynamic destruction of retinoblastoma cells in vitro has also been re-
ported [54]. Moreover, eyes of athymic mice containing human retinoblastoma
have been shown to retain higher concentrations of [°’H] HpD that control eyes
[55]. In vivo work has demonstrated regression of human retinoblastoma in the
nude mouse after PDT [56] Murphree and Gomer [53] noted favorable response
of individual nodules of retinoblastoma to PDT, but continued vitreous spread
of disease was limiting the effectiveness of this modality in their initial group
of pediatric patients.

The earliest reported clinical use of HpD was for fluorescence detection of
endobronchial tumor [57]. Several groups have more recently reported on the
effective use of PDT for either palliative or potentially curative treatment of
endobronchial tumors. Balchum [58] reported on palliative PDT for 35 patients
with obstructive tumors of the tracheobronchial tree. HpD was administered
intravenously, and then red light was delivered to the lesions via the brocho-
scope, using either surface illumination or insertion of an optical fiber into the
lesion. Patients would undergo a ““clean-up” bronchoscopy within 2-3 days of
treatment in order to remove tumor debris. The majority of lesions treated were
primary bronchogenic tumors, but several endobronchial metastases from other
sites and one benign fibrous mass were also treated. Of the 34 patients with
endobronchial cancer, 33 had a complete opening-up of the bronchial lumen to
its full extent, with no visible residual endobronchial tumor remaining after one
or two photodynamic treatments. Reaeration of the lung on chest X-rays was
seen 1-3 days following the clean-up bronchoscopy in the four patients having
atelectasis of a lung or lobe. Bronchial inflammation after PDT was minimal,
and mucosal edema seldom occurred.

Complications included pneumothorax in two patients within 5 days of treat-
ment. Pulmonary hemorrhage led to death in four patients at 4-5 weeks after
phototherapy. All had large necrotic tumors in the main stem bronchus. In two
of these patients, autopsy was performed, revealing necrosis of tumor in the
medial aspect of the main stem bronchus and of tumor in the adjacent mediast-
num. As tumor necrosis was seen on bronchoscopy in these patients prior to
phototherapy, it is not clear whether the treatment or the extent of tumor was
responsible for the subsequent hemorrhage.

The group at the Mayo Clinic reported on treatment results in 38 patients
with 40 tumors involving the tracheobronchial tree [59] All patients had under-
gone previous pulmonary resection for another lung cancer or were considered
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inoperable for medical or technical reasons. In addition, these patients had been
rejected for or had failed to respond to conventional therapy with irradiation
and chemotherapy. Patients were treated with 630-nm red light by either surface
or interstitial illumination. They were followed with bronchoscopies at 3- to 6-
month intervals after treatment for at least 2 years after documentation of a
complete response, classified as no evident tumor on a chest roentgenogram,
bronchoscopy, and bronchoscopic biopsies and washings. Complete responses
were seen in 14 lesions in 13 patients, requiring one treatment in nine cases and
two treatments in five cases. Eleven of the complete responses were maintained
at follow-up periods ranging from 3 to 53 months, with a median of 29 months.
Three of the lesions recurred at 9, 12, and 35 months. Of note, all of the tumors
that showed a complete response were less than 2 cm? in surface area and
radiographically occult, having been discovered on bronchoscopy. This indicates
that use of this modality for curative treatment of lung lesions may be limited to
carefully selected cases.

The Mayo Clinic group also noted massive hemoptysis in three patients with
large obstructing tumors within weeks of phototherapy. Pulmonary compromise
was also seen in two patients unable to clear necrotic debris after PDT; bron-
choscopy was required to ultimately do so.

Hayata et al. [60] reported on the treatment of eight cases of early, centrally
located squamous carcinomas of the lung with phototherapy. These cases were
all diagnosed by bronchoscopy. Five cases were treated with PDT alone, while in
the three remaining patients, surgical resection was performed after photo-
therapy. A complete response endoscopically and histologically/cytological was
obtained in the five nonresected cases. These patients remained disease free at
11-36 months after treatment. Of the three patients in whom resection was per-
formed, one had a complete histologic response. The other two had complete
disappearance of their lesion by endoscopic examination, but residual micro-
scopic tumor was seen in the pathologic specimen, thought to be secondary to
inadequate light delivery to the deepest portions of the tumor. These results
again suggest possible benefit for the treatment of early or superificial lesions in
the bronchus.

PDT has been attempted for both cure and palliation of esophageal malignan-
cies. In the United States, where the disease most often presents in the advanced
stages with both bulky tumor and adjacent involvement, investigators have re-
ported palliation of esophageal obstruction by locally advanced lesions. In Japan
and China, where mass screening clinics have been able to detect early
esophageal carcinomas, PDT has been attempted with curative intent.

McCaughan et al. [61] reported on the treatment of seven patients with severe
or complete obstruction of the esophagus by squamous carcinoma, adenocarci-
noma, or melanoma. Patients received intravenously administered HpD, fol-
lowed by the delivery of red light from an argon/dye laser coupled to an optical
fiber passed through a flexible esophagoscope. All of the tumors responded, and
swallowing was improved for up to 11 months. Side effects of treatment were
relatively minimal and included cutaneous photosensitivity; esophagitis, which
was controllable with antacids and codeine, for several days; expectoration of
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necrotic tumor for approximately 1 week; and edema that could require esopha-
goscopy and dilatation 1-2 weeks after treatment. Because of the advanced na-
ture of their cases, survival was not affected.

Aida and Hirashima [62] treated four patients with superficial carcinomas of
the esophagus and five patients with more advanced disease. Of the five patients
with early lesions, two had endoscopically complete responses and remained
disease free at 1 and 2 years after treatment. The other two patients went on to
surgical resection and were found to have residual tumor cells in portions of the
tumor felt to have been inadequately illuminated. Their advanced cases showed
partial responses.

Hayata et al. [63] in Japan have also treated 16 cases of early-stage gastric
carcinoma. Four patients were treated by PDT alone because of medical inoper-
ability or refusal of surgery, while the other 12 went on to resection after PDT.
Complete disappearance with endoscopic visualization was obtained in all four
patients treated with PDT alone. One patient remained disease free at 30
months, disease recurred in one patient at 27 months and was retreated, and two
of the patients died with recurrence of disease at 5 and 13 months respectively.
Of the 12 patients who went on to resection after PDT, there was no evidence of
tumor in the operative specimen in five. The seven patients with residual disease
in the resected specimen, however, remained disease free at 8-43 months after
surgery. Complications included epigastric pain and ulcer formation that was
amenable to medical management.

PDT may thus have some applicability in early-stage gastric cancer for
patients who cannot undergo curative surgery. Because of the difficulty in diag-
nosing early-stage cases and the propensity of gastric carcinomas to metastasize
to adjacent lymph nodes, however, PDT for most gastric cancers will probably
be limited to palliation of medically inoperable cases.

Photodynamic treatment of 11 patients with colorectal tumors recurring in
the pelvis has been reported by Herrera et al. [64] Control of recurrence was
obtained in only one patient, although control of chronic pelvic pain was
achieved in five patients.

One frequent recurrence pattern in patients with gastric cancers, pancreatic
carcinomas, and retroperitoneal sarcomas who have undergone intraoperative
radiation therapy at the National Cancer Institute (NCI) as a component of their
oncologic management has been diffuse intraperitoneal dissemination of tumor
(T.J. Kinsella, W. Sindelar, and E.G. Glatstein, personal communication). For
such patients, PDT at the time of operation, with light delivery via a diffusing
medium instilled into the peritoneal cavity, may be technically possible. If such
treatment can be accomplished with acceptable morbidity, it might offer an
improvement in disease control in the abdomen.

The first reported PDT in a patient was in 1976 for transitional cell carcinoma
of the bladder. Kelly and Snell [8] described destruction of tumor in the sub-
sequent cystectomy specimen only in sites that had been illuminated. Subsequent
reports on treatment of urothelial malignancies have appeared, and active inves-
tigation in this area continues.

Benson et al. [65] from the Mayo Clinic were able to demonstrate localization
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of HpD in transitional cell carcinoma in situ and severely dysplastic epithelium
in the urinary bladder after intravenous administration and subsequent illumina-
tion of the bladder with violet light. Their observations were confirmed at histo-
logic examination after cystectomy. The only false-positive uptake appeared in
healing biopsy sites.

The Mayo Clinic group [66] initially reported biposy-proven complete tumor
responses in four patients with recurrent, previously treated transitional cell car-
cinomas of the bladder that were focally illuminated using optical fibers intro-
duced through the cystoscope after intravenous HpD injection. Disease did,
however, later recur in other sites in the bladder which had not been illumi-
nated. Hence, the group switched to using a modified optical fiber with a spherical
diffusing bulb in order to illuminate the entire bladder [67]. They have recently
reported on treatment in this fashion of 14 patients with diffuse, recurrent carci-
noma in situ who had refused cystectomy. Initially using a dose of 50 J/cm? to the
entire bladder for the first five patients, they noted severe bladder irritability.
After scaling the dose back to 20 J/cm?, treatment was better tolerated. In ten
patients with carcinoma in situ alone, biopsy and urinary cytology at follow-up
examination 3 months after treatment showed complete disappearance of
tumor. Two patients with both carcinoma in situ and papillary noninvasive
lesions were noted to have disappearance of the former but persistence of the
later. Of these 12 patients, 3 subsequently developed focal disease at 6—9 months
after treatment. Two patients who had focal invasive carcinoma in addition to
their in situ disease had persistent invasive disease after PDT, although their in
situ disease was controlled. They went on to receive cystectomy.

Experience with treatment of transitional cell carcinoma of the bladder has
also been reported by two groups from Japan [68, 69]. These patients had super-
ficial bladder tumors (primarily papillary noninvasive or with invasion limited to
the lamina propria), which had generally recurred after previous surgery or
radiotherapy. They were able to achieve complete responses in 50%—75% of the
lesions treated, with the highest complete remission rate in tumors smaller than
1cm.

PDT has been attempted in cases of gynecologic cancer recurring in the vagi-
na or skin after conventional treatment. Rettenmaier et al. [70] reported treating
nine lesions in six patients with HpD and red light. They were able to obtain
complete responses in two lesions and partial responses in four others. The only
toxicity noted was cutaneous photosensitivity.

Corti et al. [71] treated seven patients with vaginal recurrences of carcinoma
of the cervix, endometrium, or rectum. They achieved five complete responses
and two partial responses. They reported no treatment-related morbidity.

Tochner et al. [35] were able to control an experimental murine ovarian
ascites tumor in 17 of 20 animals using intraperitoneally administered HpD and
four intraperitoneal light treatments. On the basis of these experimental
findings, several groups have proposed trying to treat patients with minimal-
thickness intraperitoneal tumor using PDT [35, 72]. Patients presenting with
advanced ovarian carcinoma (stages III and IV) are recognized to have an un-
favorable prognosis, with one recent series reporting a 5-year survival rate of
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only 15 % after surgery and combination chemotherapy [74]. The only patient
who were long-term survivors were those in whom therapy was able to produce a
complete clinical response or a complete pathologic response at the time of a
second-look laparotomy. Patients who have residual disease in the abdomen at
the time of second-look laparotomy might benefit from intraperitoneal PDT, if
adequate light delivery with acceptable morbidity can be achieved.

Summary

PDT represents another potential modality in the treatment of human malignan-
cy. Photoactivated hematoporphyrins have definite antitumor activity in both in
vitro and in vivo experimental systems. Much of the early clinical work has in-
volved treatment of patients with advanced, recurrent disease who have not re-
sponded to conventional therapy. Because encouraging responses with accept-
able toxicity have been obtained in these patients, active investigation continues
and is aimed at defining the most appropriate sites and applications for the tech-
nique. Because of the limited depth of light penetration in tissue, the most prom-
ising sites may be those where there is limited thickness of tumor, such as in
superficial skin lesions or carcinomas in situ involving the aerodigestive tract,
bronchial tree, or genitourinary tract. Other potential uses include those where
PDT could be combined with surgical or chemotherapeutic debulking, such as
pleural mesothelioma or advanced-stage ovarian cancer. Whether PDT can be
of benefit in surgical cases where the margins of resection are close is an interest-
ing but speculative notion at the present time.

Clinical trials with hematoporphyrin PDT in the above-mentioned sites are in
progress. Laboratory work to better understand the hematoporphyrin photo-
sensitizer and its mechanism of action also continues, as well as investigation
into alternative photosensitizers with potentially improved tumor localization,
less cutaneous photosensitivity, and absorption peaks at deeper-penetrating
wavelengths of light. Attempts at measurement of singlet oxygen, if successful,
will permit the development of more meaningful dosimetry in order to correlate
tumor and normal tissue response with measured levels of the purported cyto-
toxic agent. These and other developments in the fields of PDT will hopefully
improve therapy for patients with cancer.
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