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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.

1



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-
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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.
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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

o>

Tumor Control

Probability
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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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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
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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-

57



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

62



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)
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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)
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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 (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)

Color Plate VII



100 + +100

Tumor

Control PERCENT
PERCENT \ NORMAL

4
TUMOR 50+ (o
CONTROL Complications TISSUE
COMPLICATIONS

DOSE

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

93



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
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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-
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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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6. Very High Dose Therapy in Lymphomas and
Solid Tumors

T. Philip and R. Pinkerton

Introduction

Allogenic bone marrow transplantation is now a major treatment in hematology
both for severe aplastic anemia and following intensive chemoradiotherapy reg-
imens for chronic myeloid leukemia, high-risk acute lymphoblastic leukemia,
and acute myeloid leukemia. It is also the sole therapy available in some severe
combined immunodeficiencies and genetic defects. In the leukemias—with the
exception of the graft-versus-leukemia effect, and unlike the other conditions
mentioned—the use of marrow transplantation is not therapeutic per se, but
simply a method by which high-dose, often curative therapy can be given with-
out regard to marrow toxicity. Applying the same principle to lymphoma and
solid tumors has allowed the selection of the most active agents for use in com-
binations, at doses limited only by extramedullary toxicity. However, the avail-
ability of HLA- and DR-matched allograft is limited by the lack of a matched
sibling marrow for three-quarters of all patients, and there is a high incidence of
lethal graft-versus-host disease in patients aged over 35 years. Other options are
to use either autologous grafts or mismatched allografts. At present, autologous
bone marrow transplantation (ABMT) is clearly the alternative of choice.
ABMT is currently used either to shorten the period of aplasia after nonablative
high-dose chemotherapy or as a rescue after massive, presumptively lethal
myeloablative chemotherapy, often with total body irradiation (TBI). The
successful use of ABMT in adults was first described by McFarland [1] in 1959,
and in children by Clifford in 1961 [2].

Because of clear success in leukemias—with a reported 50% cure rate for
patients receiving grafts in first remission [3]—the use of very high dose therapy
in lymphoma and solid tumors has been studied by several teams since 1970 [4].
The use of the dose-effect relationship rather than bone marrow transplantation
is the major objective of these studies, which have been undertaken in a wide
variety of tumors [5] and therefore have potential application to a large number
of patients. Some of the currently published studies of very high dose therapy for
malignant lymphoma or neuroblastoma are very promising, whereas others—
mainly in drug-resistant solid tumors—are associated with substantial morbidity
and mortality, leaving open many questions about the appropriateness of these
forms of therapy [4]. In this contribution, we will review and summarize clinical
studies involving very high dose chemotherapy, emphasizing future directions of
research in this area.
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Dose-Response Relationship of Tumor with Chemoradiotherapy

Size of dose, frequency of administration, and combination with other agents are
important contributory factors for drug efficacy. The theories postulated by
Goldie and Coldman in the past decade have contributed largely to a rational
explanation for many of the phenomena seen in clinical practice, and to pos-
sible strategies to optimize the effectiveness of chemotherapy. They suggest that
the probability of a tumor developing a drug-resistant clone follows Poisson’s
law and is an inherent feature of any cell population capable of spontaneous
mutation. The appearance of resistance is therefore independent of prior drug
exposure and relates simply to the nature of the population dynamics [6-8].
Thus, a large tumor with a high growth fraction and rapid cell turnover is statisti-
cally more likely to develop subpopulations that are drug resistant; moreover, as
the tumor grows, this likelihood increases. This is consistent with the observa-
tion that, in general, tumor bulk is a prognostic feature, and despite an often
initially impressive clinical response, disease progression occurs even while the
tumor is still under treatment. These observations could be used as an argument
for early debulking surgery, although it must be emphasized that the log reduc-
tion in tumor cell mass with surgery is generally minimal. The Goldie-Coldman
arguments are consistent with the curability of some tumors by delayed surgery,
where the residual, chemoresistant mass is excised. Moreover, they provide
strong support for a multimodality approach in most tumors, with combinations
of chemotherapy, radiotherapy, and surgery. Very high dose therapy, according
to this theory, should be applied in a situation of minimal residual disease [7];
this finding is in agreement with other theories of the dose-effect relationship,
such as those of Norton and Simon [9, 10].

The Goldie-Coldman hypothesis has recently led to the application of alter-
nating noncross-resistant drug regimens, with the aim of maximizing tumor cell
kill by the introduction of regimens directed against different subpopulations
within the tumor. Inherent in this strategy is also the minimization of delay be-
tween courses of therapy to prevent either reemergence of a partially treated
population or the development of new resistant clones [8]. The excellent review
by Frei and Canellos provides a basis for the development of this concept of the
dose-effect relationship [11]. It must be emphasized that in most cases the doses
used in clinical practice reflect the limitations imposed by toxicity rather than the
maximum antitumor activity of the drugs. Animal studies must, therefore, be
viewed with some caution when considering the extrapolation of dose-effect
observations to humans. With this proviso, it is clear that many useful and stimu-
lating data have come from animal studies, which have been extensively re-
viewed by Brock and Schneider [12]. Schabel has also demonstrated the linear
dose-effect relationship with several agents using the Ridgway sarcoma model in
dogs and with this model has illustrated the supraadditive effect of some drug
combinations [13]. The problem of converting response into cure in these mod-
els has also been addressed, and again, the application of dose escalation with
either single agents or combinations of drugs has been shown to make this possi-
ble [14].
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Fresh human tumor xenograft studies have similarly been used to demonstrate
a clear dose-effect relationship [15]: melphalan, for example, has been studied
using a rhabdomyosarcoma xenograft. These studies provide useful models to
compare with experience in clinical practice [15]. The additional major limita-
tion to effectiveness with dose escalation is the heterogeneity of response within
tumors and between individuals [13]. The latter may be explicable to some ex-
tent by differences in the pharmacokinetic or metabolic handling of the drug,
and where possible, this must be taken into consideration for each patient.
However, heterogeneity within the tumor population, as demonstrated by the
variable response to the same therapy in xenografts in syngeneic animals, re-
mains an important factor [13].

Autologous bone marrow rescue following intensive cytoreductive regimens
has eliminated the primary dose-limiting toxicity of most antineoplastic drugs,
namely myelosuppression. This has permitted drug doses to be increased three-
to ten fold above those used without marrow rescue [16]. There are, however,
several theoretical problems still to be resolved in devising massive therapy pro-
tocols. These include determining the effects of extending the time of exposure
to a given drug after increasing its absolute concentration [4, 16], and investigat-
ing the possible interaction of drugs and irradiation. The choice of agents at high
doses has been based either on the known responsiveness of particular tumors at
conventional doses of on theoretical considerations. To date, it has not proved
possible to use in vitro clonogenic assays to select drug combinations, although
specific resistance in vivo may in some cases be accurately predicted from these
studies [17]. Recent data from the laboratory of van Hoff are of considerable
interest in this regard [18], and such laboratory investigations in vitro will con-
tinue to play an important role in indicating the potential value of new drug
combinations [17].

In addition to marrow toxicity, the drugs used in high-dose regimens fre-
quently produce toxicities in other organs, particularly the oral mucosa and
gastrointestinal tract, which share with the bone marrow a rapid cellular proli-
feration on rate [4]. Also of note are cardiomyopathy (cyclophosphamide and
doxorubicin); pneumonitis [carmustine (BCNU), lomustine, and melphalan]; liver
toxicity, predominantly venoocclusive disease (carmustine, cyclophosphamide,
lomustine, thioguanine, and busulfan); urological toxicity and acute renal failure
(cyclophosphamide and melphalan) and hemorrhagic cystitis (cyclophospha-
mide); and encephalic complications such as leukoencephalopathy (carmustine,
lomustine, methotrexate, and TBI), lethargy (all of the drugs mentioned), and
seizures (melphalan and BCNU). Other toxic syndromes observed include
hemolytic-uremic syndrome and Moschcowitz’s disease [4]. The problems of
age and of other preexisting diseases are obviously also very important in prac-
tice. More pertinently, the extent of initial disease and the nature and compli-
cations of previous chemotherapy must be taken into account in anticipating
treatment-related complications after massive therapy. This has been ex-
emplified by the observation that when one moves from phase II studies in
patients who have received prior intensive and prolonged therapy to phase III
studies of patients in first complete remission (CR), a marked reduction in
morbidity occurs [4].
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Table 1. Phase I/II dose escalation studies with or without autologous bone marrow transplantation
(ABMT) in solid tumors and lymphomas

Maximum tolerated dose

Without ~ With Dose effect®

Usual dose ABMT ABMT at maximum
Drug (mg/m?) (mg/m?)  (mgm?) tolerated dose
Cyclophosphamide 500 8000 8000 15
Etoposide (VP16) 300 2100 3000 10
BCNU 200 600 1250 6
Melphalan 40 100 200 5
Cis-platinum 100 250 250 >2.5
Carboplatinum 400 1000 2000 5
Mitomycin C 10 40 90 9
Thiotepa 30 240 1100 38
Aziridinyl-benzoquinone 20 — 150 7
Methotrexate 500 20000 — 40
Cytosine arabinoside 500 20000 — 40

aTimes the usual dose.

Phase I/I1 Studies of Very High Dose Chemotherapy

As shown in Table 1, a linear dose-effect relationship has been demonstrated
without bone marrow support for methotrexate (40 times the usual dose) [19],
cytosine arabinoside (40 times the usual dose) [20], and cis-platinum [21]. The
real significance (in terms of a dose effect) of doubling the dose is not always
clear because of the binding of the metabolites to serum protein [21]. With bone
marrow support, a clear dose effect was reported for cyclophosphamide, etopo-
side, mitomycin C, melphalan, aziridinylbenzoquinone (AZQ), BCNU, and
amsacrine (AMSA), as extensively reviewed recently by Appelbaum and Buck-
ner [22]. It has to be noted that for cyclophosphamide, etoposide, and mitomy-
cin C, autologous marrow reinfusion has little to contribute, at least when the
single drug is used [22], whereas with agents such as melphalan, AZQ, and
BCNU, ABMT limits the period of marrow suppression [22]. The multiagent
regimen phase II studies have been reviewed by Appelbaum and Buckner [22]
and Pinkerton et al. [4].

Conditioning regimens such as BACT (BCNU, aracytosine, cyclophosphamide,
thioguanine), BEAM (BCNU, etoposide, aracytosine, melphalan), and CBV
[cyclophosphamide, BCNU, etoposide (VP16)] are very extensively used with
ABMT to reduce the duration of aplasia [4]. One of the major achievements
with lymphomas was to show that even in progressive disease, clear responses
were observed with these protocols using the dose-effect relationship. As with
the animal experiments, this dose-related response was usually insufficient to
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produce cure in advanced disease, whereas in relapsed patients with less aggres-
sive disease, response and cure may be observed [4, 14]. In heavily pretreated
patients, recent studies from Boston have shown rapid and complete responses
resembling those of lymphomas and solid tumors [5, 23]. These studies, consid-
ered together with the animal and human lymphoma models, suggest that cure
may be possible if high-dose therapy is applied earlier in the course of evolution
of solid tumors.

Role of Total Body Irradiation

The feasibility of TBI was first demonstrated when it was used for marrow abla-
tion in conditioning regimens for leukemia. Many conventional treatment regi-
mens which utilize local irradiation take advantage of the radiosensitivity of
most solid tumors and lymphomas, and it is a logical step, therefore, to study the
efficacy of this treatment modality as systemic therapy. Early studies with either
hemicorporeal irradiation or low-dose, hyperfractionated TBI evaluated its
effectiveness in high-risk patients [24]. The necessity of TBI in massive therapy
regimens for solid tumors remains an area of debate. There is an understandable
reluctance to use such therapy in young childen because of the considerable
early, and as yet ill-defined long-term, toxicity. Similary, the advantages of frac-
tionated TBI remain controversial: although pulmonary toxicity is reduced [25],
the relative cytotoxic effect in tumors with shouldered response curves remains
to be clarified. Alternative strategies to TBI are further intensification of multi-
ple chemotherapy and the use of double autografts [26, 27]. Although the long-
term consequences of high-dose alkylating agents should also be taken into
account [28], these treatment regimens are being used in cases where the likeli-
hood of cure with conventional treatment is minimal, and choice is thus limited.
Such considerations are, however, of considerable importance if the indications
for massive therapy are broadened to include its use as a consolidation treatment
in first CR.

Definition of Patients’ Status at Autologous Bone Marrow
Transplantation

Most of the time, previous therapy is not clearly reported in the world literature;
however, this is obviously a major problem when comparing the results of diffe-
rent series. Confusion is also frequent between first CR and subsequent CR, and
between first partial remission (PR, primarily refractory patients) and subse-
quent PR (patients with sensitive relapses). The relevant information should be
clearly stated if possible in future reports in this area.

123



BMTIENTS in C8,

(X I J vt
I PR AFTER 4 COURSES OF INDUCTION
T} L
[ I ] + LL"
7@ s [
- ! ’
L_ NON RESISTANT RELAPSES
== -1
-“-»
am
i p <001
am > l—————
| I
‘. RESISTANT RELAPSES
DAYS
¥ = §33f§§5¢237

Fig. 1. Disease-free survival rate for 42 patients with non-Hodgkin malignant lymphoma. (From
Philip et al., Lancet 1984)

Very High Dose Therapy in Lymphomas

A retrospective study of data from the France Autogreffe study group and inves-
tigators in London was performed in July 1983 [29-31], and reviews of the world
literature were published by Appelbaum et al. in 1985 [32] and by Singer and
Goldstone in 1986 [33]. From these data—as shown, for example, in Fig. 1—
several conclusions can be drawn. Patients with true resistant relapses (i.e., pa-
tients whose disease is still progressing at the time of the ABMT) will usually not
be cured by massive therapy. Responses were observed in 73% of the cases in
Lyon, but as shown in Fig. 1, only 1 of 16 patients is still alive 4 years post-
ABMT (i.e., 6%). In patients with nonresistant relapses (i.e., all other patients,
excluding those with stable disease and those with a minor response on a rescue
protocol), long-term survival appeared to be achieved in approximately half of
the cases. Our initial data, for example, concerned 15 of 19 patients in the group
with nonresistant relapses who had relapsed on therapy (i.e., clearly a group
with a very bad prognosis). These data showed that there is no difference in
outcome between patients who achieved PR or CR prior to ABMT if CR is
obtained after ABMT (Fig. 1). We concluded that patients in relapse have to be
separated into two groups: those with resistant relapses (patients with progres-
sive or stable disease or a minor response on salvage chemotherapy) and those
with nonresistant or sensitive relapses (patients achieving a partial or complete
response within the first two courses of salvage chemotherapy). Two major cri-
ticisms have been levelled at this retrospective study: the inclusion of both adults
(two-thirds) and children (one-third) and the analysis of the mixture of histologies
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Fig. 2. Disease-free survival rate for children (# = 60) and adults (n = 52), all of whom had non-
Hodgkin lymphoma and underwent autologous bone marrow transplantation in European Bone
Marrow Transplantation Group trials (data compiled January 1984). (From [34])

as a single group. Our series included a high proportion of childhood non-
Hodgkin lymphoma (NHL) of the Burkitt (BL) type (of 42 cases, 12 were BL, 15
intermediate-, and 15 high-grade non-BL).

As shown in Figs. 2, 3, a European study by Goldstone [34] later concluded
that no statistical difference was observed either between adults and children
(Fig. 2) or between BL and non-BL (Fig. 3). The concept of resistant (RR) and
sensitive relapse (SR) has been subsequently confirmed in a review of 42 cases of
BL in France [35], a review of 42 cases of adult diffuse lymphoma from France
and England [29], and a review of 39 cases of NHL from Houston and Omaha
[36].

In 1986, data from bone marrow transplant centers in Europe and America
were pooled to determine the outcome of ABMT in adult patients with relapsed
diffuse intermediate- or high-grade NHL (excluding BL), and to identify the
prognostic significance of response to therapy preceding the bone marrow
transplant procedure [37]. The patients were treated with either high-dose che-
motherapy alone (61 patients) or high-dose chemotherapy plus TBI (39 pa-
tients). The median age was 35 years, and the median Karnofsky performance
score was 80%. Of these patients, 34 had progressive disease that was primarily
refractory to chemotherapy (i.e., they never achieved CR), while 66 achieved
CR with primary chemotherapy but later relapsed. After receiving further che-
motherapy (salvage) at traditional doses, 22 patients had no response or disease
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Fig. 3. Results of autologous bone marrow transplantation in patients with Burkitt’s (n = 28) and
non-Burkitt lymphoma (n = 84), as reported by the European Bone Marrow Transplantation Group.
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progression (i.e., RR), and 44 patients responded partially or completely (i.e.,
SR).

The actuarial 2-year disease-free survival rate for the entire group was 20%,
with the last death at 31 months and a median observation time of 33 months
(Fig. 4). Disease-free survival was significantly related to previous response to
chemotherapy. The two-year disease-free survival rate was 0% in the no-CR
group, 14% in the RR group, and 38% in the SR group (Fig. 5). In patients who
had achieved CR with initial chemotherapy, the disease-free survival rate after
ABMT was superior to that in patients never achieving CR (Fig. 6). Patients
with SR had a better disease-free survival rate than patients with RR. Outcome
was not affected by treatment regimen and histologic grade. Whether relapse
occurred on or off therapy was not of significance to survival either, but the
probability of responding to salvage therapy was significantly higher for those
patients who relapsed off therapy. In conclusion, it appears that prior response
to chemotherapy is an important prognostic variable in patients with
intermediate- or high-grade NHL undergoing ABMT [37].

There remains the question of whether cures can be obtained with conven-
tional salvage regimens without ABMT, as there are reports of occasional long-
term survivors after relapses treated with MIME (methyl gag, ifosfamide,
methotrexate, etoposide) or DHAP (dexamethasone, aracytosine, platinum) [38—
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41] (W.S. Velasquez 1986, personal communication). A randomized study is
now in progress to compare conventional and high-dose treatment modalities
[42]. Several conclusions can however be drawn from the literature. The re-
sponse rate after high-dose therapy and ABMT (72% achieving CR or PR) in
the group of patients who have never reached CR and whose disease is progres-
sing on conventional salvage therapy is a clear argument in favor of the dose-
effect relationship in NHL and in favor of investigating ABMT procedures [37].
The significantly better survival rate achieved when patients are still responding
to conventional rescue prior to ABMT suggests that conventional rescue and
high-dose therapy with ABMT are complementary procedures. Their combina-
tion in a group of relapsed patients who previously reached CR may be synergis-
tic, and it led to the achievement of a survival rate of at least 40% [42]. The
difference between MIME or DHAP and AMBT—with an overall expected
survival rate in relapsing patients of approximately 5% versus 20%—40%—
cannot however be used definitively in support of transplantation because of
selection bias (patients with better performance status, no marrow or CNS in-
volvement, and minimal disease being selected for BMT programs). As an
example, the response rate of 44 of 66 patients (66%) in our recent data for
adults indicates a large selection bias, considering that the maximum expected
response rate with MIME would be in the range of 40%-50% in such a group
of patients [37].

Several questions are still unclear and cannot be answered on the basis of the
world literature review [33]. These concern the role of TBI, the role of involved
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field radiotherapy before or after ABMT, the indication for purging procedures
(see M.C. Favrot, this volume), and whether allogenic marrow should be used if
available (despite no difference being observed in the Seattle experience [32]).
In our study of ABMT in adult lymphoma [37], 39 patients received a TBI-
containing regimen, whereas the other 61 did not. The two groups are compara-
ble for the number of primarily refractory cases, histology, and bulk disease.
The actuarial survival rate at 2 years is 20% in both groups. In the group with
primarily refractory disease (no CR) and resistant relapses, response rates are
identical with and without TBI (68% versus 72%). Also, 75% of the relapses
were isolated and occurred primarily at the site of initial lymphoma involvement
prior to the salvage therapy, indicating that local control is a major factor. In-
volved field radiotherapy (15-20 G) has been advocated by Phillips et al. [43,
44], following a nonrandomized comparative study favoring this strategy.

In all the published series with ABMT, patients with marrow involvement
were excluded, and marrow relapses were not a major problem following
ABMT. It is impossible to distinguish relapse due to failure to eradicate the
tumor and relapse due to reinfused tumor cells. However, experience with
allogenic marrow transplantation suggests that failure of the preparative regi-
men is at present responsible for the majority of relapses [32, 23]. Encouraging
results have been reported with marrow purging in adult patients with B-cell
NHL (see Favrot, this volume), and we would advocate that this issue be evalu-
ated in a comparative study [42]. (If non-TBI-containing regimens are used, it is
possible that spontaneous marrow recovery could occur, and intensification
therapy without ABMT is thus also a possible alternative.)

The current status of ABMT as used in the treatment of pediatric lympho-
mas has been extensively reviewed [4, 45], and the general conclusions are com-
parable to those for adults, as pointed out in an early report by our group [29].
The indications for very high dose therapy in BL are in our opinion restricted in
1987 to 20% of patients and should be divided in to two groups:

1. Massive therapy and ABMT are currently the best treatment for BL in PR
after initial induction therapy or in relapse where patients are still responding
to rescue protocols. The only question which remains unclear is whether the
high efficacy of second-line rescue protocols will still be observed when re-
lapses follow more aggressive initial therapy [45].

2. Massive therapy and ABMT is still an experimental treatment for BL with
initial CNS involvement, a group for which results remain disappointing with
conventional regimens. Preliminary results, however, are quite promising (10
of 15 patients are currently free of disease in the Lyon experience; T. Philip
etal. unpublished data).

Massive therapy regimens such as BACT or BEAM are clearly not able to
cure patients with progressive disease. For this group of patients, new phase II
studies are urgently needed and should be carried out through a multicenter
cooperative trial. These studies could be based on conventional chemotherapy
regimens tested without ABMT to determine whether a dose-effect relationship
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can improve the results. New massive therapy combinations—including high-
dose cisdichloroaminoplatinum (CDDP), melphalan, ifosfamide, BCNU, ara-
cytosine, and high-dose methotrexate—should be explored. Combinations of
various alkylating agents, as proposed by the Baltimore group, may also be a
useful avenue to explore [46]. The role of TBI remains unclear in BL despite
results reported in other lymphomas [47]. However, it is clear that such phase II
studies will be the basis of any future progress in BL with either conventional or
massive therapy regimens.

The role of very high dose therapy in lymphoblastic lymphoma in children
and young adults is less clear than in BL. However, results in relapsed patients
with cyclophosphamide and TBI appear to be superior to those with non-TBI-
containing regimens [33]. This kind of therapy is indicated most clearly in the
groups of patients who relapse with tumors still sensitive to rescue protocols.
However, patients with initial CNS disease and leukemic presentations with a
very high number of circulating blast cells are also good candidates for these
programs.

The role of very high dose therapy in Hodgkin’s disease was recently exten-
sively reviewed by Canellos [48] and Phillips and Reece [49], and it appears that
in approximately half of all patients with advanced Hodgkin’s disease resistant to
conventional chemotherapy, remission can be achieved with existing intensive
therapy regimens and ABMT. It also appears that regimens including TBI are
not better than non-TBI-containing regimens. The best results reported are with
the CBV programs initially described by Spitzer et al. from M.D. Anderson
Hospital [50, 51]. These results are similar to those in early studies in NHLs, and
this area is probably one of the most promising for the future.

Very High Dose Therapy in Pediatric Solid Tumors

We will mainly summarize the current status of the very high dose therapy pro-
grams in rhabdomyosarcoma, Ewing’s sarcoma, and neuroblastoma and de-
scribe the preliminary results in other tumors.

Rhabdomyosarcoma

Phase II studies of children with relapsed or resistant rhabdomyosarcoma have
demonstrated a high response rate to high-dose melphalan with autologous
marrow rescue (greater than 90%), confirming data obtained from an animal
xenograft model system [15]. The duration of response was, however, almost
invariably brief, with few long-term survivors (V. Postmus, personal com-
munication; J. Jacobsen, personal communication). Therefore, it seemed
appropriate to build on the basis of melphalan, and we elected to study the value

130



of TBI in such patients [4]. In addition, because the long-term survival rate in
children with stage IV disease remains poor, massive therapy might be consi-
dered for use as consolidation treatment once CR has been achieved. To date,
nine patients have been treated in Lyon: six patients, all of whom were in first
CR at the time of massive therapy, remain disease free. Follow-up in these cases
is, however, short (median 20 months). There was one therapy-related death,
but apart from infection and one case of hepatic dysfunction, the massive ther-
apy was, in general, well tolerated. Clearly, it is too early to draw any firm
conclusions about the value of such a procedure or the need to purge the marrow
(five of the nine patients were purged with Asta-Z). It would appear that, as in
most other tumors, one course of massive therapy, even including TBI, is unlike-
ly to salvage patients with progressive or ressistant disease [4, 16, 52]; however,
its role in the consolidation of remission in patients unlikely to be cured by
conventional therapy is worthy of further evaluation on a multicenter basis.

The use of double procedures in rhabdomyosarcoma is also being studied in
the current International Society of Paediatric Oncology (SIOP) trial. Stage IV
patients who achieve CR after chemotherapy alone are randomized (in certain
major centers) to receive vincristine, BCNU, and melphalan with ABMT
(purged with the drug Asta-Z), followed after 3-4 months by procarbazine,
VP16, and cyclophosphamide. A similar approach is taken for patients less than
5 years old with stage II/III parameningeal disease, who do not receive high-dose
cranial irradiation. Interesting results have also come from the current National
Cancer Institute (NCI) program [53], which includes selected cases with very
bad prognosis (relapses, initial stage IV). A combination of vincristine, acti-
nomycin, cyclophosphamide, and doxorubicin (Adriamycin) (VACA) followed
by TBI (8 Gy, two fractions) has produced a 45% long-term survival rate (1 year
median follow-up). The response rate in evaluable patients for this study was
93%. In other soft tissue sarcomas, results are less encouraging [54, 55].

Ewing’s Sarcoma

Promising preliminary results were obtained by Cornbleet et al. [56] using
melphalan as a single agent for Ewing’s sarcoma. In a review of 35 cases, the
European Bone Marrow Transplant (EBMT) group in 1984 achieved a similar
response rate of 66% in evaluable patients [57]. However, as shown in Fig. 7, the
general pattern of outcome seen in patients after massive therapy for lymphoma
is also observed with this solid tumor [57]. The results are good for patients
receiving grafts in CR (80% survival at 12 months), reasonably good for relapsed
patients still responding to a rescue protocol, and very poor—despite a high
response rate—for patients receiving grafts with progressive disease. The NCI’s
experience is again probably one of the largest at this time: using the VACA
massive therapy regimen and TBI (8 Gy, two fractions), Miser has reported 26
of 57 selected very bad prognosis patients to be in continuous remission at 2
years of follow-up [53].
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Fig. 7. Results of autologous bone marrow transplantation performed in 34 patients with Ewing’s
sarcoma in Europe: bad-risk patients (A), treated in complete remission (n = 11); patients with
nonresistant partial remission or relapses (B; n=13); and patients with resistant relapses (C;
n = 10). (European Bone Marrow Transplantation Group review 1984, unpublished data)

Other Tumors

Using a prolonged (21-day) massive therapy regimen (including high-dose
methotrexate, vincristine, cyclophosphamide, doxorubicin, dacarbazine,
melphalan, and high-dose cis-platinum), Miser [53] reported 12 of 24 relapsed
osteosarcoma patients to have no evidence of disease (NED) with a median
follow-up of 6.5 years. Only fifteen patients, however, had received chemo-
therapy prior to the rescue protocol [53].

Because of the high cure rate in Wilms’ tumour, massive therapy is rarely
considered. There remain, however, those with stage IV disease or those with
unfavorable histology in whom survival is less assured with conventional regi-
mens. Early results from the Royal Marsden group, using high-dose melphalan
alone, demonstrated responses in each of 6 patients with relapsed disease
and two long-term survivors A. Barrett, personal communication). Such an
approach may thus be of value as a consolidation procedure in high-risk patients.

Using high-dose melphalan and VP16 in malignant germ cell tumors
(MGCT), responses have been described in patients resistant to cis-platinum—
containing regimens [58]. Baumgartner et al. [59] have reported the use of vin-
cristine, doxorubicin, high-dose cyclophosphamide, and single-fraction TBI in
3 patients with stage IV MGCT. Although responses were seen in the 2
cases resistant to conventional chemotherapy, the only survivor (27 months) re-
ceived a graft in CR.

ABMT has also been used in stage IV retinoblastoma, although there are
insufficient data to comment on its value [60].
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Neuroblastoma

Because of the limited availability of matched related donors in this very young
group of patients, experience with autologous marrow is greater than with
allogenic transplanation. Moreover, unlike leukemia, neuroblastoma only in-
volves the bone marrow secondarily, and the marrow may be cleared of tumor
by effective chemotherapy prior to marrow harvest. Various purging techniques
have been developed which, in vitro, are capable of removing residual tumor
cells from marrow. The need for such purging procedures in practice remains a
contentious issue, as the clonogenic potential of reinfused neuroblastoma cells
is difficult to demonstrate (see M.C. Favrot and T. Philip, this volume). The
main limiting effect in the use of megatherapy procedures remains the ability of
such therapy to ablate the malignant cell population completely. It is difficult to
summarize the state of the art due to the lack of published data; however, at the
recent Houston Autologous Bone Marrow Transplantation meeting, all the
major groups working in this area reported current results [61-64].

In relapsed, highly selected patients, a 20% progression-free survival rate at 2
years was reported when TBI was used in the conditioning regimen; no
progression-free survivors were reported when a non-TBI-containing regimen
was used [61, 62]. With or without TBI, with single- or double-graft procedures,
a 35%-40% progression-free survival rate at 2 years was reported in patients
receiving grafts in first CR [61-64]. No advantage was shown in this group for
the TBI-containing regimen; indeed, the mortality is higher (20% versus 10%).
Of the patients treated by the Lyon-Marseille-Curie group with grafts in first PR
and a TBI-containing regimen, 20% are alive and progression free at 2 years. It
is clear that in all studies, no plateau has yet been reached on the curves after 2
years.

The timing of relapse post-BMT (i.e., between 3 and 12 months postgraft for
the majority of the cases) has kindled interest in the concept of a double-graft
procedure in this disease. Selected patients in PR after induction therapy re-
ceived a double graft without TBI; there were no survivors at 2 years (O. Hart-
mann, personal communication). The Lyon-Marseille-Curie group have early
data for relapsed patients using a double graft, with TBI being included in the
second conditioning regimen; there were some survivors at 2 years [61].

Phase II studies with these high-dose regimens have been encouraging,
although their construction has to a large extent been empirical. An exception to
this is high-dose melphalan. The European Neuroblastoma Study Group
(ENSG) has carried out a prospective randomized study in stage III and IV
patients who achieved at least partial remission after a standardized, cis-
platinum—containing induction regimen. There was a significant advantage for
the melphalan group in terms of both median survival and the duration of
progression-free survival. This provides a rational basis for the inclusion of this
agent at high doses in future protocols [65]. TBI is still included in many sched-
ules because of in vitro radiosensitivity data and early clinical experience [66].
However, because of concern about the contribution of this modality to both
short- and long-term morbidity, its inclusion requires prospective evaluation. It
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is possible that the substitution of other drugs at high doses might provide a
higher therapeutic index [67].

Very High Dose Therapy for Solid Tumors in Adults

A number of phase II studies of high-dose single-agent therapy with ABMT
have been carried out or are in progress in patients with solid tumors. From the
extensive review by Appelbaum and Buckner [22], some facts are clear. BCNU
at doses of approximately 800-1500 mg/m* produces a good response rate in
melanoma (45% response, 16% CR), lung cancer (46% response, no CR), brain
cancer (44% response, 7% CR), and sarcoma (75% response, no CR) [22].
Melphalan at doses of 140-200 mg/m? has also been reported to produce good
response rates in melanoma (74% response, 31% CR), neuroblastoma (70%
response, 50% CR), Ewing’s sarcoma (80% response, 20% CR), germ cell tumor
(67% response, 17% CR), ovarian carcinoma (56% response, 14% CR), breast
cancer (67% response, mostly CR), and colon carcinoma (56% response, 14%
CR) [22]. VP16 at doses of 1500-2100 mg/m? also showed good response rates in
germ cell cancer (83% response, 16% CR), small-cell lung cancer (85% re-
sponse, 31% CR), and brain cancer (50% response, no CR). Cyclophosphamide
at 1500-2000 mg/m* was also shown to be effective in small-cell lung cancer
(84% response, 56% CR), ovarian carcinoma (75% response, mostly CR), and
testicular cancer (60% response, no CR) [22].

Studies of high-dose combinations have been reviewed by Antman et al. [5]
but are still in their early days and are a direct continuation of the phase I dose
escalation studies. These schedules mainly use combinations of alkylating agents
[23], as first proposed in leukemia by the Baltimore group [46]. The STAMP 1
and 2 programs (Solid Tumor Autologous Marrow Program) from Boston are
very encouraging because rapid CR was observed; this result is similar to the
early experience in lymphomas with very high dose therapy in resistant patients.
These protocols, the first to achieve such rapid CR in advanced solid tumors, are
very promising in spite of the short duration of the responses [5, 23, 68].
Although most of these regimens have no proven clinical benefit in end-stage
disease, the high response rate may provide important leads for the development
of new combinations to be used in a setting of minimal residual disease [68].

Small-Cell Lung Cancer

The study by Humblet et al. from the Ludwig Institute in Brussels is of particular
note because after standard induction treatment, patients with small-cell lung
cancer were randomized to a further course of chemotherapy at conventional
dosage versus late intensification with autologous marrow support [69]. In the
ABMT arm, the CR rate increased from 39% before randomization to 79%.
Median relapse-free survival after randomization was 68 versus 55 weeks in
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favor of consolidation. The conclusion is that very high dose therapy results in a
significant increase in the CR rate and a significant increase in the relapse-free
survival, but with no major improvement in the overal survival [69]. In another
study by Farha et al. [70] at M.D. Anderson Hospital in Texas, untreated pa-
tients initially received high-dose therapy followed by marrow rescue. Patients
then received prophylactic cranial irradiation and four courses of the same drugs
at standard dosage, followed by radiotherapy to the primary tumor. All patients
responded (54% completely), with a median time to treatment failure and a
median survival of 41 and 56 weeks, respectively.

Souhami et al. at the University College Hospital in London treated 25 newly
diagnosed patients with high-dose cyclophosphamide and radiotherapy to
the primary site [71]. Of these patients, 56% attained CR, with a median
duration of 43 weeks and a median survival of 69 weeks. These results are com-
parable to those of a standard regimen for small-cell lung cancer but were
obtained with a single treatment.

Spitzer et al. at M.D. Anderson Hospital have studied 32 patients with un-
treated, limited small-cell lung cancer. The patients received three cycles of
induction therapy, followed by two courses of intensification with ABMT [72].
Of the 13 patients who were in CR at the time of transplant, 5 remain disease
free at 4 or more years, whereas only one of nine partial responders before
transplant remains disease free. Contrasts between reports are found in the
relapse pattern. In Humblet’s patients, relapse occurred mainly in the primary
site, while relapses were mainly systemic in Spitzer’s patients. This difference
may stem from the absence of thoracic irradiation in Humblet’s study.

Melanoma

The relatively promising results in small-cell lung cancer contrast with those for
the chemotherapy-resistant tumor melanoma. A significant CR rate for high-
dose melphalan is first seen at doses of 180 mg/m?. There appears to be a dose-
response relationship in the study by Lazarus et al. [73] of doses of 180 and 225
mg/m?; however, in a larger study by Cornbleet et al., patients treated with
260mg/m” melphalan achieved only an 8% CR rate, with a 43% response rate
overall [74]. Melphalan or BCNU at standard doses produces responses in
10%-20% of patients. When these drugs are given at high doses with ABMT,
response rates of 40%-65% occur, and a significant percentage of CRs is
observed. High-dose chemotherapy without BMT in melanoma was also recent-
ly reported by the Baltimore group [75].

Germ Cell Tumor

Most patients with newly diagnosed metastatic testicular cancer respond readily
to curative standard-dose regimens. The few in whom multiple regimens fail,
and who are therefore eligible for ABMT studies, represent an extensively
treated group with refractory tumors. Of 13 patients treated at M.D. Anderson
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Hospital with 4500 mg/m* CPA and 600 mg/m? VP16, 7 responded (4 complete-
ly); however, the responses were quite short, with the time to treatment failure
ranging from 1 to 5 months [76]. Of ten patients treated at the University of
California at Los Angeles with high dose cyclophosphamide, VP16, and melpha-
lan, five died of toxicity. One patient obtained CR and is alive at 6 years [77].
Wolff reported on 11 patients treated with high-dose VP16 (2400 mg/m?), with a
90% response rate (10%CR), including 4 of 5 patients in whom standard-dose
VP16 had failed [78]. However, the median time to treatment failure was again
short—2 months. Biron from Lyon also reported on 15 cases of refractory
tumors treated with VP16 and melphalan followed by ABMT [58]. Responses
were observed in 9 of 15 patients (60% ), but only 2 achieved CR, and there were
no disease-free survivors at 2 years. Similar results in refractory tumors were
reported by O. Postmus and J. Pico (personal communication).

Better regimens will have to be developed for testicular cancer, where pa-
tients at high risk should be identified sufficiently early to evaluate high-dose
therapy when drug resistance is less likely and tumor burden is lower. In Lyon,
for example, five patients were selected because they had not achieved CR
after four courses of vinblastine, actimomycin D, bleomycin cisplatinum
(VABCDDP). They all received a combination of VP16, CDDP, and ifosfamide
with ABMT. Of these 5 patients, 4 are alive disease free 6—18 months
post-ABMT (unpublished data). Comparable results have been obtained in Vil-
lejuif, France, with a very similar approach (J. Pico, personal communication).
Very recently, data for 64 ABMT recipients with germ cell tumors were col-
lected by the participants of the EBMTG. Of these patients, 35 had refractory
disease after cis-platinum therapy, 21 responded to the conditioning regimen,
and 3 are alive disease free at 2 years. Eight patients with sensitive relapses and
21 in first PR or CR were also selected according to classical bad-prognosis
criteria. Of these 29, 15 are still alive disease free with more than 12 months’
follow-up (EBMTG, unpublished results collected by J. Pico).

Breast Cancer

Eder et al. [23] have reported on a total of 18 patients treated with the STAMP
1 protocol at both the phase I and phase II protocol doses. There were six com-
plete and eight partial responses, and the median time to treatment failure was
4.7 months. In a review of the ABMT literature on breast cancer, Stewart [79]
reported on the first 5 patients treated with a Seattle protocol, consisting of
high dose cyclophosphamide and TBI, for patients in whom standard treatment
had failed. Two of the five patients responded completely, but the follow-up was
too short for comment. At M.D. Anderson Hospital, 16 patients have been
treated with 750 mg/m*> AMSA. Two partial responses were obtained, and
mucositis was dose limiting [79]. Gisselbrecht also reported on ten cases of in-
flammatory breast cancer in first CR (six cases) or after relapse (four cases). He
observed three complete and seven partial responses. Six patients are still dis-
ease free, with a median follow-up of 8 months [80]. There is general agreement
on the following indications for early intensification with ABMT in breast can-
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cer: estrogen-receptor-negative, inflammatory, metastatic cases at diagnosis and
more than ten involved lymph nodes at surgery, including positive internal mam-
mary nodes.

Brain Tumors

Virtually all of the larger series of ABMT for brain tumors have included high-
dose BCNU. Hilderbrand et al. from Brussels reported on the first group of
seven patients treated with lomustine (CCNU) but observed no responses by
computed tomography of the brain [81]. Of 20 patients treated with 1050 mg/m?
BCNU and 60 Gy whole-brain radiotherapy, 85% were still alive between 1 and
28 months later [82]. In a study reported by Phillips et al., in which a dose of
1200 mg/m? BCNU was used, 2 of 27 patients who previously failed to respond
were disease free at >3.5 years, but 6 of 12 patients treated adjuvantly were
disease free between 7 and 59 months later [83, 84]. Perren et al. [85] also re-
ported very promising results in highgrade gliomas, using high-dose BCNU prior
to radiotherapy and very early after surgery. Perren reported that 11 of 67 pa-
tients with grade IV gliomas were alive disease free 26—-84 months postdiagnosis.
In Biron’s report on 45 patients, the results are similar, but the follow-up is short
(12 months). These studies are at least a promising start; however, toxicity was
substantial, with the development of BCNU-associated pulmonary fibrosis and
hepatic necrosis [83, 84]. The role of high-dose BCNU and whole-brain
radiotherapy has been incompletely assessed but seems promising.

Ovarian Carcinoma

There is agreement to explore very high dose therapy in patients with residual
disease at second-look surgery. Using melphalan alone or in combination,
D. Maraninchi reported 5 complete responses in 11 patients, with a median
duration of 6 months (personal communication). Using high dose cyclophospha-
mide and TBI, N. Marty reported 7 of 13 patients to be disease free, but none of
the survivors had been followed up for 2 years (personal communication). Using
high dose cyclophosphamide and VP16, V. Mulmer also reported 3 of 4 patients
to be disease free with a short follow-up. The American experience, recently
reviewed by Antman, is comparable [5].

Future Prospects for Very High Dose Therapy in Lymphomas
and Solid Tumors

Studies of experimental tumor systems in vitro and in vivo have demonstrated
clearly that the ability to kill tumor cells is directly related to the dose of radio-
or chemotherapeutic agents [11]. Goldie and Coldmann [6, 8] and Norton and
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Simon [9, 10] have also shown, with others [4], that minimal residual disease
provides the best opportunity for the dose-effect relationship to be explored.
Results obtained in human models of very high dose therapy, with or without
ABMT, for leukemia are consistent with these theoretical assumptions [4]. Be-
cause of the success of BMT in the treatment of leukemia, there has been in-
creased interest in the possible application of marrow transplantation in NHL;
here, too, definite success can be found in the literature. Lymphoma is on the
borderline between leukemia and solid tumors, and this model is thus encourag-
ing for oncologists.

However, several questions still remain with regard to solid tumors. In the
majority of phase II studies, impressive response rates are observed in progres-
sive disease resistant to conventional drug doses; thus, there is clinical confirma-
tion of a dose-effect relationship in the solid tumors. However, the majority of
these responses are incomplete, whereas for leukemia and lymphoma they are
usually complete, even in resistant disease. It appears that the best combinations
of drugs for solid tumors have yet to be found. In this context, the recent report
from Boston of rapid achievement of CR in breast cancer with the STAMP
program may provide a significant lead [5].

Because of the contamination of autologous marrow by malignant cells (see
M.C. Favrot, this volume), the question whether these regimens can be explored
without ABMT is open [4]. If TBI is not included in a conditioning regimen, this
question is a realistic one because there is clear evidence that many protocols of
this kind are not completely ablative [4].

A final question was well summarized by Hryniuk in a recent review [52]:

Dose the single treatment of A mg which requires marrow rescue really have an advantage over A/2
mg (half the dose intensity) administered twice (to give the equivalent amount of drug) with the two
treatments separated by the minimum number of weeks required for spontaneous unassisted marrow
recovery? Or any advantage over A/3 mg (one third the dose intensity) administered three times but
separated by the same time intervals as A/2 mg? Or over A/4 mg administered four times etc. . . Is
more better? Probably. But does it have to be administered all at once?

These questions still leave room for the use of very high dose therapy in
future solid tumor therapy, but the place and role of ABMT, which is merely a
means of lessening severe marrow toxicity, will be dependent upon the answers
to these questions.
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7. Allogeneic Marrow Transplantation for Malignancy
—Current Problems and Prospects for Improvement*

F.R. Appelbaum

Introduction

For many patients with hematologic malignancies, allogeneic marrow trans-
plantation offers either the best or the only chance for cure, and for this reason it
has become a widely used form of therapy. However, the procedure as currently
employed has only limited effectiveness: many patients die from complications
of the procedure, and in many others the disease recurs, despite transplantation.
Further, a considerable number of patients for whom transplantation would be
indicated cannot receive the treatment because they lack an appropriate donor.
In this chapter, the current role of allogeneic marrow transplantation in the treat-
ment of malignant disease and the major problems which limit the effectiveness
of this procedure are reviewed. Major emphasis will be given to ways in which
these problems are being addressed or might be addressed in the future.

Role of Allogeneic Marrow Transplantation for Malignancy

The following represents a brief review of the current role of allogeneic marrow
transplantation for malignant disease, based primarily on data obtained in
Seattle over the last decade. In these studies, we have generally used a trans-
plant-preparative regiment consisting of 60 mg/kg cyclophosphamide (CY) per
day for 2 days, followed by total body irradiation (TBI) delivered as either 10 Gy
in a single fraction or 12-15.75 Gy fractionated over 6 or 7 days. Most of the
results, unless otherwise stated, refer to the use of human leukocyte antigen
(HLA)-matched family member donors and the use posttransplant of metho-
trexate (MTX), cyclosporine, or a combination of the two as graft-versus-host
disease (GVHD) prophylaxis. Several other reviews of marrow transplantation
have recently been published [1-4].

*This investigation was supported by PHS Grant Numbers CA 18029, CA 15704, CA 18105,
awarded by the National Cancer Institute, Department of Health and Human Services.
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Clinical Results in Acute Nonlymphocytic Leukemia

Recurrent Form

Between 1970 and 1975, 54 patients with end-stage refractory acute nonlym-
phocytic leukemia (ANL) received transplants from HLA-identical siblings, and
six are living and well 11-15 years after grafting, with no further antileukemic
therapy [5]. The actual relapse rate was approximately 65%. Since publication of
this result, a substantial number of patients with recurrent ANL (132) have re-
ceived transplants in first resistant relapse, second remission, or untreated first
relapse [6]. At 3 years, the survival rate was equally good for those transplanted
in untreated first relapse (34%) and those transplanted in second remission
(34%). That these two are equal argues that patients should not necessarily be
reinduced prior to transplantation since getting the patient into second remission
is of no apparent advantage, and since some patients may die during the
attempt. The results of treatment both at untreated first relapse and in second
remission are better than those of treatment in resistant first relapse (24%).
Taken together, these results argue that the best time for transplantation, if not
in first remission, is as soon as possible after first relapse. This observation in
turn provides a strong rationale for the development of sensitive markers—
either cytogenetic, immunologic, or biochemical—to detect early relapse.

First Remission

Based on the premise that patients in first remission are healthier and therefore
better able to withstand transplantation—and that they should have a decreased
tumor burden, which is perhaps less drug resistant—19 patients received trans-
plants in first remission. Of these patients, 10 remain alive and well now more
than 7 years after transplantation {7]. By 1986, 231 patients with ANL in first
remission had been transplanted in Seattle, and 49% = 3% were alive at 3 years
after transplantation [6]. Age was a predictor of success, with approximately
70% of patients aged under 20 years surviving, as opposed to 40%—45% of those
aged over 20; there was little difference in those aged 20-30, 30—40, and 40-50.

Role of Allogeneic Marrow Transplantation in the Treatment of ANL

A major clinical question is whether patients with ANL in first remission should
receive transplants straightaway or whether one should follow them closely and
perform transplantation at the first moment of relapse. A number of chemother-
apy regimens can cure a proportion of adults with ANL. Our experience in 74
patients with ANL given high-dose cytosine arabinoside consolidation is that
34% will be alive 3 years from treatment [8]. Among the 66% in whom such
therapy is predicated to fail, it may be possible to cure 30% with transplantation
at first relapse. The combined rate of cure of 34% with chemotherapy and an
additional 30% of the remainder (19.8%) would be close to 50%, and therefore
similar to that for transplantation in first remission. This argument does not take
into account the fact that the chemotherapy curve has yet to show a clear
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plateau, and that past rates of cure with conventional chemotherapy have been
in the range of 20%-25%. Further, transplantation will not be feasible in those
patients who die during chemotherapy or acquire medical problems which
prohibit transplantation, such as chronic liver disease or deep-seated fungal
infections. To determine which approach is superior—transplantation in first
remission or transplantation at first relapse—a prospective comparative trial
would be required.

There have been a number of prospective studies comparing the outcome of
conventional chemotherapy with that of allogeneic marrow transplantation. In
each of these studies, transplantation showed either a statistically significant
advantage or an advantage that did not quite reach statistical significance [9-11].
These studies did not answer (nor were they intended to) the question whether
transplantation should be performed in first remission rather than at first relapse
since the chemotherapy group was compaosed of patients without matched donors,
in whom, therefore, transplantation could not be performed at first relapse.
Rather, these studies were designed to compare in a prospective manner the
outcome of chemotherapy and that of transplantation in like groups of patients,
taking care to remove, as much as possible, any selection bias in each treatment
group. Since transplantation showed an advantage, the stage has been set for
attempting to answer the second question, i.e., whether there is an advantage to
transplantation in first remission versus transplantation at first relapse.

Allogeneic Versus Autologous Transplantation

Recent results of autologous transplantation for ANL in both first and second
remission demonstrate remarkably good outcomes; up to 45% of patients were
alive and in remission 2 years after autologous transplantation in first remission,
and up to 40% were alive and in remission in a small group of patients who
received autologous marrow transplants for ANL in second remission [12, 13].
These results have been obtained both with marrow treated in vitro with agents
designed to remove clonogenic tumor cells and with untreated marrow. As un-
likely as it might seem, current results support the proposition that, at least in
some cases, either the marrow in a patient who is in remission but destined to
relapse without transplantation must contain insufficient tumor cells to lead to
disease recurrence or, after the transplant, some active phenomenon (perhaps
autoimmune-like) must lead to the elimination of residual tumor. No matter what
the mechanism of action may be, these results—albeit obtained in relatively
small, possibly highly selected patient populations—are sufficiently encouraging
to raise the question whether autologous or allogeneic transplantation for ANL
is superior. Autologous transplantation has the obvious advantage of avoiding
GVHD and its complications. Allogeneic transplantation has the advantage
of almost certainly having a lower relapse rate post-transplant, both because
autologous marrow must lead to relapse in some cases and because autologous
marrow lacks a graft-versus-tumor effect. This latter effect, based on the results
of twin and T-cell-depleted marrow transplant studies, may be substantial.

In view of these considerations, we and others have begun a three-arm
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prospective study of allogeneic transplantation versus autologous transplanta-
tion versus continued chemotherapy for patients with ANL in first remission.
Those randomized to conventional chemotherapy will have the option of trans-
plantation at first relapse. Within the setting of autologous transplantation, there
remain a number of important questions concerning different methods of in vitro
marrow treatment, including their relative safety and effectiveness.

Clinical Results in Acute Lymphocytic Leukemia

Outcome of Transplantation

The results of marrow transplantation for acute lymphocytic leukemia (ALL)
are similar to those in ANL: a small but definite percentage of patients with
end-stage disease can be cured, and the percentage increases when transplanta-
tion is carried out earlier in the patient’s course. The results obtained in Seattle
and those reported by the International Bone Marrow Transplant Registry
(IBMTR) show that survival at 3 years post-transplant is approximately 15%—
20% for patients with advanced disease, 30%—35% for patients in second remis-
sion, and 35%-45% for patients in first remission [3, 5, 14-16]. The actuarial
chance of relapse is high for all three groups, being approximately 70%, 50%
and 35% respectively.

Role of Marrow Transplantation in the Treatment of ALL

Since marrow transplantation is the only form of therapy that can cure patients
with drug-resistant disease, there is little argument that it should be performed
in such patients if at all possible. A prospective study of marrow transplantation
versus continued chemotherapy for patients with ALL in second remission de-
monstrated a clear advantage to transplantation {17]. Possible exceptions to this
conclusion are patients who relapse off therapy after a long disease-free interval:
such patients may do as well with subsequent chemotherapy as with transplanta-
tion [18]. There has not been a prospective study comparing the outcome of
marrow transplantation for ALL in first remission with that of either chemo-
therapy alone or chemotherapy plus transplantation at first relapse. In fact, the
improved outcome of contemporary chemotherapy programs for normal-risk
children, and more recently for adults as well, makes it difficult to justify such
a trial [19, 20]. There are, however, patients will ALL at high risk for relapse
following conventional chemotherapy (such as those with Philadelphia chromo-
some-positive ALL). That such patients would benefit from transplantation in
first remission is an (as yet) unproven but testable hypothesis.

Allogeneic Versus Autologous Transplantation

Many reports document long-term disease-free survival in a proportion of
patients treated for ALL in second or subsequent remission with high-dose
chemoradiotherapy followed by autologous marrow transplantation [20]. The
arguments about which form of therapy (allogeneic or autologous) is superior
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for patients with ALL parallel those already raised for ANL: autologous
transplantation is safer, but allogeneic transplantation will result in fewer
post-transplant relapses. There has not yet been a direct comparison of these
two approaches in a prospective controlled trial.

Clinical Results in Chronic Myelogenous Leukemia

Outcome of Transplantation

Results in Seattle and those reported by the IBMTR and others demonstrate
long-term survival in 49%-56% of transplant patients treated during chronic
phase chronic myelogenous leukemia (CML), 15%-28% of those treated during
accelerated phase, and 14%—-16% of those treated in blast crisis [3, 21, 22]. The
actuarial probability of relapse was 12%-20% for transplant patients treated in
chronic phase, 40%—56% for those treated in accelerated phase, and 50%-75%
for those treated in blast crisis.

Role of Transplantation in the Treatment of CML

There is no other curative approach for CML at this time; therefore, in any
patient aged less than 50 with CML and an available donor, transplantation
should probably be performed. The major question is one of timing: marrow
transplantation during chronic phase offers the greatest possibility of cure but
carries a risk of early death from transplant-related complications. Delaying
transplantation may result in disease progression and therefore a poorer out-
come of transplantation. Even if the disease does not progress, data from the
Seattle series suggest that transplant results are best if carried out within 1 year
of diagnosis [21]. In the end, the timing of transplantation for patients with CML
is both a medical and a philosophical decision.

Marrow Transplantation for Malignant Lymphoma

Between July 1970 and January 1985, 100 patients with recurrent malignant lym-
phoma were treated in Seattle with CY, TBI, and marrow transplantation [23].
The actuarial disease-free survival rate at 5 years was 22%, with a 60% probabil-
ity of relapse. In this initial experience and in subsequent studies, transplant
patients treated in either first relapse or second remission did significantly better,
with a 2-year disease-free survival rule of 42% and a probability of relapse of
41% [24]. Disease histology (Hodgkin’s disease, high-grade non-Hodgkin’s
lymphoma, or intermediate-grade non-Hodgkin’s lymphoma) has so far not
been predictive of outcome, nor has source of marrow (autologous, allogeneic,
or syngeneic). There has not yet been a formal comparison of marrow trans-
plantation with other forms of salvage therapy. However, the results obtained
with marrow transplantation for recurrent malignant lymphoma, especially
those in early relapse, are better than the reported results of almost any salvage
chemotherapy program [25].
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Transplantation for Preleukemia

Although occasional patients with preleukemic syndromes respond to low-dose
cytosine arabinoside or other interventions, there is no therapy with curative
potential for this group of diseases except for marrow transplantation [26]. Re-
cent reports suggest that more than 50% of patients with de novo preleukemia
can achieve long-term disease-free survival following allogeneic marrow trans-
plantation [27, 28]. Results in secondary preleukemia, although very prelimin-
ary, are not as encouraging, but some long-term disease-free survivors have
been reported [28].

Other Hematologic Malignancies

Although published series so far consist of only a few case reports or very small
series, so that accurate statistics are lacking, long-term disease-free survival has
been seen following marrow transplantation for a number of other hematologic
malignancies, indicating a possible role for this approach in myeloma, myelo-
sclerosis, hairy-cell leukemia, and histiocytic medullary retriculosis [29-32].

Solid Tumors

In the case of hematologic malignancies, the results of allogeneic marrow trans-
plantation set the stage for experiments using autologous marrow. In the treat-
ment of solid tumors, where marrow involvement is less common, the situation
is reversed. Thus, most transplants for solid tumors have been performed with
autologous marrow, and allogeneic marrow transplantation would only be ex-
plored in the event that these results become encouraging; so far, unfortunately,
this has not been the case. Although substantial response rates have been seen in
tumors generally considered to be unresponsive or minimally responsive to con-
ventional therapy, these responses have generally been short and incomplete,
and their extent does not yet justify the toxicities expected with allogeneic trans-
plantation. An important exception is the case of metastatic neuroblastoma,
where long-term disease-free survival and probable cure has been achieved in a
definite proportion of patients with otherwise incurable disease following either
autologous or allogeneic marrow transplantation [33].

The Problem of Disease Recurrence

Definition

For almost every category of disease mentioned in the above review, the major
reason for failure of the transplant procedure is disease recurrence. The term
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“disease recurrence” means the reappearance of the original malignant cell
population as determined by DNA markers, and it implies that the transplant
regimen was unable to eradicate the original malignant clone [34]. While prob-
ably more than 95% of cases of relapse following transplantation are of this type,
recurrence of malignancy which appears morphologically identical to the origin-
al leukemia has occasionally been seen in cells of donor rather than host origin
[35, 36]. The mechanism accounting for this phenomenon is unknow, but its
existence suggests that the immediate cellular milieu is important. The process
could involve transfection of DNA between cells. Further investigation of these
unusual relapses is likely to yield important insights concerning leukemic causa-
tion. Also, occasional cases of immunoblastic lymphosarcoma in cells of donor
origin have been seen [37]. These cases have been associated with Epstein-Barr
viral genomes within the tumor cell DNA and have generally occurred in very
immunosuppressed patients with advanced GVHD [36]. Again, investigation
of these cases will probably provide important information concerning the
sequence of events involved in viral oncogenesis. The vast majority of disease
recurrences, however, are due to regrowth of the original malignant clone, and it
is this form of recurrence which must be diminished if substantial progress is to
be made in the utility of allogeneic marrow transplantation.

Methods to Lessen Post-Transplant Relapse Rates

Earlier Transplantation

As noted in each of the diseases reviewed above, transplantation earlier in the
disease course results in less post-transplant relapse. However, early trans-
plantation is not always the answer. Some patients have refractory disease at
diagnosis. For others (ALL and many categories of lymphoma), transplantation
in first remission is not indicated or chosen by the physican and patient. Even
with transplantation in first remission, the post-transplant relapse rates remain
unacceptably high. Therefore, other methods of lessening post-transplant re-
lapse rates are needed.

Better Chemotherapy

The preparative regimen most commonly used until now has been a combination
of CY and TBI. There is no reason to believe that CY is the best single agent to
combine with TBI, and several phase II studies of other single agents combined
with TBI have been published, including VP-16 and high-dose cytosine arabino-
side [K Blume 1987, personal communication; 38, 39] The results to date have
suggested a possible advantage with these newer regimens. Since combination
chemotherapy is, in general, more effective than single-agent chemotherapy in
conventional treatment trials, combination chemotherapy with TBI may well be
more effective than single-agent therapy with TBI as a transplant-preparative
regimen; several studies addressing this hypothesis are under way.
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Better External Beam Irradiation

The initial form of TBI used for marrow transplantation was single-dose TBI
delivered by dual cobalt sources at around 0.07 cGy/min. In 1982, Thomas et al.
[40] published the results of a prospective randomized trial for patients with
ANL in first remission, which demonstrated that the survival rate in patients
given TBI in six daily fractions of 2°cGy each was superior to that in patients
given a single dose of 10 Gy TBI. Fractionated TBI was better tolerated and
resulted in fewer long-term complications than single-dose TBI, but it did not
alter the post-transplant relapse rate. Surprisingly, this study remains the only
prospective randomized trial comparing two different TBI regimens. Investiga-
tors at the Memorial Sloan Kettering Cancer Center have treated patients with
ALL in second and subsequent remission using hyperfractionated TBI followed
by CY and have published results which appear superior to those achieved in
Seattle [41]. Whether this possible improvement is due to the use of hyperfrac-
tionated TBI as opposed to daily fractionation or to the ordering of TBI and CY
is unknown, but both possibilities deserve attention. Some patients who relapse
following marrow transplantation do so at sites of previous bulk disease. This
type of relapse is most commonly seen in transplant patients treated for malig-
nant lymphoma and suggests that the addition of local boost radiotherapy to the
preparative regimen might be of benefit for these patients. Whether boost
radiotherapy is best given before or after transplant and whether it can con-
tribute to improved survival is as yet unknown. Studies by Phillips et al. [42]
suggest that pretransplant boost radiotherapy can be given with relative safety
and may contribute to improved survival for patients with Hodgkin’s disease,
but that it does not clearly benefit patients with other diagnoses. An idea similar
in concept to boost radiotherapy is to shield organs where lethal toxicities are
most commonly seen; for example, in patients with a low risk of relapse post-
transplant (e.g., preleukemia), where the most common reason for failure is
interstitial pneumonia, a small amount of lung shielding might prove to be of
benefit.

Antibody-Isotope Conjugates

The use of either boost radiotherapy or shielding is designed to increase the dose
of radiotherapy to the tumor and limit the dose to potential sites of toxicity. A
possibly more effective way of achieving the goal of directed radiotherapy is to
link radioisotopes to monoclonal antibodies and use the antibodies to target
radiotherapy to the tumor site. Unlabelled monoclonal antibodies reactive with
tumor-associated antigens have been shown to concentrate on tumor cells
following in vivo administration [43-46]. However, the use of unlabelled
antibodies as a treatment for malignancy has met with only limited therapeutic
success for two major reasons: some tumor cells lack the target antigen and
are therefore unaffected by the antibody, and further, even when coated with
antibody, many tumor cells persist because the host lacks effector mechanisms
for eliminating the antibody-coated tumor cell [47]. Attaching a radioisotope to
the antibody should overcome these limitations since the cytotoxic effects of
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radiation do not depend on host effector mechanism, and antigen-negative
cells in proximity to antibody-coated targets may also be killed.

The use of antibody-isotope conjugates as a transplant-preparative regimen
has just begun to be explored. We have shown in a canine model that marrow
is very accessible to antibody targeting: within 1 h of the administration of a
radiolabelled antibody directed toward marrow progenitor cells, the amount of
isotope in the marrow compared with that in any other organ achieves a ratio of
5:1 or more [48]. We have further shown that antibody-isotope conjugates can
be used in dogs to ablate marrow prior to autologous transplantation without
adversely affecting subsequent engraftment. These experiments have set the
stage for the application of this technique as part of the treatment regimen for
patients with ALL, ANL, CML, or diseases originating in the marrow. We have
also shown that lymph nodes can be targeted, albeit not as easily as marrow [49].
An initial patient with nodular, poorly differentiated lymphocytic lymphoma
resistant to standard chemotherapy—whose tumor also failed to respond to an
infusion of unlabelled anti-idiotype antibody—has recently been treated in
Seattle with the same anti-idiotype antibody labelled with 131] followed by
autologous marrow transplantation. This patient achieved a complete response
and remains disease free at 6 months [50].

A large number of questions pertain to this sort of approach. For example,
the optimal kind of target antigen is unknown. Is it better to target a true tumor-
specific antigen (if such, apart from idiotype, exist) or to target a differentiation
antigen which includes not only the tumor but surrounding normal tissue in the
area of the tumor (marrow for leukemia and lymph nodes for lymphoma)? Are
whole antibodies or antibody fragments better? What antibody dose and infu-
sion schedule is optimal? Which, among the many available isotopes, will prove
best, and how can these isotopes be best linked to the antibody? The list of
additional unanswered important questions is long, but the available animal data
and preliminary results in patients are sufficiently encouraging to suggest that
this general approach of using antibody-isotope conjugates as part of the marrow
transplant regimen will be increasingly investigated over the next several years.

Bone-Seeking Isotopes

A unique feature of marrow is its close proximity to bone. Microscopy of bone
marrow biopsy samples shows that marrow cells are rarely if ever more than a
millimeter or two away from bony trabeculae. There exist substances which have
an enormous capacity to target bone and which are therefore used as bone-
scanning agents. By attaching a B-emitting (i.e., radiation of low penetration)
isotope to such substances, it should be possible to deliver very localized radio-
therapy to the marrow space, thereby increasing the dose to the tumor cells
in ANL, ALL, CML, or preleukemia, without significantly radiating any other
organ. An ideal isotope for this purpose would deposit the majority of its energy
locally (within 1 or 2 mm) and would have a weak y component to allow for
accurate scanning. In addition, the isotope should have a short half-life to permit
subsequent marrow engraftment. We have begun animal studies with such a
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compound >3samarium EDTMP), and the early results are very encouraging;
ratios of radioactivity in marrow to that in any other organ of at least 20: 1 can be
achieved, and marrow ablation accomplished without toxicity to any other
organ. The ultimate application of this approach will probably be in combination
with other systemic therapies (such as combination chemotherapy with or with-
out additional TBI) in order to achieve adequate immunosuppression and treat
extrameduallary disease.

Adoptive Immunotherapy

Several observations demonstrate that there is almost certainly a graft-versus-
tumor effect following allogeneic transplantation for hematologic malignancies.
Relapse rates following syngeneic transplants are higher than those following
allogeneic transplants [1, 51]. Among allogeneic transplant recipients, those who
developed clinically significant GVHD have a lower incidence of relapse than
those without GVHD [52-4]. Further, recipients of T-cell-depleted marrow
have a higher incidence of disease recurrence than recipients of unmanipulated
marrow [55]. All of these observations demonstrate that in addition to immuno-
logically reacting against its new host, the transplanted marrow also reacts
against the host’s tumor. Moreover, the tumor may be the most sensitive target
of all.

To date, it has been difficult to take advantage of the lesser incidence of
recurrent leukemia in patients with GVHD since this advantage has been offset
by a greater probability of other causes of death. However, evidence from
studies in rodent transplant models suggest that the allogeneic graft-versus-
leukemia effect can be distinguished in some cases from GVHD [56, 57]. These
effects (graft-versus-leukemia and GVHD) may be distinguishable in two ways;
either by differences in target antigens or by differences in the type of effector
cells. The graft-versus-host reaction is probably directed against many different
antigens, some of which are relatively tissue specific; hence, GVHD may involve
isolated organs. This implies that there is a population of donor effector cells
with relative specificity either for the tumor itself or for the host tissue in which
the tumor arose. If those cells with relative specificity for tumor or the tissue
from which the tumor developed could be isolated, cloned, and expanded in
vitro, these cells could be administered to the patient after transplantation in an
attempt to augment the antitumor effects of the transplant procedure. Alterna-
tively, it may be possible to separate those cells responsible for tumor eradica-
tion from those contributing to GVHD simply on the basis of T-cell phenotype.
Rodent experiments suggest that class I-restricted cytotoxic T cells contribute to
GVHD, but not to tumor eradication, while the reverse is true for class II-
restricted T cells.

While the technique of specific adoptive immunotherapy has only just begun
to be applied clinically in humans, the observation of a graft-versus-tumor effect
following allogeneic marrow transplantation supports the approach. Further,
murine studies show that with interleukin-2 (IL-2), T cells sensitized to tumor
antigens can be expanded in vitro and then infused, resulting in eradication of
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established tumor [58, 59]. Thus, the requirements for the application of this
approach already exist.

Establishment of Stable Chimerism

Inherent in the concept of successful allogeneic transplantation is the require-
ment for stable engraftment without the development of clinically significant
GVHD.

Stable Engraftment

Problem of Graft Rejection

Over the last decade, most allogeneic transplants for malignancy were per-
formed using HLA-matched donors, preparative regimens employing TBI, and
unmanipulated marrow. In this situation, stable engraftment was almost always
achieved, and graft rejection was very uncommon, occuring in less than 1% of
cases. Two developments have changed this circumstance. First, the use of
donors who are not completely matched has increased the incidence of graft
rejection. In Seattle, we have seen failure of stable engraftment in less than 1%
of matched donor-recipient pairs, in approximately 5% of donor-recipient pairs
mismatched for a single antigen (A, B, or D), and in 15%-20% of two-antigen
mismatched pairs [60]. A second development which has led to more graft rejec-
tion is the use of marrow depleted of T cells. While T-cell depletion has convinc-
ingly resulted in less GVHD, this has been at the cost of an increase in graft
rejection in most studies [61]. Presumably, one target of donor T cells are cells of
host origin responsible for residual host immunity. Without T cells in the mar-
row inoculum, there is, in some cases, sufficient recovery of host immunity to
reject the transplanted marrow. This immunologic recovery would not occur
were T cells left in the transplanted marrow to react with host cells. Some have
suggested that graft failure following T-cell depletion results because T cells are
required for stem-cell growth. This is unlikely since graft failure has not been
seen following autologous transplantation for T-cell lymphoma, where T-cell
depletion has been used in an effort to remove possible tumor cells.

The population of host cells responsible for graft rejection may depend upon
the particular clinical situation. For example, canine studies suggest that in the
situation of untransfused mismatched donor-recipient pairs, a non-T-cell Ia-
positive population of host cells is responsible [62]. On the other hand, in the
situation of matched recipients specifically sensitized to their donor via previous
transfusions, host T cells are at least partly responsible for graft rejection [63].
Understanding the mechanisms of graft rejection is of obvious importance in
designing ways to overcome the problem.
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Methods to Prevent Graft Rejection

One obvious way to overcome the problem of graft rejection is to increase the
immunosuppressive effects of the preparative regimen in order to remove the
population of host cells responsible for rejection. Initial attempts have involved
either additional chemotherapy (such as cytosine arabinoside) or more TBI in the
preparative regimen. The results to date suggest that these modifications result
in a decrease in the incidence of graft rejection but an increase in transplant-
related toxicities and no obvious survival advantage [64]. Adding relatively
small doses of total lymphoid irradiation (TLI) to the preparative regimen is be-
ing explored and again has decreased, but has not totally eliminated, the prob-
lem of graft rejection with either T-cell-depleted or mismatched marrow [65].

Several investigators are now studying the effects of adding to the preparative
regimen antibodies directed against those cells thought to be responsible for
graft rejection. In a canine model, we showed that the addition to the prepara-
tive regimen of either an anti-Ia antibody or an antibody raised against radiation-
resistant marrow cells allowed engraftment in mismatched dogs in a setting
where, without antibody, graft rejection was virtually always seen [62, 66]. Simi-
larly, in dogs, anti-T-cell antibodies were partially successful in facilitating
engraftment in sensitized matched marrow recipients [63]. However, even in
carefully constructed animal models, unmodified antibodies have only limited
effectiveness. Methods to increase the effectiveness of these agents may involve
labelling antibodies with either toxins or isotopes. In this regard, the issues
already alluded to in ““Antibody-isotope conjugates” will pertain.

It may also be possible to decrease the incidence of graft rejection by specific
manipulations of donor marrow. It is as yet unknown if those cells within donor
marrow responsible for promoting engraftment are identical to those responsible
for the development of GVHD. If not, it may be possible to deplete marrow of
only certain populations of T cells to prevent GVHD and to leave behind or
even enrich for other populations to promote engraftment. Another approach
being explored is to incubate marrow with growth factors in vitro before trans-
plantation in order to promote engraftment. Preliminary work in rodent models
reported by Blazar et al. [67] suggests that incubation of T-cell-depleted mar-
row with granulocyte/macrophage colony-stimulating factor (GM-CSF) prior to
transplant allowed engraftment across an MHC barrier, where unincubated
marrow failed to engraft. Similarly, it may be possible to use such growth
factors in vivo post transplant to promote proliferation of the donor graft with-
out encouraging the proliferation of host immune cells.

Graft-Versus-Host Disease

Along with the problem of disease recurrence, GVHD is the major limitation
of allogeneic marrow transplantation. Although the mortality due directly to
GVHD in many studies is low (often around 5%-10% for matched donor-
recipient pairs), the impact of GVHD is far greater than is implied by this figure
since it contributes to death ascribed to other causes, such as infection, inter-
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stitial pneumonia, or liver disease. Among 231 transplant patients with ANL
treated in first remission in Seattle, the diagnosis of clinically significant GVHD
was associated with a 250% increase in mortality [6].

GVHD is thought to be the result of the reaction of alloreactive T cells trans-
ferred with the marrow, or developing from it, against target cells of the geneti-
cally different host. Clinically, GVHD can be separated into two distinct syn-
dromes, acute GVHD and chronic GVHD, the manifestations of which have
been the subject of several reviews [68-70]. The incidence of acute GVHD is
dependent upon many factors, the most obvious of which are the age of the
patient, the degree of histocompatibility between donor and recipient, and the
form of GVHD prophylaxis used. Among HLA-matched donor-recipient pairs
given standard methotrexate (MTX) or cyclosporine post-transplant, the inci-
dence of clinically significant GVHD has been approximately 40% [71, 72].

A number of approaches have been taken to reduce the impact of GVHD on
the outcome of marrow transplantation. Many studies have addressed the use of
immunosuppressive drugs post-transplant. The combination of MTX and cyclos-
porine or cyclosporine and prednisone is superior to either MTX or cyclosporine
used alone [73-75]. Whether triple therapy (MTX cyclosporine, and predni-
sone) will further improve outcome is currently being tested. New immunosup-
pressive agents are currently undergoing testing in animal models [76]. Carrying
out transplantation within laminar airflow isolation is another technique which
appears able to reduce the incidence of acute GVHD [77].

A method to avoid GVHD, already alluded to, which holds great promise is
T-cell depletion of donor marrow. A number of techniques to remove T cells
have been developed, including the use of antibodies plus complement,
antibody-toxin conjugates, antibodies coupled to magnetic beads, and lectin
agglutinins [61, 78, 79]. There is no convincing evidence that any one of these
techniques is superior to the others. To date, available evidence suggests that all
of the techniques are capable of removing the large majority of T cells from
donor marrow (usually in excess of 99%), but until it is known exactly how
many, and which, T cells should be removed, it will remain difficult to choose
among these methods since they may vary in efficiency and in the particular
populations of T cells removed. Importantly, all these techniques appear cap-
able of substantially reducing the incidence of GVHD. However, all are also
associated with a substantial increase in the incidence of graft rejection, even in
the setting of HLA-matched donor-recipient pairs. The problem is even worse in
the setting of mismatched transplants, where graft rejection rates of 30%-50%
have been seen following the use of T-cell-depleted marrow. Since most graft
rejections result in death, there are no studies which yet demonstrate improved
survival with the use of T-cell-depleted marrow grafts. However, the markedly
decreased incidence of GVHD seen with T-cell depletion suggests that the tech-
nique has great promise in eliminating the problem of GVHD if the problem of
graft rejection can be overcome. As already discussed in “Methods to prevent
graft rejection,” this will probably require the development of preparative
regimens with greater and more specific immunosuppressive effects but without
increased toxicity. In this regard, the use of antibody-isotope or antibody-toxin
conjugates holds great promise.
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Expansion of the Donor Pool

Only 35%-40% of patients have HLA-identical family members available to
serve as donors, a fact which obviously limits the applicability of allogeneic mar-
row transplantation. It may be possible to expand the donor pool in a variety of
ways, including the use of mismatched family member donors, or matched (or
mismatched) unrelated donors. Available data show that with currently avail-
able techniques for GVHD prophylaxis, the use of mismatched donors is associ-
ated with an increase is GVHD [60]. This increase is not necessarily prohibitive,
however. Patients receiving transplants from family member donors mismatched
at a single antigen have more GVHD than matched patients but survive equally
well. Patients mismatched for two or more antigens have both more GVHD and
poorer survival than matched patients. It may be possible to improve the results
of mismatched transplants by selecting only certain mismatches. Experience
gained in platelet transfusions, for example, suggests that there are certain anti-
gen pairs which resemble each other more closely than other antigen pairs and
are therefore said to be cross-reactive. It is possible that mismatched transplants
between such cross-reactive groups may fare better than other mismatched
transplants. The ability to predict the extent of GVHD prior to transplantation
should also allow for more effective selection of mismatched donors. Certain
donor-associated factors have been shown to be predictive of the development
of GVHD in matched donor-recipient pairs (donor sex and the presence of cer-
tain HLA alleles in the donor), and recently an in vitro test possibly predictive of
GVHD has been described by Vogelsang et al. [80]. However, even in the best
of circumstances, the use of mismatched marrow carries with it a high risk of
clinically significant GVHD, and the routine use of mismatched marrow will
require the development of better techniques of GVHD prevention.

Some patients have received transplants from matched unrelated donors and
have achieved prolonged disease-free survival. However, the number is as
yet too small to allow conclusions about how much GVHD will be seen in this
circumstance and how it will influence survival. Almost certainly, the results will
not be as good as with matched family members. However, as methods of
GVHD prophylaxis improve, the use of unrelated donors will almost certainly
increase. In anticipation of this increased use, the federal government is support-
ing the development of a national marrow donor registry involving more than
50 centers and including 50000-80000 potential donors. The establishment
of such a pool has raised many questions. Are we really ready to rush head-
long into this venture until more preliminary work is done? Should the gov-
ernment pay for the registry or should the charge go to those who use it? What
degree of donor risk is acceptable? How will potential donors be protected from
coercion? Should cadaveric marrow be routinely harvested and cryo-preserved?
All of these questions will doubtless demand answers in the near future. At
present, the results of transplants using unrelated donors are probably not
encouraging enough to recommend this approach as standard therapy, but as
GVHD prophylaxis measures improve,the increased use of unrelated donors
is inevitable.
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Alternative Sources of Hematopoietic Stem Cells

The vast majority of allogeneic transplants have used hematopoietic stem cells
harvested from marrow. At least two other sources of hematopoietic stem cells
exist: the peripheral blood and fetal liver. Animal and now human studies have
shown that autologous peripheral blood stem cells can be used to restore hema-
topoiesis following otherwise lethal TBI. However, peripheral blood stem cells
have not, so far, been used for human allogeneic transplantation because
peripheral blood has a far higher concentration of mature T cells and far fewer
stem cells than marrow, a situation which favors the development of GVHD
while, at the same time, making complete engraftment more difficult. Recently,
Chang et al. [81] reported successful engraftment using autologous marrow cul-
tured in vitro for 10 days. As our understanding of cell separation techniques
and growth factors increases, one can imagine the day when only a small amount
of marrow or purified peripheral blood will suffice to establish cultures in which
the desired cells can be expanded in preparation for hematopoietic cell trans-
plantation.

Another source of hematopoietic stem cells is fetal liver. In mammalian
ontogeny, the liver is the primary hematopoietic organ for some time. Fetal liver
cells are rich in hematopoietic stem cells while containing few T cells, and in
animal studies they have been used to restore hematopoiesis without severe
GVHD [82]. Some children with severe combined immunodeficiency have
apparently been cured by fetal liver-cell infusions [83]. However, there is as yet
scanty evidence that enduring complete chimerism can be achieved in adults
treated for either aplastic anemia or leukemia with standard transplant-
preparative regimens followed by fetal liver-cell infusions [84].

Other Transplant-Related Toxicities

While the two major problems of allogeneic marrow transplantation are estab-
lishment of stable chimerism and eradication of the malignant disease, other
substantial problems exist. These can generally be divided into those toxicities
due to the preparative regimen and those secondary to infectious complications.

Preparative Regimen-Related Toxicities

A number of patients die due to toxicities directly related to the preparative
regimen, such as severe mucositis, veno-occlusive disease of the liver, acute
myocarditis, and idiopathic interstitial pneumonia. As more intensive prepara-
tive regimens are explored in efforts to eradicate resistant disease or provide
greater immunosuppression to prevent rejection of T-cell-depleted marrow, it is
likely that the incidence of these toxicities will, if anything, increase. The precise
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incidence, at present, of life-threatening and fatal toxicities in each organ system,
which can be directly related to the preparative regimen, is difficult to judge by
reviewing published literature, in part because no consistent grading system for
regimen-related toxicity has been applied. Recently, we have published such a
grading system and have used it to retrospectively analyze the results of more
than 100 HLA-matched allogeneic transplants following a preparative regimen
of CY and 12 Gy fractionated TBI [85, 86]. A 10% incidence of grade III
(life-threatening) or grade IV (fatal) toxicity directly related to the preparative
regimen was seen.

The precise mechanisms leading to these toxicities are not, for the most part,
understood, nor is it understood why severe or fatal toxicities are seen in one
patient and minimal toxicity is seen in another. Understanding the mechanisms
of specific organ toxicity might allow for the development of specific protective
measures, as, for example, the use of mesna to protect the bladder from the
toxicity of high-dose CY without interfering with its antitumor or immunosup-
pressive effects. Understanding the differences in individual patient sensitivities
is important since these differences presumably reflect genetically determined
or acquired differences in drug metabolism, target cell sensitivity, or repair
mechanisms, which might be measurable pretransplant. This would allow for the
development of more individualized preparative regimens.

Infectious Complications

Nearly all patients develop granulocytopenia and fever during the first 2 or 3
weeks post-transplant, and in about one-third of the patients positive blood cul-
tures are found. Gram-positive organisms predominate (about 20% of cases),
but gram-negative organisms (10% ) and fungi (2%-5%) are also seen. Based on
this spectrum of organisms, patients with fever and granulocytopenia have in the
past been treated in Seattle with an empiric regimen consisting of an aminogly-
coside, an antipseudomonal penicillin, and vancomycin. More recently, renal
dysfunction has become a more common problem because of the use of cyclos-
porine and amphotericin, and therefore a double B-lactam regimen has been
employed. Granulocytopenic patients who after 6 or 7 days do not respond to
antibiotics are treated with amphotericin B, especially if they have two or more
surveillance sites positive for fungus. Prophylactic granulocyte transfusions can
prevent early infections but have not been shown to affect survival. Similarly,
laminar airflow isolation reduces the incidence of infection but has been shown
to improve survival only in transplant patients treated for aplastic anemia, but
not for leukemia. For patients receiving transplants from HLA-matched donors,
the risk of death due to infection during the early granulocytopenic period using
current methods of supportive care is low—approximately 5% . This incidence
is probably higher when mismatched donor-recipient pairs are considered.

The most important infections occurring in the interval between successful
engraftment and day 100 post-transplant are viral or protozoan. Approximately
75% of patients with detectable antibody to cytomegalovirus (CMV) pretrans-
plant have some evidence of CMV activation post-transplant. Often activation is
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asymptomatic and manifested only by a rise in antibody titer or viral excretion in
the urine. Sometimes, CMV can cause hepatitis, fever with marrow suppression,
or a gastrointestinal syndrome associated with nausea, vomiting, and abdominal
pain. The most serious result of CMV activation is CMV pneumonia, which
occurs in roughly 15% of patients and has a case mortality of about 85%. Pri-
mary CMV infection can be prevented in CMV-seronegative patients by the exclu-
sive use of CMV-screened seronegative blood products. In this regard, it may be
important to consider using CMV-negative blood products for CMV-negative
patients during initial chemotherapy so that they may remain CMV negative
when referred for transplantation. Immunoprophylaxis using CMV-immune glo-
bulin has also been reported to be of use in CMV-negative patients. There is,
however, no proven effective therapy for established CMV infection, although
trials with a new antiviral agent, dihydroxymethylethoxymethylguanine
(DHPG), are encouraging [87, 88]. If these studies continue to show activity, the
prophylactic use of DHPG against CMV activation should be considered. We
have recently found that moderate doses of DHPG are tolerable in the immedi-
ate post-transplant period (F.R. Appelbaum, unpublished work). Another
approach to the prevention of CMYV infection may prove to be the use of adop-
tive immunotherapy. If one can isolate and expand T cells from the donor which
are specific for CMV-infected targets, it might be possible to infuse these cells
during the post-transplant period to provide the patient with specific immunity
to CMYV infection.

Many other infectious complications—such as herpes simplex infection,
Pneumocystis carinii pneumonia, or late infections with herpes zoster—are less
of a problem now that specific forms of therapy have been applied. The use of
systemic acyclovir early in the post-transplant period prevents herpes simplex.
Similarly, the use of prophylactic trimethoprim sulfamethoxazole can prevent
the development of Prneumocystis carinii. Early treatment of herpes zoster after
the transplant with acyclovir or vidarabine can usually limit this complication.

Further reduction in the incidence of bacterial, fungal, and viral infections
post-transplant might be possible if more rapid myeloid and lymphoid recovery
were achieved. The isolation and now production of various proteins which
stimulate cell growth both in vitro and in vivo—such as GM-CSF, G-CSF, and
IL-3—may provide a way to speed lymphohematopoietic recovery post-
transplant.

It is not the purpose of this chapter to review the large area of infectious
complications in the immunosuppressed patient since many other excellent re-
views have recently been prepared, and the reader is referred to these [89, 90].

Integration of Marrow Transplantation into the Therapeutic Plan

Unfortunately, little has been done to integrate marrow transplantation into the
overall treatment plan for most patients with hematologic malignancies. Rather,
patients are usually treated with standard chemotherapeutic regimens, and at
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some moment the physician or the patient decides that transplantation is war-
ranted, and the patient is referred for the procedure. This approach ignores at
least two considerations which may prove to be of importance to the patient:
first, there is the issue of timing, and second, there is the question of how initial
chemotherapy or radiotherapy may influence subsequent salvage transplant
approaches.

Consider, for example, the situation of a 40-year-old man with a newly
diagnosed high-grade lymphoma. If one decides that the best time to perform
transplantation in this patient is at first relapse and that chemotherapy should be
used initially in the hope of achieving an enduring remission, then at the very
least, while the patient is being treated with chemotherapy, either an HLA-
identical family member should be identified or the patient’s marrow should be
stored, so that transplantation could be carried out without delay in the event of
a relapse. Further consideration should be given to the type of initial therapy the
patient is given. For example, adding chest radiotherapy to his initial treatment
regimen might increase his chance of cure by a few percentage points but recude
his chance of being successfully treated with transplantation, were he to relapse,
since a higher incidence of fatal interstitial pneumonia has been observed post-
transplant in patients with a history of prior chest radiotherapy [23]. With the
availability of marrow transplant regimens with curative potential both for pa-
tients in first remission and for those at first relapse, the question how best to
integrate transplantation into the patient’s treatment plan requires more atten-
tion. In this way, the best overall strategy, with the highest chance for survival of
the patient, can be identified.
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8. Regional Therapies
A. Surbone and C.E. Myers

Introduction

Regional drug delivery represents an approach to increase the selectivity of anti-
neoplastic drugs for tumor versus normal tissues. The rationale is to increase the
drug concentration at the target site and to reduce it at sites where toxicity
occurs. Moreover, some tumors grow in specific body compartments which are
not always easily penetrated by drugs administered systemically, e.g., the
cerebro-spinal fluid (CSF) in meningeal carcinomatosis and the peritoneal cavity
in ovarian and gastrointestinal (GI) malignancies. Regional delivery has
appeared promising in several clinical situations, and we will review here the
results of clinical trials for the main methods of regional drug administration:
intra-arterial (IA), intraperitoneal (IP), intrathecal (IT), and intravesical. We
will also briefly discuss the local approach to third-space accumulations.

As the aim of this book is to describe new directions in cancer treatment, we
will focus on the recent advances in regional drug delivery, including the use of
biological response modifiers and of monoclonal antibodies, and we will specu-
late on future prospects. We believe that major improvements in cancer treat-
ment will be the result of the rational design of new drugs and optimization of
their administration. For this reason, we will stress the principles behind region-
al drug delivery that enable us to increase our ability to both predict and
achieve positive clinical results.

Several factors have to be taken into consideration: anatomical (the degree of
drug penetration is based on the actual tissue exposure to the drug, which varies
with different routes of administration and with different tumor types), technical
(feasibility and complications of regional delivery), and pharmacological. While
we will consider the anatomical and technical variables for each regional delivery
mode, we will treat separately those pharmacological concepts that appear rel-
evant to a better understanding and design of regional drug therapy in general.
It will become clear from the analysis of the clinical data that major considera-
tion should be given to appropriate patient selection, in order to improve the
results and to avoid the administration of complex treatments to patients who
are not likely to benefit from them.
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Essential Pharmacological Concepts

For regional chemotherapy to be effective, it is necessary that a) the drug is
active against the particular tumor type; b) systemic toxicity rather than local
toxicity is considered the limiting factor to clinical efficacy; c) the drug has a high
total body clearance relative to the clearance of drug from the local region to the
systemic circulation; d) the drug does not require metabolic activation at a site
different from the target tissue; and e) preferably, the drug should be inactivated
at the target site or by intervening tissue, so that a very low systemic dose is
delivered.
The main pharmacological concepts relevant to regional drug therapy are:

1. Pharmacokinetics and pharmacodynamics. Once a drug enters the body, it is
distributed and eliminated, so that different concentrations are reached
in different body compartments. Pharmacokinetics is the study of the
distribution-elimination phase and deals with concentrations and time. The
study of drug effects is the subject of pharmacodynamics, which therefore
deals with efficacy and toxicity.

2. Dose-response. Both efficacy and toxicity are related to the concentrations
achieved at different sites, which in turn depend on the dose administered. It
is often assumed that an increase in dose (and therefore in concentration at
the target site) invariably leads to an increase in efficacy. However, the rela-
tionship between dose and response is not linear: this means that on the
concentration-response curve there is a critical level where the maximum
drug effect has been reached, and beyond which even major increases in drug
concentration will produce only minimal differences in efficacy. In cancer
chemotherapy, we most often deal with situations where we expect to achieve
substantial improvements in tumor cell kill by increasing the dose. However,
due to the lack of selectivity and of rescue methods available, dose incre-
ments invariably lead to systemic toxicity, which becomes dose limiting. The
rationale for regional drug delivery is to increase the concentration at the
target site, while minimizing increases in systemic drug concentrations. A
knowledge of the dose-response curve for the drug selected would be ex-
tremely useful in predicting the efficacy of regional delivery.

3. Basic pharmacokinetic considerations. Systemic and tissue drug exposure are
inversely proportional to the total body clearance. Total body clearance
occurs through three different mechanisms: metabolism, excretion, and irre-
versible binding. With the regional delivery mode, the regional exchange rate
is the other determinant of target tissue exposure. For conventional che-
motherapeutic agents, it can be estimated as 1 ml/min for the IT route, 10
ml/min for the IP route, and 100-1500 ml/min for the IA route. The ratio of
the target site concentration to the systemic concentration gives the selectiv-
ity for regional delivery. To increase this ratio, it would be necessary to slow
the regional exchange rate and to reduce the systemic delivery. The latter
could be achieved in the case of a drug metabolized or eliminated by the
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tissue that receives it locally, so that a first-pass effect would prevent it from
reaching the systemic circulation, e.g., S-fluorouracial (SFU) and fluorodeox-
yuridine (FUDR) given via the hepatic artery. It is clear that once the drug
has left its target tissue and has entered the systemic circulation, it then be-
haves as an IV administered drug.

4. Basic drug characteristics. Theoretically, the entire advantage of regional
drug delivery should be obtained at the first encounter of drug with its target.
Therefore, in the IA route, the selection of a phase-specific drug would be
suboptimal due to the short treatment time. A non-phase-specific drug,
such as an alkylating agent, would be preferable. Phase-specific drugs could
be used when continuous infusion is technically feasible. As previously men-
tioned, the local tissue toxicity must be minimal, and the drug must not re-
quire any metabolic activation outside the site of administration.

Clinical Applications

From the previous paragraphs, it would appear very easy to predict the clinical
outcome of each regional drug delivery protocol. Unfortunately, many other
factors (anatomical, technical, and host-tumor interactions) need to be evalu-
ated; moreover, the principles stated above cannot be considered separately.
We will give here two examples of clinical situations:

1. Doxorubicin. There is evidence of a dose-response curve for this drug, and
before undertaking a phase I IP trial [1], we calculated that the IP route
should convert an incurable tumor into a tumor with an appreciable cure rate.
The clinical phase I trial confirmed the expected concentration advantage. It
also showed that this could indeed translate into better therapeutic efficacy,
as there is a much higher doxorubicin concentration in tumor cells after IP
administration, than after administration of the same dose IV. However,
doxorubicin produced severe chemical peritonitis even at low doses, and it
therefore proved not to be of clinical value as a drug for IP use.

2. 5FU. Most of the time, we assume linear pharmacokinetics for every drug,
but this is not always true. In fact, when a saturable process takes place
(enzymatic degradation, binding, etc.), the relationship between drug con-
centration and regional clearance cases to be linear. This is the case with IP
administration of SFU because of its enzymatic degradation in the liver. The
result is that as the drug dose increases, the liver clearance and total body
clearance of the drug drop. The effect of this nonlinear pharmacokinetics is
that if the total body clearance drops, the ratio of total body to peritoneal
clearance diminishes. This, in turn, leads to a decrease in the pharmacologi-
cal advantage for IP chemotherapy.

These two examples are not meant to discourage regional delivery. However,
increased efforts should be made to carry out both careful preclinical evaluation
and careful monitoring of pharmacokinetics during the clinical trial.
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Fig. 1. Methotrexate (MTX) levels in 105
plasma (®) and peritoneal fluid (A) in a
patient with ovarian cancer following IV
treatment with 20 mg/kg methotrexate

107

107

[MTX], M

10°®

107

Malignant Effusions

Direct instillation of cytotoxic agents has been used initially to control malignant
effusions. We will not describe here in detail the experience in this field, as it is
already part of the standard management of cancer at this site. Both cytotoxic
agents (bleomycin, thiotepa, mechlorethamine, SFU, doxorubicin, and cis-
platinum) and radioactive isotopes (1°*Au and 32P) have been utilized, after an
attempt to drain the third-space fluid collection, for pleural, peritoneal, and
pericardial malignant effusions. The response rate varies from 30% to 60%.

The problem of third-space fluid accumulation has been one of the conceptual
bases for the development of regional drug delivery. In fact, the rationale behind
intracavitary therapy arose as a consequence of research on the impact of large
peritoneal fluid accumulations on the pharmacokinetics of IV administered
drugs. Chabner and Young [2] showed that when methotrexate (MTX) is admin-
istered IV to patients with a large amount of ascites, the blood levels are sus-
tained for much longer than usual. MTX penetrates the peritoneal cavity, and
then the large volume of drug-containing fluid acts as a reservoir, metering drug
to the plasma during the terminal phase of drug clearance (Fig. 1). The analysis
of this phenomenon revealed that the peritoneum acted as a diffusion barrier,
and that the peritoneal clearance of a drug was much lower than its plasma
clearance (5 ml/min vs 120 ml/min for MTX). This immediately suggested that if
a drug was directly instilled into the peritoneal cavity, the peritoneal drug con-
centrations should be much higher than those in plasma.
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Fig. 2. A two-compartment model of the relationship between intraperitoneal drug and systemic
drug levels. Vp and C, represent the volume of distribution and the plasma concentration of the
drug, respectively, V and C represent the volume and drug concentration in the peritoneal fluid; PA,
peritoneal clearance; k, total-body clearance

IP Therapy

Two very common malignancies, ovarian and colon carcinoma, tend to remain
confined to or to recur in the abdominal cavity. Other GI tumors and occasional-
ly breast cancer also spread to the peritoneum and to the intra-abdominal
organs. Ovarian cancer is the most frequent cause of death from gynecologic
malignancy and represents the fourth most frequent cause of death in women in
the United States of America. Colon cancer represents the second most frequent
cause of death from cancer in the United States, affecting both sexes, and having
an incidence in the USA of approximately 120000 new cases a year. The results
of systemic therapy in these diseases are still not satisfactory, and therefore a
major attempt has been made to improve drug efficacy through regional deliv-
ery. The basic pharmacokinetic model for IP therapy will be described here in de-
tail; this model also applies to all other routes of regional drug delivery (Fig. 2).

Pharmacokinetics

The peritoneal fluid is a compartment which can be characterized by its volume
and the contained drug. The whole-body compartment is also characterized by a
volume and a concentration [3]. The exchange between these two compartments
is defined by the product of the permeability between them and their area of
contact. Since neither the area of contact nor the permeability can be deter-
mined in a clinical situation, the process of exchange must be expressed as a
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clearance value in milliliters per minute. The total-body clearance represents the
rate (k) at which the drug is removed from this two-compartment system. From
this model, it is possible to derive a series of equations. The two-compartment
model can be expressed as follows:

C,/Cy = [R(PA) + k]/PA, (1)

where C, and Cy, are drug concentrations in peritoneal fluid and total body
(plasma), respectively; PA is the peritoneal clearance (in milliliters per minute);
k is the total-body clearance; and R is a factor required to account for protein
binding. The equation applies also to the area under the concentration curve
(AUQ). In the case of IP administration—where, for anticancer drugs, k is much
higher than PA, and protein binding is geneally not important—Eq. 1 can be
further simplified to Eq. 2:

Cy/Cy» = Cl/Cl,, @)

where C;, and Cy, are the concentrations in the peritoneum and in the body, and
Cly, and CI;, are the clearances in the total body and in the peritoneum, respec-
tively. This explains why an ideal drug should have rapid total-body clearance
and very slow regional clearance, as previously mentioned. Also, the total-body
clearance of the ideal drug should not be affected by the dose (e.g., the drug
clearance should not decrease as a result of saturable enzymatic degradation). If
this were so, the pharmacological advantage of IP therapy would also decline as
a function of the dose.

In order to make use of Eq. 2, the values of drug clearance from the body and
from the peritoneum should be known. Generally, the total-body clearance is
determined during phase I and phase II studies for all drugs. Determination of
the peritoneal clearance is based mostly on the molecular weight and on the lipid
solubility of the drug. In fact, the passage of drugs across the peritoneum occurs
either through intercellular or through intracellular pores. The first is dependent
upon the size or molecular weight, while the second depends on the lipid solubil-
ity (Fig. 3, Table 1). Initially, this relationship had been established in the peri-
toneal dialysis literature for naturally occurring substances such as glucose,
creatinine, and urea. Now, extensive data also exist for the antineoplastic drugs,
due to the fact that the results obtained for them in animal models can be reli-
ably applied to humans.

As can be appreciated from Table 1, lipid-soluble drugs cross the peritoneum
at a much more rapid rate than would be estimated from their molecular weight
(e.g., hexamethylmelamine); clearly, these lipid-soluble drugs would not be
ideal for IP delivery, as they would leave the cavity at too fast a rate.

Table 2 shows that the pharmacokinetic model proposed here has been used
successfully to predict the behavior of MTX, 5-FU, cytosine arabinoside (Ara-C),
and cis-platinum given IP. As an example, we will show how calculations were
done in the case of MTX, taking into account that for this drug, saturable clear-
ance and protein binding do not represent a significant problem. MTX total-
body clearance is 113 ml/min, and its peritoneal clearance is 5.1 ml/min. The
pharmacological advantage for IP administration, or ratio of IP to IV drug
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Fig. 3. The relationship between molecular weight and peritoneal clearance for a range of natural
compounds and drugs in humans (OO) and rats (@). Rat data scaled according to (body weight)-7

concentration after regional administration, would be (5.1 + 113)/5.1 =23 (or,
simplified, 113/5.1 = 22). This calculation is an excellent estimate of the actual
results published after clinical trials [4]. Generally, the peritoneal clearance of
most antineoplastic drugs is below 30 ml/min, as they are commonly water-
soluble and with molecular weights between 100 and 1000. For these same
reasons, their total-body clearances are usually equal to or greater than the
glomerular clearance (higher than 100 ml/min). From this is follows that the
pharmacological advantage for most cancer drugs after IP administration is at
least three fold, and it can be several thousandfold for a drug such as cytosine
arabinoside.

For most drugs used in the treatment of ovarian cancer, as previously men-
tioned, the ratio of the AUC (ratio of total drug exposure for the peritoneal
cavity to that for the plasma) is now known: 6 for carboplatinum (CBDCA), 12
for cis-platinum, 65 for melphalan and Etoposide (VP-16), 92 for MTX, and
400-2500 for SFU. This pharmacology gives the clinician considerable flexibility
in the clinical use of IP therapy. Peak drug levels that would never be tolerated
systemically can be achieved by single bolus infusions, while high IP drug levels
can be maintained for prolonged periods using repeated exchange dialysis (very
high MTX levels have been maintained for more than 100 h, with systemic leuco-
vorin rescue).

Once an advantage in the AUC ratio has been established for the peritoneal
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Table 1. Absorption of drug from rat peritoneum over a 1 h period

Absorption Molecular weight
Drug (%) (daltons) K(Heptane)
Asparaginase 9.0 133000 0.19
Bleomycin 12.7 1400 0.002
Actinomycin D 21.0 1256 0.23
Doxorubicin 10.9 544 -
Dichloromethotrexate 25.6 540 0.002
Methotrexate 15.0 472 0.001
Phenylalanine mustard 25.0 323 0.1
Chlorambucil 69.2 304 0.01
Cis-diammine-dichloroplatinum 24.6 300 <0.001
Cyclophosphamide 37.0 261 0.2
Cytosine Arabinoside 29.5 243 0.006
Hexamethylmelamine 91.7 210 11.2
Thiotepa 74.4 188 0.2
5-Fluorouracil 28.4 130 0.09

Table 2. The pharmacological advantage of IP drug administration

Reference Drug Advantage?
Speyer et al. [14] SFU 111-898
Gyves et al. SFU 550-7852
Demicheli et al. SFU 120-1350
Ozols et al. [1] Doxorubicin 474
Howell et al. [19] Cis-DDP 21
Casper et al. [20] Cis-DDP 30
Jones et al. [4] Methotrexate 18-36
Howell et al. [13] Methotrexate 92

2Ratio of AUC or peak drug levels, range or mean.
SFU, S-fluorouracil

cavity for a given drug, it is necessary to consider the distribution of the drug
within the peritoneal cavity, for ideally there should be an even exposure of the
entire peritoneal surface to the drug-containing fluid. Then, the degree of drug
penetration into the tumor mass has to be considered, and finally, one must
examine the factors that govern drug egress from the peritoneum.

IP Drug Distribution

Peritoneography [5] has proven that intra-abdominal seeding of cancer cells de-
pends on the flow of ascitic fluid and is determined by peritoneal reflections and
recesses, by gravity, and by subdiaphragmatic pressure. The commonest sites of
metastatic implants are the pouch of Douglas at the rectosigmoid level, the right
lower quadrant at the end of the small mesentery, the left lower quadrant along
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the superior border of the sigmoid mesocolon and colon, and the right paracolic
gutter lateral to the cecum and ascending colon. The success of IP therapy re-
quires that the entire peritoneal surface be bathed in the drug-containing fluid.
This is often very difficult in a clinical situation, where patients have generally
had multiple surgery and have tumor deposits, as previously described, which
plaster bowel, mesentery, and abdominal wall together. There is experimental
evidence that the IP pressures affect the plasma-peritoneum exchanges, and that
a large IP volume of fluid would permit the maintenance of higher concentra-
tions in the cavity [6]. Based on the above considerations, several authors [7, 8]
have studied the distribution of the fluid in order to determine the amount of
drug-containing fluid which is necessary to achieve an adequate drug distribu-
tion. The use of 40-80 ml meglumine diatrizoate (Hypaque) in 2 liters of dialysis
fluid allowed a good and almost complete visualization of the distribution of the
fluid in the peritoneal cavity and of the tumor masses. Thus, 1.8-2.0 liters is the
volume now accepted as sufficient to distend the abdominal cavity and obtain an
even fluid distribution. Such an amount of fluid is also well tolerated by most
patients.

The mechanisms of drug egress from the peritoneal cavity can be summarized
as follows. The visceral peritoneum drains into the portal vein, and therefore
from 30% to 70% of the instilled drug goes to the liver, while the parietal peri-
toneum drains into the inferior vena cava. In addition, there is direct binding to
tissues, IP metabolism, and absorption via lymphatics.

Tumor Penetration

The penetration of the tumor mass is affected by distribution within the peri-
toneum, by diffusion into the tumor mass, and by drug removal via the tumor
capillaries. The diffusivity of a drug is a function of its molecular weight, and so
is the capillary permeability. However, the capillary permeability falls off more
rapidly than the diffusion as a function of molecular weight. As a result, capillary
removal is the major factor limiting the depth of penetration, and in the molecu-
lar weight range of most conventional antineoplastic drugs, the penetration is
constant.

The depth of penetration has been estimated in experimental [9] and clinical
trials [10]. As an example, the human data on doxorubicin confirmed the ex-
perimental evidence that this drug does not penetrate for more than six to eight
cell layers. Other studies [11] have shown that cis-platinum tissue levels are high-
er for the first 3 mm from the peritoneal surface when the drug is given IP
instead of IV. It therefore becomes extremely important to clearly define the
subsets of patients who will benefit from IP drug therapy, and it will be evident
from the review of clinical trials that absence of bulky disease is an advan-
tage. On the other hand, it also becomes necessary to explore new agents, select-
ing those which are more likely to penetrate deeper, such as protein-sized agents
of molecular weight higher than 15000 daltons. It should also be borne in mind
that the tumor is exposed not only to the IP drug but also the IV drug concentra-

174



tion, and this could result in a therapeutic benefit. An additional factor is that
most carcinomatous tumor masses lack lymphatic drainage. While this removes
the lymphatics as a potential route of drug egress from the tumor, it also means
that proteins such as albumin, which leak from the capillaries into the tumor,
will tend to accumulate. As a result, the pressure within the tumor mass will
increase. This is one of the major forces which decrease tumor blood flow. One
consequence of this increased pressure gradient across the tumor mass is that
there will be bulk flow from the tumor center towards its exterior. This bulk flow
will tend to lessen the ability of drugs and proteins administered IP to penetrate
the tumor mass.

Drug Delivery

Before reviewing the clinical results, we will briefly consider some of the tech-
nical aspects of IP delivery. The vast bulk of experience comes from peri-
toneal dialysis, and the problems encountered in cancer chemotherapy are not
substantially different. In the rare instances of protocols requiring only a single
instillation every few weeks, it might be sufficient to insert an 18-gauge needle
percutaneously. However, most of the clinical trials now use repeated instilla-
tions, and under these circumstances, the percutaneous approach carries too
high a risk of bowel perforation and infection. Therefore, it is necessary to con-
sider indwelling catheters. The two main types are the Tenckhoff and the Port-a-
cath, with several variants. The Tenckhoff catheter system has been widely ap-
plied in the treatment of renal failure, and its efficacy has also been repeatedly
proven in cancer chemotherapy. It can be inserted blindly or surgically (during
peritoneoscopy or laparotomy).

When considering the oncological experience, the most significant complica-
tions have been (a) pain associated with fluid instillation, (b) bacterial infections
of the catheter and/or the peritoneum and, (c) failure to drain. The pain during
fluid instillation is most often the result of stretching of adhesions, while the
failure to drain is often due to fibrin plugs in the catheter and/or twisting of the
catheter. The frequency of infections depends mostly on the skills of the medical
and nursing staff and on appropriate patient training. All these problems have
been encountered in the renal failure literature too, and information is available
on how to manage these complications. It is generally true that early failures
are due to lack of proper patient selection and surgical skills, while long-term
failures are mostly due to infectious events and are heavily influenced by nursing
care and patient instruction [12]. The same applies to oncological situations, but
here the concept of proper patient selection becomes less clearly defined since
often there are few remaining alternatives. Also, due to the immunosuppression
consequent upon both the neoplasm and antineoplastic therapies, cancer pa-
tients are at higher risk of infections and of severe complications from infectious
events.

For these reasons, various catheters have been tried. Howell et al. [13] have
used the Port-a-cath system, which is a subcutaneously implantable drug deliv-
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ery system. It offers the major advantage to the patient of not having a foreign
object protruding from the abdomen and of not requiring any care during the
intervals between therapies. This leads to a reduced risk of infections and sim-
plifies the issues of nursing care and patient education. However, drainage prob-
lems become magnified, and for protocols requiring repeated exchange dialysis,
the Tenckhoff system is still preferred. Unfortunately, neither appears optimal,
and better catheters need to be designed in order to decrease the complication
rate.

Clinical Studies

Several phase I and phase II trials of IP therapy have been published for ovarian
and colon cancer. In reviewing them, both the efficacy and the type of toxicity
will be considered. The phase I trials of IP MTX [4, 13] showed dose-limiting
toxicity to be bone marrow suppression, which could be controlled by the use of
leucovorin rescue. For SFU [14-16], the dose-limiting toxicities are bone
marrow suppression and chemical peritonitis. For doxorubicin [1, 17], the dose-
limiting toxicity proved to be a form of serious and prolonged chemical peritoni-
tis. Cis-platinum [18-20] was limited by the systemic dose absorbed, which
caused renal toxicity, nausea and vomiting, and neurotoxicity, but peritoneal
irritation was not a significant problem. Various methods have been used to
reduce the systemic toxicity of cis-platinum, and thiosulfate and hypertonic
saline both appeared effective in reducing the degree of nephrotoxicity and
allowing higher doses to be administered [19, 20]. Melphalan also was proven to
have dose-limiting systemic rather than local toxicity [21]. CBDCA has dose-
limiting systemic toxicity, in the form of myelosuppression [22]. Vinblastine
sulfate (Velban) had to be abandoned by the IP route because of the frequency
of induction of paralytic ileus [23]. Ara-C was minimally toxic, both systemically
and locally [24].

All the early clinical trials were done in cancer patients in whom numerous
other therapies had already failed, but in spite of this, responses were observed.
Of the ten patients treated with doxorubicin, three obtained an objective re-
sponse and two had reduction in ascites formation. 5FU produced only one re-
sponse (7%), but it was a complete remission which lasted for more than 3 years.
The response rate to melphalan was similarly low (7%). No major activity was
seen for MTX and Ara-C. The drug that appears most promising for IP therapy
is cis-platinum. In a fairly large phase II trial, a 30% complete response rate has
been reported in ovarian cancer patients previously treated with systemic cis-
platinum [25]. Pilot studies [26] are now being conducted to investigate the role
of IP cis-platinum both as a first-line therapy in advanced disease and as
adjuvant chemotherapy for early stages. The latter patients particularly could
benefit from regional cis-platinum, as both the early trials and the phase 11
study have shown that the subset of patients most likely to benefit from IP
therapy is the one with small-volume disease [27]. IP chemotherapy could
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therefore be used as a substitute for IP radioisotopes in early ovarian cancer,
or after surgical debulking of advanced disease, or as a consolidation after
systemic chemotherapy or abdominal radiotherapy [28].

In GI malignancies, IP SFU has been used to achieve high IP and portal vein
concentrations and could for this reason be considered as an alternative to hepa-
tic artery infusion for the control of liver metastasis [14, 29]. On the basis of the
demonstration that high portal drug concentrations can be achieved (Fig. 4) and
of the results of a subsequent randomized trial of IV versus IP 5-FU [30], which
demonstrated that greater amounts of drug could be delivered by the IP route, it
might be appropriate to investigate the role of IP 5-FU in patients at high risk of
developing hepatic metastasis [31].
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New Developments

The use of IP delivery to treat bulky disease is not irrational, but it should be
done using different agents, with deeper penetration into the tumor mass. Biolog-
ical response modifiers and monoclonal antibodies have been tried, and part of
the rationale behind their use is their high molecular weight [32-34]. In fact,
protein-sized molecules (>15000 daltons) leave the peritoneal cavity only
through the lymphatics [35], and it is known that very often, tumors have no
internal lymphatic drainage. As a consequence, the depth of penetration of
protein-sized agents should not be as limited as for conventional chemother-
apeutic agents. For this to be true, sufficient time should be allowed for penetra-
tion. In fact, diffusion is a function of the square root of time (e.g., if a drug
diffuses 1x in 1 h, it will diffuse 12x in 144 h), and a drug could take weeks to
completely cross a 5- to 10-cm mass. As described above, this process will be
slowed by bulk flow from the tumor center to its periphery.

Radiolabeled monoclonal antibodies have been successfully used to localize
tumor masses [36], after both IV and IP administration. The IP route appears to
give better tumor detection, with more than 95% of the lesions identified in
patients with pseudomyxoma peritonei [37], as confirmed by subsequent his-
tological evaluation. Several radiolabeled antiovarian monoclonal antibodies
have been used with some clinical activity in stage III ovarian cancer, and those
studies are at present ongoing. We can expect in the future to improve the selec-
tion of the antibody [higher affinity for the target antigen; human rather than
mouse origin; conjugation with different therapeutic isotopes; use of antibody
fragments, e.g., lacking crystallizable fragment (Fc) regions which increase
nonspecific binding and hepatosplenic uptake}].

The use of liposome-encapsulated drugs could give pharmacological advan-
tages when administered IP, as the release from the peritoneum would be slow-
er, and the systemic concentrations reduced. In the future, the combination of
such a form of drug therapy with monoclonal antibodies could possibly lead to
increased therapeutic efficacy with minimal toxicity.

Immunotherapy with both a- and y-interferon [38, 39] has been used in ad-
vanced ovarian cancer, and the pharmacokinetics resulted in high IP concentra-
tions after regional administration. Previous trials with Corynebacterium parvum
[40] had documented some responses in patients with minimal residual disease.

Recently, IP interleukin-2 and lymphokine-activated killer (LAK) cells have
been studied in peritoneal carcinomatosis [41]. Toxicity has been observed both
systemically and locally, but three partial responses have been obtained in
patients with disease greater than 2 cm. This approach deserves further inves-
tigation.

Other future possibilities are the development and use of systemic neutraliz-
ing agents to be administered concurrently with the IP therapy (such as I'V leuco-
vorin and IP MTX, IV thiosulfate and IP cis-platinum) [42]; the use of agents
that could enhance the uptake and the cytotoxicity of antineoplastic drugs (such
as glutaminase in combination with melphalan) [43]; and finally, the design of
IP combination chemotherapy [44, 45]. Other attempts (such as hypo- and/or
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hyperthermia [46, 47]) have been made without major clinical impact. Again,
new approaches should be designed on the basis of solid pharmacological and
experimental rationale, rather than on continuing in the tradition of empirical
clinical trials.

IA Therapy

The goal of IA infusion is the same as that of IP delivery: to increase the ther-
apeutic index of antineoplastic agents. The pharmacological principles are not
different from those already discussed for the IP route [48], except for the fact
that the blood flow becomes a major determinant of the AUC ratio. A blood
flow of 100 ml/min is what we can expect in a small artery, while a large artery
will probably have a flow of approximately 1000-1500 ml/min [49]. If we re-
peat, for IA delivery, the same basic calculations we used for IP MTX, we will
see that with an approximate total-body clearance of 200 ml/min and a carotid
flow of 300 ml/min, the ratio would be only 1.67. We can therefore say that the
ideal drug for IA infusion should have a high clearance rate, e.g., carmustine
(BCNU), and should be administered through a low-flow artery; this would re-
sult in the highest delivery advantage.

For the IA route, possibly even more than for the IP route, the role of first-
pass effect is extemely important, as is the time when it occurs in relation to the
tumor exposure. Drug metabolized in the site of administration will give a high
pharmacological advantage (e.g., SFU and FUDR in hepatic delivery). Another
determinant is the anatomy of the tumor blood supply, which is variable, de-
pending on the histology, size, and location of the neoplastic mass. Mostly, IA
therapy has been used for head and neck tumors, for sarcomas and melanomas
of the extremities, and for liver perfusion.

Drug Delivery

The artery chosen for drug delivery can be reached in several ways (direct injec-
tion through a needle, direct catheterization, or indirect retrograde catheteriza-
tion through collaterals or distant vessels). The ideal situation would be to be
able to drain all the drug from the vein, to avoid systemic exposure. This is the
purpose of isolation-perfusion techniques [50], but a complete isolation of the
target tissue is possible only in particular anatomical areas (e.g., limbs). In
all other situations, there may be an advantage in the fact that the dilution in
the systemic blood will lead to recirculation through the tumor vessels, but the
systemic toxicity of the drug must also be considered.

IA drugs should always be given at reduced doses, based not on the usual
body surface, but on the volume of tissues supplied by the catheterized vessel.
The local concentration should be maintained at a high level, and, during con-
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tinuous infusions, it appears better to reduce the infusion duration rather than
the dose. The administration of SFU and/or FUDR by intrahepatic infusion is a
separate case, as these drugs are metabolized in the liver, and therefore the dose
that reaches the systemic circulation is very low.

All TA delivery techniques present some technical difficulties which can be
summarized as follows: (a) those related to the catheter insertion (bleeding,
perforation, and infections); (b) those related to the indwelling catheter (occlu-
sion, vessel wall trauma, breaking, dislocation, and infections); (c) those related
to the drug (arteritis, cerebral complications from drugs infused into the com-
mon carotid during head and neck perfusion, chemical peritonitis in case of
catheter dislocation during hepatic infusion); and (d) those related to possible
associated procedures (bullous edema and functional impairment of the extremi-
ties due to hyperthermia during hyperthermic limb perfusion, and nerve paral-
ysis due to compression during the use of a tourniquet for extremity perfusion).
Overall, these complications and technical problems amount to not more than
10%—15% of cases and can be reduced if well-trained physicians and nurses are
familiar with their early signs. Unlike what has been described for IP therapy,
IA therapy generally utilizes drug combinations. Moreover, drugs are often
given IA in preparation for local treatments (surgery and/or radiation therapy),
and the radiosensitizer properties of some of them are used to enhance radiation
efficacy.

Clinical Studies

As a general rule, IA delivery is mostly used (a) to obtain rapid regression of a
tumor mass in order to convert an inoperable into a resectable tumor, (b) for
analgesia and palliation of locally intractable pain, (c) as a preparation for local
treatment in a combined modality approach, and (d) for control of liver meta-
stases.

More recently, portal vein infusion of SFU, as a postsurgical adjuvant
chemotherapy for colon cancer, has been pioneered by a British group [51] with
encouraging results. Further studies are continuing.

In head and neck tumors, the results have been encouraging, showing im-
proved survival and disease-free survival in patients with advanced disease
treated with IA combination chemotherapy prior to surgery [52-54].

In sarcomas and melanomas of the extremities, combination chemotherapy
has been used together with hyperthermia. As recently reported [55, 56], hyper-
thermic perfusion has shown activity both preoperatively in stage I melanoma
and postoperatively in stage I-III, with increases in both survival and disease-
free survival. The results in sarcoma treatment [57-59] have been encouraging
both in the multimodality approach to early stages and as an accepted palliation
for advanced stages when pain cannot be controlled otherwise. Hyperthermia
leads to the appearance of different toxicities (bullous edema and functional
impairment), which can be severe but are generally transient.
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Hepatic Infusion

In the field of hepatic infusion, only 5-FU and FUDR have shown efficacy for
the control of metastasis from colon cancer. The rationale behind the use of
these two drugs is that (a) both have shown efficacy in GI malignancies; (b) both
are inactivated by the liver, and therefore the systemic dose can be maintained
at a very low level, while achieving high local concentrations; (c) different
approaches can be utilized (intrahepatic artery or portal vein infusion) according
to the size of the metastasis to be treated, as micro- or small metastases depend
on the portal vein flow, while the bigger metastases are supplied by the hepatic
artery; and (d) both could be useful as adjuvant therapy for patients at high risk
of developing liver metastases.

5-FU infusion through the portal vein as adjuvant therapy has been studied,
as previously mentioned [51], in a large, randomized, placebo-controlled trial.
There was a statistically significant survival advantage (p < 0.002) for the treated
arm. The results of the Northern Californian Oncology Group randomized trial
of 1A versus IV FUDR treatment of established liver metastases have recently
been reported [60]: responses were significantly higher and longer-lived in the
IA arm. The main toxicity observed was biliary sclerosis, due to excessively high
FUDR concentration. This was limited by subsequent dose reduction. In the IA
arm, the dose-limiting toxicity was elevation of liver enzymes, while no systemic
toxicity was observed. Some groups [61] have tried adjuvant constant arterial
infusion of FUDR via a hepatic arterial infusion pump for treatment of com-
pletely resected colonic liver metastasis; in that small group of patients, no im-
pact on survival was seen, and significant morbidity was observed. As mentioned
in the section on IP therapy, IP SFU seems to produce hepatic artery concentra-
tions similar to those achieved by catheterization, and this approach could be
used as a substitute for IA therapy in the future.

Other Studies

The use of IA therapy with degradable microspheres [62, 63] could increase drug
levels in the region of capillaries, without a concomitant increment in overall
liver drug levels; this could improve the therapeutic index. Another related
experimental possibility is the use of combination chemotherapy together with
gelfoam [64] to induce chemoembolization and tumor infarction; such studies
are at present ongoing.

IA therapy has also been used in other clinical situations—such as cervical
and uterine carcinomas; kidney, bladder, and vesical tumors; nonoat-cell carci-
nomas of the lung; and brain neoplasia—with controversial results. The difficul-
ty of the problem can be appreciated if one focuses on the IA therapy for brain
malignancies. A large phase 111 study [65] of malignant gliomas has been under-
taken, comparing IV with intracarotid BCNU in 283 randomized patients. A
lack of therapeutic advantage was observed together with serious toxicity, such
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as irreversible encephalopathy and visual loss ipsilateral to the infused carotid
artery. Even if the toxic events could be decreased by reducing the drug dose,
the analysis of the results led to discontinuation of the randomization. Also,
studies have ben conducted to analyze the role of opening the blood-brain bar-
rier (BBB) with intracarotid mannitol, but the animal data indicate that the
opening effect was almost totally restricted to the cortex, while no change was
observed in the “‘blood-tumor barrier” [66]. We will discuss this concept further,
but it is clear that such an attempt is unlikely to have any therapeutic efficacy.

In conclusion, IA delivery appears promising for certain tumor types and
patient subsets, and it needs to be investigated, together with other strategies, as
a potential means of improving the therapeutic index [67].

IT Therapy

The same compartment model as was described for IP and IA delivery can be
applied to the administration of drugs into the CSF. When tumors spread to the
leptomeninges or metastasize to the brain, the survival of untreated patients is
less than 6 weeks. Chemotherapy is effective, alone or in combination with
radiation therapy, but needs to be delivered regionally because of the presence
of the BBB.

Before discussing the technical aspects and the clinical results, it is important
to briefly summarize what is known about the BBB. First, this terminology has
been introduced because of the evidence that (a) water-soluble, ionized mole-
cules do not easily penetrate into the CSF after systemic administration and (b)
the brain extracellular fluid is similar to the CSF rather than to that of the other
tissues (e.g., it appears more like an ultrafiltrate than a transudate). There is an
anatomical explanation for these phenomena: the endothelial cells of the brain
capillaries are joined together by tight junctions and do not have the usual fenes-
trae; therefore, the BBB behaves as a lipid bilayer. There are two methods of
predicting whether a drug will penetrate the BBB, which are respectively based
on (a) the partition coefficient and (b) the diffusion coefficient. Also, the possi-
bility of carrier-mediated systems through the capillary membrance needs to be
considered. When dealing with a lipid-soluble drug, its entry into the BBB will
depend on the blood flow. It has been recently demonstrated by quantitative
autoradiography that the blood flow is generally decreased in brain tumors, and
that the possible disruption of the BBB (which in the past has been considered as
a characteristic of brain tumors) is variable both in different tumors and in differ-
ent areas of the same neoplasia. This is to say that we should start thinking in
terms of blood-tumor barrier rather than blood-brain barrier; this will probably
help the development of more effective treatments.

The first therapeutic success in this field was obtained with IT MTX in 1958
[68], and it was followed by sporadic observations until a large study was
conducted on 59 leukemic children [69, 70]. Since then, the survival of acute
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leukemic children has dramatically improved due to the control of meningeal
leukemia.

Meningeal carcinomatosis is seen more and more frequently in solid tumors
due to the improvement in survival that has been achieved with systemic ther-
apy. IT therapy has also proven its efficacy in meningeal involvement from solid
tumors, and there are now some long-term survivors. Moreover, patients who
die after treatment for meningeal carcinomatosis are usually seen to have mini-
mal CNS disease at autopsy, death being due to disseminated disease outside the
meninges. This situation differs from that of meningeal involvement accompa-
nied by parenchymal metastasis because in the latter case the achievement of a
complete response is much more difficult. The drug that has been most often
studied and used by the IT route is MTX, and we will not review in detail the
extensive literature on this subject, as it is now part of the standard oncological
armamentarium [70-74]. However, we shall focus on some of the technical and
pharmacokinetic aspects of IT MTX delivery, as their analysis can give impor-
tant insights relevant to the development of new strategies.

First, MTX is known to have neurotoxicity due to its penetration across the
BBB (almost 3% of a concomitant plasma level). Its neurotoxicity is enhanced
when MTX is given IT. Indeed, when drugs are administered 1T, adverse local
effects represent the most worrisome toxicity.

The obtainment of an even and adequate distribution also represents an
important problem. Two routes of IT administration are available: by lumbar
puncture (LP) and by ventricular reservoir (Ommaya). With the LP route,
several factors contribute to the development of local toxicity and also to the
failure to achieve an even distribution: (a) after an LP, the MTX concentrations
in the ventricular CSF are variable and do not generally exceed 10% of the
spinal CSF concentration [75]; (b) the concentration peak at the injection site is
in the range 10—4-10-3M, which is elevated and can lead to arachnoiditis [76];
and (c) LPs are complicated in 10% of cases by CSF leakage from the subarach-
noid space due to inappropriate needle positioning [77, 78], which predisposes
to elevated local concentrations with possible unexpected toxicity, and to
suboptimal MTX concentration at the ventricular level. On the other hand, the
intraventricular route allows for stable concentrations to be achieved, and the
difference between the concentrations obtained by the two routes has been com-
pared to the difference in plasma levels after an oral versus and IV dose of a drug
[79]. However, Ommaya reservoir placement, if certainly advised for treatment
and prophylaxis of meningeal leukemias in children, is not devoid of complica-
tions [80, 81] and represents a surgical intervention often refused by the patients.
Despite the pharmacokinetic data, there is not yet definitive evidence of the
superiority of the intraventricular route in terms of clinical results in solid tumors
with leptomeningeal metastasis.

These considerations make the choice between the two routes of administra-
tion very difficult when dealing with meningeal carcinomatosis in adults with
solid tumors; in deciding, the clinician must weight the overall prognosis of the
patient, taking into account other sites of disease. Practical considerations, such
as the availability and expertise of a neurosurgical team, will also have to be
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considered. From a theoretical point of view, the major advantages of the in-
traventricular route would be to allow a more uniform distribution and to reduce
the peak concentration of a drug; in fact, it has been proven that toxicity is
related to the concentration peak. Intraventricular reservoirs would allow the
administration of a lower total dose (concentration x time theory [82] or of con-
tinuous infusions [83].

It should be borne in mind that (a) meningeal infiltration at the level of the
arachnoid granulations may reduce CSF reabsorption and therefore enhances
the risk of toxic phenomena due to an increased CSF drug concentration (this
explains why IT administration of drugs results in more toxicity when used to
treat established disease rather than for prophylaxis); (b) drugs such as MTX are
reintroduced into the CSF by retograde diffusion from the brain tissue, and their
clearance curve is biphasic [84]; (c) after CSF instillation of a drug, the penetra-
tion into the brain tissue does not exceed a few millimeters in depth [85-87]; (d)
the concentration in the parenchyma relates to both space and time factors due
to the presence of concentration gradients (in fact, the drug introduced by IT
delivery is removed by the capillaries, and their distribution will greatly affect
the depth of penetration into the parenchyma); and (e) the concomitant use of
radiation therapy affects drug pharmacokinetics through damage to endothelial
cells and in particular to the chorioid plexus (which leads to altered CSF turn-
over and decreased drug clearance) [88-91]. This last aspect needs further
consideration. In fact, almost all studies have shown the superiority of clinical
results obtained with combined modality rather than with either chemotherapy
or radiotherapy alone. However, the combined modality approach invariably
leads to CNS sequelae in the long-term survivors (e.g., leukoencephalopathy)
[92-96]. The decision whether to use combined modality or to attempt single-
modality therapy, therefore, depends on the risk-benefit ratio and must also take
into account the long-term prognosis. However, it must be stressed that the
increase in delayed toxicity directly reflects the improvement in survival, and
that the prognosis of untreated meningeal carcinomatosis is less than 6 weeks.
Finally, all efforts should be made to design new therapies and less toxic prophy-
laxis [97].

The CNS toxic effects are not very different when agents other than MTX are
used, even though the follow-up is still too limited in time to allow for definitive
conclusions [98]. Clinical trials have been conducted with IT Ara-C [99, 100],
thiotepa [101], and sequential drug combinations [102, 103].

Given the lack of lymphatic drainage in the CNS and the presence of the
BBB, a possible pharmacological and therapeutic advantage may be expected,
as in the case of IP delivery, by the use of protein-sized agents. We would antici-
pate deeper penetration in the brain tissue, if enough time is allowed (see section
on IP therapy). An immunotoxin (WT1-Ricin A chain) has been reported not to
be toxic in rhesus monkeys [104]. It was administered via Ommaya reservoir,
and cytocidal levels were achieved in both ventricular and lumbar CSF, while a
significant level was not detected in serum. A CSF concentration exceeding
the IDsy was maintained for more than 24 h. 131] monoclonal antibodies have
undergone a phase I trial ]105], with evidence of minimal toxicity and of clinical
efficacy in that small group of patients. The antibody was injected via LP, after
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scintigraphic evidence of an even spinal and ventricular distribution. The use of
interleukin-2 and LAK cells is also under investigation [106].

In conclusion, the most important aspects to be considered in IT therapy are
the local toxicity and the drug distribution; all efforts should be made to improve
the present results and techniques. The use of monoclonal antibody, which
allows for better definition of the target and possibly limits the toxicity, could be
very promising.

Intravesical Therapy

For completeness, intravesical delivery should be mentioned, as it is a legitimate
regional therapy. Its use has become standard, both for treatment of superficial
bladder cancer and as an adjuvant to surgery. Chemotherapy (thiotepa,
Mitomycin C, and doxorubicin) has been used, with responses ranging from
30% to 60% in different studies [107]. Inmunotherapy has been tried with bacil-
le Calmette-Guérin (BCG), which prevents the development of invasive carci-
nomas but has local toxicity [108], and also with a-interferon [109]. Monoclonal
antibodies could be used in the future, possibly conjugated with highly potent
toxins [110].

Conclusions

Among the new approaches to cancer treatment, we believe that regional deliv-
ery is and will remain an important form of therapy. The rationale upon which
regional therapy is based appears to be solid, namely to improve the therapeutic
index of antitumor agents. We think that both drug sensitivity and drug resis-
tance have to be considered first when approaching the design of a new form of
cancer treatment. Then, pharmacokinetic data need to be collected and properly
interpreted, in order to avoid wasting resources. Finally, the technical aspects of
regional delivery still warrant a major improvement. Just as for any other kind of
therapy, the major goals must be a true improvement in patient survival and
relapse-free survival and the minimization of toxicity.
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9. Drug Resistance in Cancer
S.P. Ivy, R.F. Ozols, and K.H. Cowan

Introduction

The impact of cancer chemotherapy on the survival of all cancer patients has
been significant, most notably in younger patients. The list of diseases curable
with chemotherapy includes acute lymphocytic leukemia, adult Hodgkin’s dis-
ease, non-Hodgkin’s lymphomas of adults and children, pediatric solid tumors,
ovarian cancer, and testicular cancer in young males [1]. Other tumors, such
as adult leukemias, breast cancer, and small-cell lung cancer, are highly respon-
sive to combination chemotherapy, but permanent remissions are achived in
few of these patients. Unfortunately, these chemotherapy-responsive tumors
will eventually reoccur in some patients. Although second remissions in patients
with diseases such as Hodgkin’s disease, acute leukemia, and testicular
cancer can be achieved with salvage chemotherapy, relapses in most cancer
patients are associated with development of drug resistance and lack of durable
second remissions. Understanding the mechanisms involved in the development
of clinical drug resistance is essential for the design of rational, effective salvage
therapy.

Why do tumors initially responsive to therapy relapse and subsequently
become refractory to chemotherapy? Why do some tumors, particularly those of
epithelial origin, appear to be resistant de novo? Recent studies have begun to
unravel the molecular changes associated with the development of resistance to
a number of specific antineoplastic agents. Indeed, some studies now suggest
that the process of resistance to some antineoplastic agents may be related to
more fundamental patterns of cellular response to toxins such as carcinogens.
These studies have led to important insights into diagnosis and therapeutic
approaches to overcoming clinical drug resistance in patients.

Drug resistance is classified in three categories—inherent, acquired, and
acute inducible. Tumors that are initially unresponsive to chemotherapy—such
as colon cancer, nonsmall-cell lung cancer, and malignant melanoma—are
inherently resistant. In contrast, recurrent tumors that are unresponsive to
therapy following successful primary therapy are classified as exhibiting acquired
resistance. Inducible resistance refers to biochemical changes that can be
transiently induced in tumor or host cells, and which subsequently result in
decreased cytotoxicity from antineoplastic agents. While inherent and acquired
resistance are generally believed to be due to stable genetic changes in cells
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(gene deletion, mutation, and amplification), acute inducible resistance is most
probably a manifestation of rapidly reversible epigenetic changes in gene ex-
pression in cells. An example of inducible resistance is found in mouse bone
marrow treated with various cytotoxic agents. Adams et al. [2] found that ani-
mals treated with agents such as cyclophosphamide are able to survive supralethal
doses of the same agent given 7 days after the first priming dose. The time course
of increased survival paralleled the increase in the levels of glutathione and
gluathione transferase, suggesting that resistance is acutely inducible.

This chapter will review some general principles involved in the development
of drug resistance. Gene amplification and the phenomenon of multidrug resis-
tance, two important aspects of drug resistance, will be discussed in more detail.

Pharmacologic Factors Associated with Resistance

Before reviewing specific genetic and biochemical changes associated with anti-
neoplastic drug resistance, it is important to remember that there are a variety of
pharmacologic factors which determine the overall clinical response to therapy:

Drug bioavailability

Drug metabolism

Drug elimination

Sanctuary sites (CNS, testes)

Excessive host toxicity (prior therapy, age)
Limited drug diffusion (mass size)

Altered cell kinetics

Increased salvage factors

I N

Many of these factors affect the actual concentration of drug delivered to the
tumor. For example, many antineoplastic drugs, including 6-mercaptopurine,
are poorly and erratically abosrbed following oral administration. Zimm et al.
[3] found a fivefold variation in drug exposure following oral administration of
6-mercaptopurine to patients with acute lymphoblastic leukemia. A similar wide
range in bioavailability has been reported in patients receiving melphalan
(LPAM) [4, 5] and hexylmethylamine [6]. Thus, lack of a therapeutic response
to these agents when given orally may relate to the inability to achieve effective
cytocidal concentration of drug, and not to ‘“‘resistant” mechanisms at the tumor
cell level.

Similarly, differences in the rate of drug metabolism or elimination in patients
may markedly affect tumor cell exposure to drug and potentially limit the clinical
response or the toxicity of these agents. Tumors present in sanctuary sites (CNS
or testes), into which drug penetration is poor, are another example of ineffec-
tive drug delivery. Tumors in these sites may appear to be resistant to chemo-
therapy. Furthermore, patients who have had prior courses of chemotherapy
or radiation therapy frequently develop increased toxicity during subsequent
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cycles of salvage therapies and consequently may receive lower doses of therapy.
Ineffective therapy may not represent a lack of tumor sensitivity to chemo-
therapy.

In addition to the above examples, large tumor masses are often refractory to
chemotherapy. There may be several reasons for this phenomenon, including
limited drug diffusion into large masses, the presence of central areas of relative
hypoxia (limiting the effectiveness of certain agents), increased concentrations
of salvage nucleosides (bypassing the toxic mechanism of certain agents), and
reduced cell fraction in more vulnerable phases of the growth cycle. Many of
these factors influence the clinical response achieved by limiting the “effective”
concentration of drug being delivered to tumor cells or the relative effectiveness
of these agents once they have arrived at their targets. Thus, it is important to
keep in mind that other factors, including pharmacokinetic considerations, are
important determinants of clinical response.

However, it is also apparent that while the factors discussed above may
influence the response rate of a given tumor to cytotoxic therapy, stable genetic
and biochemical changes in tumor cells seem to be responsible for much of the
clinical resistance to antineoplastic agents. Goldie and Coldman [7] have pre-
sented a mathematical model which attempts to describe the emergence of drug
resistance in tumors. Based on classical studies of the frequently of mutations in
bacteria by Luria and Delbruck [8], the Goldie-Coldman model assumes that the
major reason for clinical drug resistance is the selection of tumor cells with stable
genetic mutations. Furthermore, the model proposes that the frequency of these
genetic mutations is thus related to the total number of tumor cells and to the
spontaneous mutation rate of these populations of cells.

The Goldie-Coldman model has several important clinical implications. It
supports the desirability of using combination chemotherapy regimens since the
selection of multiply resistant tumor cells would be less frequent. Furthermore,
early treatment of tumors with adjuvant or neoadjuvant chemotherapy would be
best since the smallest tumors would have the highest probability of having the
smallest number of drug-resistant cells. Noncross-resistant regimens should be
given in an alternating schedule rather than sequentially to reduce the risk of
selecting resistant cells. Finally, many of the cytotoxic drugs used in the treat-
ment of cancer are themselves mutagenic and may increase the frequency of
spontaneous mutations, resulting in a drug-resistant phenotype. Less effective
agents which are highly mutagenic should be eliminated from combination
chemotherapy regimens.

Mechanisms of Drug Resistance

As alluded to previously, numerous drug-resistant cell lines have been isolated
and used to characterize specific mechanisms involved in drug resistance. Some
of the mechanisms associated with resistance to cytotoxic agents are shown in
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Table 1. When considering the different mechanisms involved in drug resistance,
several basic principles are important. For any drug or class of drugs, there often
exists a variety of mechanisms by which a cell may become resistant. When these
changes occur as isolated defects, the level of resistance may be relatively low.
However, when cells are selected for higher levels of resistance, as is frequently
the case in vitro, resistant cells often develop multiple alterations. Many
mechanisms of resistance are specific for an individual drug or class of drugs.
Resistance to antimetabolites, for example, does not generally result in cross-
resistance to other classes of antineoplastic drugs, such as anthracyclines. In
contrast, cells selected for resistance to vinca alkaloids or anthracyclines fre-
quently develop cross-resistance to a wide variety of other agents that differ
markedly not only in their structures but their apparent mechanisms of action
[9]. This phenomenon has been referred to as multidrug resistance (MDR) or
pleiotropic drug resistance.

As shown in Table 1, changes in the rate of cellular uptake and accumulation
appear to be associated with resistance to drug such as methotrexate (MTX),
phenylalanine mustard, and nitrogen mustard. These defects are generally be-
lieved to involve specific changes in membrane transport systems. In the case of
MTX, the decrease in drug uptake apparently involves changes in the folate
transport system [10-14]. In phenylalanine mustard resistance [15], decreased
uptake is believed to be due to a defect in an amino acid transport system [16].
Another class of resistant cells in which decreased drug accumulation occurs
involves changes in drug efflux systems. This modification is one of the changes
present in multidrug-resistant cells. Dano [17] and Skovsgaard [18] described
decreased drug accumulation as a consistent finding in drug-resistant cells
selected for vincristine or daunomycin resistance and provided evidence which
suggested that this was the result of increased activity of an energy-dependent
efflux pump. Using a colchicine-resistant Chinese hamster ovary (CHO) cell
line, Juliano and Ling [19] demonstrated that enhanced efflux in these
multidrug-resistant cells was associated with the overexpression of a high-
molecular-weight membrane protein (P170), which will be discussed below.

Many antineoplastic drugs, particularly antimetabolites, are pro-drugs, which
need to be converted to their active forms, often by phosphorylation, in tumor
cells in order to exert their cytotoxicity. Resistance in vitro to pro-drugs such as
cytosine arabinoside, 5-flurouracil (5-FU), 6-mercaptopurine, and 6-thioguanine
is frequently associated with defects in the intracellular enzymes that activate
these drugs (Table 1). Recent studies have also shown that alterations in the
intracellular metabolism of MTX can also affect its cytotoxicity. In most cells,
MTX undergoes conversion to a complex family of MTX polyglutamates that
are formed by the addition of one to four glutamyl residues to the native drug
(Fig. 1). Polyglutamation is accomplished through the same enzyme activity that
converts folate cofactors to their polyglutamate forms. The importance of MTX
polyglutamate formation is perhaps best illustrated by a human breast cancer
cell line in which resistance to MTX was associated with diminished formation of
MTX polyglutamyl derivatives [20]. This cell line is cross-resistant to other anti-
folates, such as aminopterin, which also undergoes intracellular conversion to
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Table 1. Mechanisms of drug resistance

Drug

Defect

Alterations in drug uptake

Alterations in intracellular
drug accumulation

Decreased drug activation

Increased metabolic
inactivation

Alterations in target proteins

Alterations in cellular
metabolism

Alterations in cofactor levels
Alterations in cellular repair

mechanisms

Increased levels of target
proteins

Methotrexate
Melphalan
Mechlorethamine
Doxorubicin

Vinca alkaloids
Actinomycin D
Cytosine arabinoside

5-Fluorouracil

6-Mercaptopurine

6-Thioguanine
Methotrexate

6-Mercaptopurine
6-Thioguanine
Cytosine arabinoside
Alkylators

Cis-platinum
Methotrexate
Steroid hormones
Vinca alkaloids
FUDR

Cytosine arabinoside
5-Fluorouracil
Methotrexate

6-Mercaptopurine
6-Thioguanine
FUDR
Alkylators
Nitrosoureas
Methotrexate
PALA

FUDR

Deoxycoformycin

Defective carrier transport

Defective carrier transport

Defective carrier transport

Increased drug efflux

Increased drug efflux

Increased drug efflux

Decreased deoxycytidine
kinase

Decreased oratate
monophosphate (OMP)
transferase

Decreased hypoxanthine
phosphoribosyl-transferase
(HPRT)

Decreased HPRT

Decreased polyglutamate
formation

Increased alkaline phosphatase

Increased alkaline phosphatase

Increased cytidine deaminase

Increased glutathione,
increased glutathione
transferase

Increased metallothionein

Altered DHFR

Altered receptors

Altered tubulins

Altered thymidylate synthase

Increased CTP pools

Increased CTP pools

Increased purine pyrimidine
salvage

Increased hypoxanthine
salvage

Decreased PRPP

Decreased folate cofactors

Increased DNA repair
enzymes

Increased DNA repair
enzymes

Increased DHFR

Increased CAD protein

Increased thymidylate
synthase

Increased adenosine
deaminase

CTP, cytosine triphosphate; FUDR, fluorodeoxyuridine; PALA, N-phosphonacetyl-L-aspartic-acid;

DHFR, dihydrofolate reductase; PRPP, polyribosyl pyrophosphate.
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Fig. 1. Structure of methotrexate, methotrexate polyglutamyl derivatives (n is a variable number of
y-glutamyl residues), and trimetrexate, a nonclassical folate analog

polyglutamates. However, these breast cancer cells were sensitive to another
antifolate analog, trimetrexate, which differs structurally from MTX and does
not undergo conversion to polyglutamyl derivatives. These studies suggest that
there are important differences in the presumed mechanism of cytotoxicity
among the antifolate analogs (Fig. 1).

Increased intracellular metabolism of cytotoxic drugs to inactive species is
also associated with resistance. Resistance to both thiopurines and cytosine ara-
binoside has been reported to be associated with changes in the level of specific
drug-metabolizing enzymes. Instead of increased enzymatic metabolism, resist-
ance may also result from increased drug inactivation by enhanced binding to
sulfhydryl-rich scavenger peptides and proteins, such as glutathione [21] and
metallothionein [22].

Specific alterations in target proteins by point mutation or changed regulation
can also lead to drug resistance. For example, MTX resistance can result from
single amino acid substitutions in the target enzyme, dihydrofolate reductase,
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resulting in an enzyme with a reduced drug-binding affinity. Other examples of
this type of resistance include altered or decreased steroid hormone receptors
[23, 24], altered tubulin in vinca alkaloid resistance [25-27], and altered thy-
midylate synthase in fluorodeoxyuridine (FUDR) resistance [28].

Another example of an altered target protein which results in resistance to VP
16 and various intercalator compounds has been described in cells containing an
alteration in topoisomerase II. In these studies [29, 30], modified topoisomerase
II activity was related to reduced ability to form drug-induced, protein-
associated DNA strand breaks in VP16-resistant CHO cells compared with wild-
type cells. In general, most intercalators and epipodophyllotoxins appear to
inhibit mammalian topoisomerase Il by trapping the enzyme within DNA
cleavage complexes, which can be detected in cells as protein-associated DNA
strand breaks.

Changes in intracellular nucleotide pools or in the relative flux through
salvage nucleotide pathways can also affect drug sensitivity. For example,
changes in the level of polyribosyl pyrophosphate (PRPP), a cofactor involved in
the activation of both thiopurines and 5FU, can alter the sensitivity of cells to
these agents [31, 32]. Indeed, one of the proposed mechanisms for the synergy
between MTX and SFU when given sequentially is believed to be due to
antifolate-induced increase in cellular PRPP pools. Furthermore, the binding of
fluoro-deoxyuridinemonophosphate (FAUMP; one of the active forms of SFU)
to its target enzyme thymidylate synthase is dependent on the concentration of
reducd folates in cells. Thus, diminished intracellular pools of reduced folates
can lead to SFU and FUDR resistance. Diminished intracellular folate pools
may be particularly important in clinical resistance to SFU. Preliminary results
of several recent clinical trials in which leucovorin was given with SFU seemed to
show improved clinical responses when compared with SFU alone [33].

Drug resistance can also result from the selection of cells which possess an
increased ability to repair cellular damage. This phenomenon is noted particu-
larly in cells resistant to alkylating agents, in which resistance is associated with
an increase in DNA repair enzyme activities [34-37].

Finally, the development of increased levels of target proteins is one of the
most common mechanisms associated with resistance in vitro. This type of drug
resistance is of particular interest because Alt et al. [38] showed that resistance
to MTX was associated with an increase in the level of dihydrofolate reductase
(DHFR), which resulted from the amplification of the DNA sequences that code
for this enzyme. Since this phenomenon appears to be a common genetic altera-
tion in tumor cell lines, resulting in specific resistance to a variety of drugs, we
shall discuss the mechanisms of gene amplification in more detail.

Gene Amplification and Drug Resistance

Early studies in cells selected for resistance to MTX [39] demonstrated that the
resistant cells frequently develop cytogenetic abnormalities, including elongated
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Fig. 2. A Cytogenetic analysis of a methotrexate-resistant human breast cancer cell line (MTXR
MCF-7) containing amplified DHFR genes. The arrow points to marker chromosomes (HSRs) not
present in the parent cell line. B Cytogenetic analysis of a methotrexate-resistant small-cell lung
cancer cell line (NCI-H249P) containing amplified DHFR genes. The arrows point to double minute
chromosomes (DMs) not present in the parent cell lines

marker chromosomes with homogeneously staining regions (HSRs) or increased
numbers of double-minute chromosomes (DMs) (Fig. 2). Subsequent studies
revealed that both of these cytogenetic abnormalities are the result of a marked
increase in gene copy number [40, 41]. The importance of these two cytogenetic
forms of gene amplification is apparent when resistant cells are grown sub-
sequently under nonselective conditions, i.e., in the absence of drug. Stably
resistant cells maintain high levels of MTX resistance and amplified DHFR
genes for long periods when grown in the absence of drug. Such cells generally
contain the amplified DHFR genes as stably integrated copies in the form of
HSRs. In contrast, unstably resistant cells readily lose their elevated levels of
DHFR enzyme and gene copies and revert to an MTX-sensitive state when
grown in the absence of drug [41]. Unstably resistant cells generally contain the
amplified DHFR genes on structures called DMs (Fig. 2) [41]. DMs are small,
paired, extrachromosomal structures which lack centromeres. Since they segre-
gate unequally into replicating daughter cells, they are readily lost from cell
populations during subsequent mitoses in nonselective (drug-free) conditions.
The mechanisms of formation of HSRs and DMs are still not well understood.
HSRs and DMs do not generally coexist in drug-resistant cell lines or individual
cell lines which are continuously selected for resistance in vitro. These cell lines
tend to form one type of structure or the other. These findings suggest that
specific cellular factors determine which type of amplified structure is formed.
Gene amplification is a general mechanism which can result in resistance to a
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Table 2. Gene amplification and drug resistance

Gene amplification

Selection Protein overproduced demonstrated
Methotrexate Dihydrofolate reductase +
PALA CAD protein +
FUDR Thymidylate synthase +
Deoxycoformycin Adenosine deaminase +
Hydroxyurea Ribonucleotide reductase
Dimethylfluoro-ornithine Ornithine decarboxylase +
Vinca alkaloids 170 000-dalton glycoprotein +
Actinomycin D 150 000-dalton glycoprotein +
19 000-dalton glycoprotein
Compactin Hydroxymethylglutaryl-CoA  +
reductase

Methionine sulfoximine Glutamine synthetase +
Pyrazofurin azauridine UMP synthetase +

CoA, coenzyme A; UMP, uridine-5-monophosphate; PALA, N-phosphonacetyl-L-aspartic acid.

wide variety of drugs or toxins (Table 2). For example, Wahl et al. [42] demon-
strated that resistance to N-phosphonacetyl-L-aspartic acid (PALA), a potent
inhibitor of the second enzyme involved in the de novo synthesis of pyrimidines,
was associated with the overproduction of this enzyme and the amplification of
DNA sequences coding for the multifunctional protein (CAD protein or pyr
1-3) that includes the target enzyme for PALA (aspartate transcarbamylase) as
well as two other enzymes involved in de novo UMP synthesis.

Cadmium resistance has also been shown to result from increased levels of
metallothionein [43], a low-molecular-weight scavenger protein that is rich in
sulphydryl groups, and amplification of metallothionein genes. Since this thiol-
rich scavenger protein can also bind to and inactivate cis-platinum [44] and alky-
lating agents, cadmium-resistant cells containing increased levels of metallothio-
nein are cross-resistant to cis-platinum [44] and chlorambucil [22].

As will be discussed below, gene amplification is also involved in the develop-
ment of MDR. The P170 glycoprotein DNA sequences (also referred to as mdr)
are amplified and overexpressed in many if not all multidrug-resistant hamster
and human cell lines [45-51].

While gene amplification is a common mechanism of resistance in vitro, its
role in clinical resistance is not well defined. Studies by Curt et al. [S2] demon-
strated that a small-cell lung cancer cell line established from a patient who
relapsed after MTX therapy was resistant to MTX in vitro. Resistance in this cell
line was associated with increased levels of DHFR enzyme and amplified DHFR
gene sequences present in the form of DMs. These DMs were lost from the cell
population during subsequent passage in drug-free medium for 6 months. At this
time, the cells reverted to an MTX-sensitive phenotype and no longer contained
increased levels of DHFR enzyme or increased DHFR gene copies. This case
was the first example of gene amplification in clinical drug resistance.

Other investigators have also found that DHFR gene amplification occurs
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clinically. Trent et al. [53] studied cells from a patient who was treated for psori-
asis with MTX and later developed ovarian cancer. Ovarian tumor cells obtained
at the time of diagnosis were resistant to MTX in vitro and had increased copies
of DHFR gene sequences demonstrated by in situ hybridization. Additional
studies by Horn et al. [54] and Cardman et al. [S5] have demonstrated the pres-
ence of amplified DHFR genes in patients with acute leukemia treated with
MTX. Thus, resistance to MTX in vivo can clearly involve DHFR gene ampli-
fication and is similar to resistance in vitro.

Multidrug or Pleiotropic Drug Resistance

As alluded to previously, amplification of gene sequences is also associated with
the development of a resistant phenotype commonly referred to as pleiotropic
resistance or MDR. Indeed, cell lines with the phenotype of MDR have been the
focus of research for a number of laboratories. These studies have provided
unique insight into some of the basic mechanisms of drug resistance. As alluded
to earlier, cells with MDR are generally selected for resistance to a single agent,
such as an anthracycline, a vinca alkaloid, an epipodophyllotoxin, or actinomy-
cin D. Although selected for resistance to a single agent, these cells commonly,
if not invariably, develop cross-resistance to other agents to which they have not
been exposed. Since these agents vary widely in their structure, membrane
transport, and site of action, it was at first quite perplexing that cells would
simultaneously develop cross-resistance to all of these agents. Studies by Ling et
al. [19] first demonstrated that multidrug-resistant cells have a defect in in-
tracellular drug accumulation, and that this defect was associated with increases
in a high-molecular-weight (130000-170000-daltons) membrane glycoprotein,
which he referred to as P-glycoprotein.

The role of gene amplification in MDR had been suspected since many
multidrug-resistant cell lines were found to contain HSRs and DMs. Using a
variety of techniques several laboratories have now isolated amplified DNA
sequences from multidrug-resistant hamster and human cell lines [47-51]. The
complete cDNA sequence for this gene has recently been published by Gros et
al. [56] and Chen et al. [57]. The gene contains two internally duplicated regions,
one of which apparently codes for a transmembrane domain, the other a nuc-
leotide (ATP?)-binding region. This gene has marked sequence homology with
the genes of several bacterial transport proteins and may be part of an energy-
dependent efflux pump.

Many studies indicated that the decrease in intracellular drug accumulation
exhibited by multidrug-resistant cell lines was due to an increase in an energy-
dependent drug efflux process. Recent experiments by Cornwell et al. [58] and
Safa et al. [59] have examined the role of the P170 protein in mediating in-
creased drug efflux. They found that a photoaffinity analog of vinblastine binds
to a 170000-dalton membrane protein which is overexpressed in multidrug-
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resistant hamster cell lines. This binding is competed for by unlabelled vinblas-
tine and anthracyclines. These experiments indicate that this glycoprotein
recognizes antineoplastic drugs, thus supporting the role of P170 as part of a
putative drug efflux pump.

The dominant genetic nature of the multidrug-resistant phenotype is sug-
gested by studies in which transfection of the DNA from resistant CHO cells into
drug-sensitive cells results in the transfer of drug resistance and an increase
in the expression of P-glycoprotein in the recipient cells [60]. Moreover, trans-
fection of mdr-1 cDNA, a gene encoding a P170 protein, was able to confer
MDR on sensitive cells. While the role of this gene in multidrug-resistant cell
lines is well established, there is evidence which suggests that overexpression of
P170 may not be the only mechanism responsible for MDR. Each multidrug-
resistant cell lines exhibits a different pattern of cross-resistance. Thus, either
each cell line expresses different P170 proteins, or alternatively, there are other
biochemical and genetic changes associated with MDR in addition to P170 over-
expression. The latter hypothesis is supported by the finding that decreased drug
transport and resistance do not correlate in all cell lines [61-63]. Moreover,
studies by Sirotnak et al. [62] and Siegfried et al. [63] have shown that MDR in
one cell line cannot be completely overcome by raising the intracellular drug
concentration to equal that obtained in drug-sensitive cells. Both of these
findings suggest that other mechanisms besides decreased drug accumulation are
involved in MDR. Although other mechanisms have yet to be identified, labo-
ratories have reported increases in various cytosolic proteins in multidrug-
resistant cells [64—-69]. Whether any of these proteins play a role in MDR is as
yet unclear.

Associations Between MDR and a Chemical Carcinogenesis Model

Although the role of P170 in MDR has been established, the preceding discus-
sion suggests that other mechanisms for MDR exist. Indeed, recent studies have
indicated that MDR may involve biochemical changes in drug detoxification
pathways. Remarkable similarity exists among the biochemical changes found in
multidrug-resistant human breast cancer cells and in an in vivo model system of
resistance which develops in response to chronic carcinogen exposure.

In the early 1970s, Farber [70-71] first developed a rat model for chemical
carcinogenesis. In this model, animals are exposed to a carcinogen for 2-3
weeks. Subsequent to induction, liver cell proliferation is induced by partial
hepatectomy. In the weeks that follow, hyperplastic liver nodules (HNs) appear,
most of which spontaneously regress over a period of weeks to months. A few of
the HNs progress to frank hepatocellular carcinoma. One interesting feature of
these HNs is that they develop resistance to carcinogen-induced cytotoxicity.
Furthermore, treatment with any one of a wide variety of structurally diverse
carcinogens can produce the same morphologic and biochemical changes. In
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Fig. 3. The structures of a diverse group of toxins and carcinogens associated with both resistance
and cross-resistance in the rat hyperplastic nodules of the Solt-Farber model

each instance, regardless of the selecting agents, the HNs apparently develop
cross-resistance to a wide range of toxic foreign compounds that differ in struc-
ture and mechanism of action (Fig. 3); in this the HNs resemble the tumor cells
selected for MDR.

Resistance to carcinogens and xenobiotics can occur in a number of ways in
liver cells. As shown in Table 3, resistance to a wide range of structurally
unrelated agents in HNs is associated with a number of changes. Farber et al.
[71] showed that resistance in HNs is associated with a decrease in 2-
acetylaminofluorine (AAF) accumulation and a decrease in AAF binding to
DNA. Moreover, studies by a number of groups have shown that xenobiotic
resistance (XR) in HNs is also associated with specific changes in phase I and
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Table 3. Comparison of biochemical changes in multidrug-resistant breast cancer cells and in
xenobiotic-resistant rat hepatocytes

Carcinogen
resistance in rat
Biochemical change HNs Multidrug resistance in MCF-7 cells
| Toxin uptake Yes Yes
1 P170 (mdr) Yes Yes
| P450isozymes Yes Yes—aryl hydrocarbon
hydroxylase
1 Anionic glutathione transferase Yes Yes
1 Pentose phosphate pathway activity Yes Yes
1 UDP-glucuronyl transferase I Yes Yes
1 Glutathione Yes No change
1 y-Glutamyltransferase Yes No change
| Sulfotransferase Yes No (increased twofold)
1 Epoxide hydrolase Yes NT
1 DT-diaphorase (quinone reductase) Yes Yes

| , decreased; 1, increased; NT, not tested; HN, hyperplastic nodule;UDP, uridine diphosphate

phase II drug-detoxifying enzymes. These changes are summarized in Table 3.

Overall there is a marked decrease in phase I drug-metabolizing enzyme
activities. This includes both a decrease in total cytochrome P450 and decreases
in several P450-dependent enzymes, including aryl hydrocarbon hydroxylase
(AHH), aminopyrine-N-demethylase, and cytochrome bs [72]. This down-
regulation of the phase I enzymes in rat HNs is important since these activities
convert carcinogens such as benzo[a]pyrene to more potent hydroxylated spe-
cies. In addition to these diverse changes in phase I enzymes, increased levels
of several phase II drug-metabolizing enzymes have been noted, including
uridine diphosphate (UDP)-glucuronyl transferase, glutathione S-transferase
(GST), and sulfotransferases [70, 73, 74]. Glutathione (GSH) and y-glutamyl-
transferase are both increased [70]. These enzyme activities detoxify carcinogens
such as benzo[a]pyrene by conjugation with polar moieties [75]. All these
biochemical changes taken together provide the cell with the capacity to resist a
wide variety of toxic substances.

Recent studies have shown that marked similarities exist between multidrug-
resistant human breast cancer cells and xenobiotic-resistant rat hepatic HNs
[76]. Although AHH is readily inducible by polycyclic hydrocarbons in the drug-
sensitive wild-type (WT) MCF-7 cells, this enzyme activity is neither expressed
nor inducible in the multidrug-resistant MCF-7 subline. Furthermore, expres-
sion of several drug-conjugating enzymes is increased in cells selected for MDR;
in particular, an anionic GST [77, 78] is induced in the multidrug-resistant cells.
Indeed, the anionic GST induced in multidrug-resistant MCF-7 cells is immuno-
logically and biochemically related to the GST isozyme induced in rat HNs
[77, 78].
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Table 4. Modulation of drug resistance

Antineoplastic drugs Proposed mechanism of increased
Drugs affected cytotoxicity
Calcium antagonists VCR,DNR, DOX Increased accumulation by
Verapamil blocking drug efflux
Nifedipine
Nitrendipine
Caroverine
Calmodulin inhibitors VCR, DNR, DOX Increased accumulation by
Prenylamine blocking drug efflux
Trifluoroperazine
Clomipramine
W-13 BLEO Inhibition of DNA repair
Amphotericin DOX, ACTD, BCNU Altered lipid composition of
Polysorbate 80 (Tween 80) DOX plasma membrane leading to
Perhexiline maleate DOX increased accumulation
Triparanol analogs DOX Increased drug accumulation
Tamoxifen
Antiarrhythmics DOX, VCR Increased drug accumulation
Quinidine
Antihypertensives DOX Increased drug accumulation
Reserpine
Thiol depleters LPAM, PLAT, DOX Drug inactivation, free radical
Buthionine metabolism, protection/repair
sulfoximine of DNA

VCR, vincristine; DNR, daunorubicin; DOX, doxorubicin; BLEO, bleomycin; LPAM, melphalan;
PLAT, cis-platinum; ACTD, actinomycin D; BCNU, bis-chloroethyl nitrosourea

These initial findings prompted a more thorough comparison of the bioche-
mical changes associated with XR in rat HNs and with MDR in MCF-7 cells.
These studies have been recently reviewed [79, 80] and are shown in Table 4.
Resistance in both systems is manifested by decreased toxin accumulation, in-
creased mdr (P-glycoprotein) gene expression [81], decreased activity of phase I
enzymes (including AHH), increased phase II conjugating enzymes (including
anionic GST and UDP-glucuronyl transferase I), increased pentose phosphate
shunt pathway activity [to maintain diminished levels of nicotinamide-adenine
dinucleotide phosphate (NADPH)], and changes in several other drug-meta-
bolizing enzymes (e.g., DT-diaphorase).

These similarities suggest that chronic carcinogen exposure may result in a
coordinated set of responses which ultimately result in protection of the cell
from the toxic effects of carcinogens. These same responses may also protect the
tumor cell which ultimately emerges from the cytotoxic effects of antineoplastic
agents. Perhaps this is why tumors associated with increased carinogen expo-
sure, such as colon and nonsmall-cell lung cancer, are intrinsically resistant to
chemotherapy. If so, then understanding the biochemical changes involved in
specific mechanisms of resistance to antineoplastic drugs may offer insights into
therapies which modulate or circumvent cellular resistance.
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Reversal of Drug Resistance

By understanding the molecular mechanism associated with the development of
resistance to antineoplastic agents, one could either decrease the frequency of
resistance or design therapies which could bypass the resistant mechanism or
take advantage of the selective biochemical changes associated with resistance.
For example, it is now clear that gene amplification is associated with the de-
velopment of drug resistance in vivo as well as in vitro. It is important to consid-
er treatments that would reduce the frequency of gene amplification. In vitro
studies have identified a variety of factors that can influence the frequency of
gene amplification, including treatment with phorbol ester [82], ultraviolet
irradiation [83], hydroxyurea [84], and N-acetoxy-N-acetylaminofluorene [83].
These factors appear to act by causing unscheduled rounds of DNA synthesis,
resulting in the synthesis of extra copies of specific gene sequences. Other
studies by Barsoum and Varshavsky [85] have demonstrated that the addition of
growth factors and hormones such as insulin, vasopressin, and epidermal growth
factor also affects the frequency of DHFR gene amplification. These studies
have shown that a variety of factors can increase the frequency of gene amplifica-
tion in vitro. These include agents that stimulate cell growth as well as agents
that inhibit DNA synthesis. On the other hand, studies have also shown that
treatment of cells containing amplified DHFR genes on DMs with hydroxyurea
enhances the loss of these amplified genes from cells [86]. Thus, it appears that
there are agents which may increase the frequency of gene amplification and
agents that may hasten the loss of amplified sequences. Understanding the
mechanisms involved in gene amplification may provide insights into therapies
aimed at decreasing the development of this phenomenon.

Pharmacologic Modulation of Drug Resistance

Understanding the molecular mechanisms of MDR has improved the prospects
for the development of agents that may modulate this resistance. The cir-
cumvention of MDR by modulating the accumulation of cytotoxic agents is of
particular interest. Some drugs that do not themselves possess any antitumor
activity have been shown to potentiate the cytotoxic effects of anticancer drugs
in multidrug-resistant cells (Table 4). The calcium antagonists, calmodulin in-
hibitors, polyene antibiotics, triparanol analogs, and antiarrhythmic agents exert
their effect, at least in part, by increasing the net accumulation of antineoplastic
drugs in relatively resistant tumor cells.

Calcium antagonists are one of the newest groups of drugs that are capable of
reversing drug resistance in experimental tumor systems. Tsuruo et al. [87] dem-
onstrated in 1981 that both in vitro and in vivo resistance to vincristine in P388
leukemia was reversed with verapamil. The combination of vincristine and vera-
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pamil improved survival in mice inoculated with a vincristine-resistant P388
leukemia, while cellular accumulation of vincristine was increased by exposure
of the drug-resistant cells to verapamil. Alterations in vincristine binding to
tubulin were not observed.

Subsequent studies have demonstrated that the cytotoxicities of other anti-
neoplastic drugs may be enhanced by calcium channel blockers. In studies with
P388 leukemia and Ehrlich ascites cells, verapamil produced marked potentia-
tion of daunorubicin and doxorubicin (Adriamycin) cytotoxicity [88]. Slater et
al. [88] noted that the survival of mice with a daunorubicin-resistant Ehrlich
ascites tumor was increased from 22 to 44 days when verapamil was administered
together with daunorubicin.

Although verapamil does block calcium channels, the role of calcium in
the expression of pleiotropic drug resistance and the importance of altera-
tions in calcium fluxes in the reversal of resistance are still not clear. Tsuruo
initially postulated that verapamil reversed drug resistance by inhibition of a
calcium-dependent drug efflux system [87]. However, Kessel [89] was unable
to demonstrate alterations in **Ca fluxes in P388 drug-sensitive and drug-
resistant cells following treatment with either verapamil or nitrendipine [89). In
addition, the elimination of calcium from the media did not affect anthracycline
transport.

However, other studies did demonstrate that verapamil efflux was more rapid
in the drug-resistant cell line. These results suggested that verapamil may be
competing for the same outward transport system as P170 and may be responsi-
ble for the decreased accumulation of anthracyclines in doxorubicin-resistant
P388 cells. Indeed, using membrane vesicles from sensitive, resistant, and rever-
tant KB cells, Cornwell et al. [90] found that vesicles from resistant cells
(containing increased levels of P170) bound eightfold more [*H]vinblastine than
sensitive cell vesicles. The binding of [*H]vinblastine was inhibited by vinblas-
tine, vincristine, daunomycin, verapamil, nifedipine, and quinidine, but it was
not affected by dexamethasone, colchicine, and actinomycin D. Thus, this assay
may prove useful for screening agents that may reverse binding to or inhibition
of P170 function.

Clinical Approaches to MDR

The clinical approaches to MDR are as diverse as the problem. How can gene
amplification be modulated or avoided in a clinical setting? Does combination
chemotherapy affect gene amplification? Can bone marrow cells be made more
resistant to the cytotoxic effects of chemotherapy which limit treatment? Are
agents such as verapamil useful in reversing drug resistance?

The clincial usefulness of verapamil in the reversal of MDR may depend on
the plasma levels that can be achieved. Most in vitro studies with murine leuke-
mia have shown a dependence on the concentration of the calcium channel
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blocker and used verapamil concentrations of 1-3 ug/ml [91]. These levels are
substantially higher than the peak plasma levels of verapamil (400-500 ng/ml)
that have been achieved following daily doses of verapamil in cardiac patients
[92]. Following a single intravenous dose, verapamil plasma levels decrease in a
biexponential manner, with an initial half-life of 18-35 min. Verapamil is rapidly
metabolized in the liver, with only 15% of the drug remaining unchanged in the
body 1-2 h after administration [92, 93]. The maximally tolerated level of vera-
pamil and the safe duration of infusions that can be maintained in cancer pa-
tients have yet to be determined. The major toxic effects of verapamil are
hypotension, bradycardia, and congestive heart failure; these effects are usually
reversed by stopping the infusion. Occasionally, the cardiac toxicities require
treatment with atropine, calcium gluconate, or vasopressors. Adverse side
effects are more likely to occur in patients with either poor left ventricular func-
tion, sick sinus syndrome, or atrioventricular conduction delay [93].

The use of intravenously administered verapamil in cancer patients has been
studied in a phase I pharmacokinetic study of vinblastine and verapamil. In this
study, verapamil was administered as a loading dose (0.02-0.1 mg/kg), followed
by a maintenance infusion (0.036-0.18 mg kg ~th—1) for 5 days, with continuous
cardiac monitoring [94]. Junctional cardiac arrhythmias and increased P-R inter-
val were the dose-limiting toxicities observed in this trial. Verapamil levels of
70-200 ng/ml were achieved using this schedule.

In a trial in the National Cancer Institute (NCI) Medicine Branch [95], refrac-
tory ovarian cancer patients are being treated with a combination of verapamil
and doxorubicin. Pharmacokinetic and toxicity data revealed plasma levels in
the range of 2000-4000 ng/ml, higher than previously reported without dose
escalation. The levels of verapamil achieved with this intensive schedule are
comparable to the concentrations of verapamil that produced a dose-modifying
factor of 1.5-4.3 in human ovarian cancer cell lines established from drug-
refractory patients in vitro [96]. In this study, the high levels of verapamil
achieved do not appear to increase the acute noncardiac toxicity of doxorubicin.
Myelosuppression and gastrointestinal toxicity were similar to that reported with
doxorubicin alone in this patient population [95]. However, the dose escalation
on day 1 of verapamil produced significant acute cardiac toxicity. Three of the
six patients developed second-degree heart block or hypotension. Two patients
also had increased pulmonary capillary wedge pressure.

The use of verapamil in combination with antineoplastic agents must be
carefully evaluated. In particular, the effect of verapamil on the incidence and
severity of doxorubicin-induced cardiomyopathy has not yet been established.
This is important since verapamil administration increased the cardiotoxic doses
doxorubicin [97]. In another study done in Swiss mice, although doxorubicin
cardiomyopathy was not potentiated by verapamil, nifedipine was found to exert
a synergistic effect on doxorubicin cardiac toxicity [98]. Thus, the effect of cal-
cium channel blockers on doxorubicin cardiotoxicity in patients will need to be
established by careful serial cardiac evaluation during clinical trials. Verapamil
may prove to be more useful in combination with agents such as vinblastine,
which does not cause cardiac toxicity.

207



Other Drugs that Reverse Drug Resistance

Recent experimental studies suggest that pharmacologic manipulation of drug
resistance is not limited to agents that alter drug accumulation in resistant cells.
In fact, elevated cellular GSH levels are present in some drug-resistant lines
[21]. Agents that lower GSH levels both in vivo and in vitro are being examined
as potential modulators of drug resistance.

GSH, a tripeptide thiol found in all animal cells, plays a critical role in a variety
of cellular functions, including drug metabolism, amino acid transport, and pro-
tection from toxic metabolites. This latter function may account for the correla-
tion between GSH levels and the cytotoxicity of some anticancer agents. GSH
may decrease the cytotoxicity of some drugs by increasing their metabolism to
less active compounds or by detoxification of any drug-induced free radical
species. Increased metabolism to less active compounds is catalyzed by GSTs.

Free radical detoxification occurs through the oxidation-reduction cycle of
GSH and the enzymes glutathione reductase, glutathione peroxidase, and super-
oxide dismutase. The role of free radicals in the cytotoxicity of doxorubicin re-
mains controversial, although free radical-induced damage is clearly a mecha-
nism of anthracycline-induced cardiac damage. Similarly, intracellular thiols are
also thought to be involved in modulating the effects of radiation by detoxifica-
tion of free radicals generated by irradiation. Indeed, agents that lower levels of
intracellular GSH have been shown to increase radiation sensitivity [99-101] and
doxorubicin toxicity [102].

In addition to drug detoxification, GSH may also modulate the efficacy
of antineoplastic drugs or irradiation by facilitating the repair of drug- or
irradiation-induced damage to DNA. Human lymphoid cells in tissue culture can
be protected from the effects of radiation by the addition of glutathione
monoethyl ester to the medium [103]. The mechanism of this protection is not
known. Since some protection can be observed even when glutathione ester is
given after irradiation, the mechanism may include the enhanced repair of DNA
damage.

A variety of agents have been used to decrease GSH levels, e.g., the oxidizing
agent diethylmaleate. Until recently, the lack of specificity, accompanying toxic-
ity, and the rapid resynthesis of GSH after removal of these agents have limited
any potential clinical application. Depletion of GSH by selective inhibition of
the enzymes involved in GSH synthesis may prove to be more clinically
appropriate [104]. Buthionine sulfoximine (BSO) is a synthetic amino acid that
inhibits the enzyme y-glutamylcysteine synthetase and leads to a marked reduc-
tion in cellular GSH levels. While animal toxicity studies with BSO are limited,
preliminary whole-animal toxicology indicates that mice can tolerate transient
depletion of GSH in the kidney, liver, and plasma [104]. On the basis of these
earlier results showing that alkylating agent resistance was accompanied by
increased GSH levels, Suzukake et al. [105] studied the effect of BSO on the
cytotoxicity of LPAM in LPAM-sensitive and -resistant L1210 leukemia. They
found that BSO at nontoxic concentrations (50 uM) reduced the GSH level by
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50% and completely restored sensitivity to LPAM in an LPAM-resistant L1210
cell line.

The levels of GSH in human ovarian cancer cell lines and the effect of BSO
upon LPAM cytotoxicity have also been examined [106]. Compared with cell
lines established from previously untreated patients, GSH levels were elevated
two- to threefold in cell lines established from patients refractory to alkylating
agent-containing combination chemotherapy regimens. In addition, an LPAM-
resistant variant cell line, 1847MF, developed in vitro, was also found to have a
twofold elevation in GSH content relative to its parental drug-sensitive cell line.
Incubation of the tumor cells with BSO at doses that are nontoxic to tumor cells
decreased GSH levels to 20% of the control value and increased the cytotoxicity
of LPAM in both parental and LPAM-resistant cell lines. Although GSH may
play a role in the protection of cells from alkylators such as LPAM, the mecha-
nism of this protection is not clear.

The effect of BSO-mediated depletion of GSH on the cytotoxicity of antineo-
plastic drugs to normal tissues may determine the potential clinical relevance of
such an approach. Since GSH depletion will likely potentiate the cardiac toxicity
of anthracyclines, such a combination of doxorubicin plus BSO would not ap-
pear to be clinically useful. However, preliminary observations in mice and in
human bone marrow cells suggest that BSO may selectively potentiate the toxic-
ity of LPAM in tumor cells compared with normal tissues, although the reasons
for any difference are unclear. The “rescue” of GSH depletion may be possible
in normal tissues by the administration of compounds such as glutathione ester,
which, in contrast to GSH, is rapidly transported and hydrolyzed intracellularly.
Indeed, glutathione ester has been used to partially protect against the lethal
effects of irradiation even when administered after irradiation of human lym-
phoid cells [107]. Any clinical trial of BSO in combination with alkylating agents
or cis-platinum must await the completion of animal toxicology studies and addi-
tional pharmacologic studies in the appropriate experimental systems.

Genetic Approaches to Resistance

Advances in molecular biology have opened the way for new approaches to the
treatment of drug-resistant tumors. Since myelosuppression is one of the limiting
toxicities of many cytotoxic agents, insertion of drug resistance genes into bone
marrow stem cells may permit the safe use of higher doses of systemic chemo-
therapy. Cline et al. [108] demonstrated the feasibility of this approach using
a gene coding for an altered DHFR that had a reduced affinity for MTX. Follow-
ing DNA-mediated transfection into mouse bone marrow cells, the recipient
cells were able to render an irradiated animal less sensitive to MTX. Using im-
proved techniques, Carr et al. [109] have demonstrated similar findings. Despite
technical improvements, this approach is limited by the relatively poor efficiency
of transfer of DNA into the marrow cells using standard techniques.
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However, recent advances now permit the efficient transfer of genes into bone
marrow cells using defective retroviral vectors [110]. The use of such vectors
should make it practical to consider the transfer of drug resistance genes, such as
an altered DHFR gene [111, 112], into pluripotent marrow stem cells. As pro-
gress is made regarding retrovirus receptors, it may prove possible to genetically
engineer vectors that are able to penetrate specific populations of bone marrow
cells, or alternatively to specifically infect tumor cells.

In particular, the use of self-inactivating (SIN) retroviral vectors may prove
useful. These vectors provide a potentially effective clinical means to introduce
drug resistance genes into stem cells [113]. SIN vectors lack enhancer and pro-
moter functions in their long terminal repeats (LTRs), which should minimize
the possibility of activating cellular oncogenes. When viruses derived from SIN
vectors are used for infection, transcriptional inactivation of the provirus in the
infected cell occurs. These vectors may provide major advantages for safer gene
therapy. While the use of these vectors in the treatment of inborn errors of
metabolism is being anticipated, it is also possible that such vectors will ultimate-
ly have a role in the treatment of cancer. Although the use of retroviral vectors
or inducible antisense constructs for drug resistance genes is not at the level of
clinical testing, the advances in recombinant DNA technology have made them
realistic considerations.

Conclusions

The phenomenon of drug resistance is as diverse as the agents which are impli-
cated in its cause. Drug resistance is mediated in a number of ways, including
defective carrier transport, increased cellular activity of drug-metabolizing en-
zymes, increased drug efflux, altered drug accumulation, increased inactivation
by conjugation, altered receptors, altered cofactor levels, altered cellular repair
mechanisms, and increased or altered levels of target proteins. Although the
diversity of mechanisms is striking, unique systems of multidrug-resistant cell
lines exist which share common features. These cell lines exhibit decreased drug
accumulation, increased drug efflux, gene amplification, unique patterns of
cross-resistance to many agents which the cells have not been treated with, and
expression of a 170 000-dalton membrane glycoprotein with sequence homology
to bacterial membrane transport proteins.

Drug resistance is a major clinical problem. Its intricacies are just starting to
be dissected. In the future, both pharmacologic and genetic approaches to over-
come drug resistance may prove useful.
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10. Multidrug Resistance in Tissue Culture and
Human Tissues

A. Fojo

Introduction

Resistance to chemotherapy remains a major obstacle in the treatment of many
malignancies. Successful chemotherapy is likely to evolve either from a con-
tinued search for new agents or from an understanding of the basis of drug resis-
tance, with the ultimate goal of finding ways to overcome this. A pessimist might
be doubtful regarding the likelihood of finding effective new agents for tumors
such as colon cancer, melanoma, and nonsmall-cell carcinoma of the lung.
Although it is true that these malignancies have proven refractory to nearly all
agents that have been tried, the same could have been said of many tumors we
now consider curable. For this reason, the search for new agents must continue.
But can we overcome drug resistance and make existing ineffective therapy suc-
cessful? In the laboratory, this has already been accomplished; whether this can
be achieved in a clinical setting is just beginning to be tested.

This chapter will review multidrug resistance mediated by the mdr-1 gene
whose product is P-glycoprotein. Recent developments have led to an increased
understanding of this mechanism of resistance. Although we await evaluation of
its clinical importance, some practical lessons have already been learned.

Multidrug Resistance Phenotype

It is interesting that in all the human and rodent systems that have been studied,
the multidrug resistance phenotype has been remarkably similar [1-8]. From
work in several laboratories, our understanding of this phenomenon has in-
creased substantially. We now recognize a set of traits that comprise the multi-
drug resistance phenotype, including:

1. Resistance to a variety of natural products that are structurally unrelated,
including the anthracyclines, actinomycin D, colchicine, the vinca alkaloids,
and the podophyllotoxins. Alkylating agents are not included, although co-
resistance to these compounds is often seen in a clinical setting.

2. Increased amounts of a 170 000-dalton membrane glycoprotein (P-170 or P-
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glycoprotein), originally described by Ling et al. [3]. This glycoprotein func-
tions as an energy-dependent efflux pump, which lowers intracellular drug
concentration [7, 9, 10]

3. Reversibility of the multidrug resistance phenotype by a group of diverse
agents, including the calcium channel blockers, the phenothiazines, and some
antiarrhythmic agents [11-13].

4. Cytogenetic evidence of gene amplification in highly resistant cell lines,
including single- or double-minute chromosomes, homogeneously staining
regions or abnormally banding regions [1, 14]. In some cell lines, resistance
is unstable, with loss of tolerance when cells are maintained in drug-free
medium, and cytogenetic analysis has demonstrated the presence of single-
and double-minute chromosomes. In other cell lines, homogeneously staining
regions have been identified, and in these the phenotype is more stable.

Characterization of Multidrug Resistance

The cytogenetic evidence of gene amplification has been substantiated by the
isolation of genomic and cDNA probes which recognize amplified/overexpressed
sequences in multidrug-resistant cell lines [14-20]. Several approaches have
been utilized to isolate these molecular probes, demonstrating the options avail-
able for successful cloning. In multidrug-resistant human KB carcinoma cell
lines, a modification of the technique of in-gel renaturation developed by Ronin-
son was used to obtain cloned fragments from two independent cell lines (Fig.
1) [14]. Gene amplification in these cell lines had previously been demonstrated
utilizing a DNA segment also which was cloned from multidrug-resistant ham-
ster cells, taking advantage of the increased frequency of renaturation of am-
plified sequences [15, 16]. In multidrug-resistant Chinese hamster ovary cells,
c¢DNA clones encoding part of P-glycoprotein were isolated from an expression
library, utilizing an antibody against P-170 [17]. In addition, the mdr-1 gene and

Fig. 1. Southern blot analysis of DNA from five KB
(HeLa) cell lines hybridized with a probe obtained by
cloning amplified sequences from a multidrug-resistant
cell line. The probe was isolated using a modification of
the in-gel renaturation procedure described by Ronin-
son. The left-hand lane shows the single copy signal in
the parental KB cell line, while the right-hand lane
shows the same results in a revertant obtained by grow-
ing a multidrug-resistant cell line out of selection
medium. The three middle lanes show amplification of
the same 4.0 KB Hind III fragment in three indepen-
dently selected multidrug-resistant cell lines
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four other genes that are overexpressed and amplified in this same cell line
were identified by differential screening of a cDNA library {18]. Finally, in
Chinese hamster lung cells, amplified/overexpressed sequences were identified
by cDNA screening with amplified DNA probes obtained by C,¢t (10-300)
enrichment of DNA from a multidrug-resistant cell line {19]. Although iso-
lated from independently selected cell lines, the probes in all cases recognize
a 4.8-kb mRNA species that is the product of the mdr-1 gene and encodes
P-glycoprotein.

A Model for the mdr-1 Gene Product (P-Glycoprotein)

The primary sequence of P-glycoprotein has been determined in human and
rodent systems from sequence data obtained with full-length cDNAs [20, 21].
The results demonstrate an open reading frame for a protein of 1276-1280 ami-
no acids. Analysis of the sequence suggests that the molecule arose as a result of
an internal duplication, with both segments containing a consensus ATP binding
site. In addition, inspection of the deduced sequence reveals the presence of six
hydrophobic regions in each half of the molecule, fitting all criteria for trans-
membrane domains, and several potential glycosylation sites. Consequently, the
model can be viewed as two domains, each with an ATP binding site, function-
ing as an energy-dependent transport system involved in active drug efflux.

Function of P-Glycoprotein/Photoaffinity Labelling

A role for P-glycoprotein as an energy-dependent efflux pump had been pre-
viously suggested from experiments in several laboratories investigating drug
accumulation and drug efflux in multidrug-resistant cell lines. Increasing levels
of drug resistance are associated with decreased accumulation and rapid efflux
from drug-loaded cells. This reduced accumulation had been previously demon-
strated to be energy dependent [7, 9, 10, 22]. Drug efflux requires initial binding,
and this has been studied utilizing membrane vesicles prepared from multidrug-
resistant cells {23-27]. In KB cells, these vesicles bind increased amounts of
[H]vinblastine, and the drug-binding component has been identified as P-
glycoprotein by utilizing an iodinated photoaffinity analog of vinblastine (**I-
labelled NASV) [24]. Following photoactivation, this analog labels a 170 000-
dalton protein which can be specifically immunoprecipitated with monoclonal
antibody C219, which recognizes P-glycoprotein. The labelling can be inhibited
by excess cold vinblastine or vincristine, and to a lesser extent by daunomycin
and actinomycin D, suggesting that P-glycoprotein can bind these drugs and is
therefore likely to be directly involved in their efflux from cells.
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This system also provides a means of studying agents which reverse multidrug
resistance [25]. Both quinidine and verapamil are excellent inhibitors of '*°I-
labelled NASV binding, whereas phenothiazines are not. These findings indicate
that there is more than one mechanism for reversing drug resistance mediated by
P-glycoprotein. This raises the possibility that synergism could be obtained by
combining agents with different mechanisms. In a clinical setting, this may prove
to be of value.

MDR-1 Gene and Drug Resistance

Before considering a possible role for the mdr-1 gene in clinical drug resistance,
its importance in clinical cell culture had to be firmly established. The evidence
that the mdr-1 gene plays a role in drug resistance includes the following:

1. Numerous independently selected human and rodent multidrug-resistant cell
lines have amplified the mdr-1 gene [14-19].

2. Reversion of the multidrug-resistant phenotype following the withdrawal of
selective pressure is associated with a decrease in mdr-1 expression and
amplification [28].

3. Sensitive cells transformed with DNA from multidrug-resistant cell lines
develop a pattern of multidrug resistance similar to that of the donor cell line
and have increased amounts of mdr-1 mRNA/P-glycoprotein [29].

4. Full-length cDNAs for the mdr-1 gene can confer the multidrug resistance
phenotype following transfection [30, 31].

Taken together, these results provide strong support for a role of the mdr-1
gene in multidrug resistance in tissue culture systems.

Increased Expression Can Precede Gene Amplification

In several well-studied models of drug resistance, gene amplification has been
identified as the primary molecular alteration, with less emphasis given to
expression [32]. With mdr-1, the degrees of overexpression and amplification
vary widely among various resistant cell lines [28]. The KB carcinoma cell lines
KB-A1 and KB-V1, the 2780 ovarian carcinoma cell line selected with doxorubi-
cin (Adriamycin), and the CEM lymphoblastic cell line selected with vinblastine
all have similar levels of mdr-1 expression but have amplified the gene 10-160
times. These findings suggest that at some step during the selection of these cell
lines, expression and amplification were not coordinated. In addition, in one of
the KB carcinoma cell lines, the early steps of incremental increases in drug
resistance were characterized by increased expression without gene amplifica-
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tion. These early steps have levels of resistance that most likely correspond to
those found in a clinical setting. This suggests that clinical drug resistance may
result from increased expression without amplification. The paucity of examples
of gene amplification in a clinical setting could in part be explained by this, and it
argues for measuring the levels of mdr-1 mRNA or the protein product.

Expression of mdr-1 Gene in Normal Tissues and Tumors

Expression of the mdr-1 gene has been detected in specific normal human tissues
[33] (Table 1). A survey of normal tissues shows that mdr-1 is expressed at low
levels in most organs but at higher levels in a few. The mdr-1 gene is expressed at
very high levels in the adrenal gland; at high levels in kidney; at intermediate

Table 1. mdr-1 mRNA in normal tissues [33]

Tissue or cell line* mRNA level?
Adrenal (4) 160
Adrenal medulla > 500
Kidney (6) 50
Kidney medulla 75
Colon (10) 31
Liver (4) 25
Lung (9) 20
Jejunum 20
Rectum 20
Brain 12
Prostate 8

Skin, subcutaneous tissue, skeletal
muscle, heart, spleen (2), bone
marrow (3), lymphocytes,
esophagus, stomach, ovary, kidney

cortex, spinal cord 1-5
KB-3-1 1
KB-8-5° 40
KB-V1 (Vbl)* > 500

*Number of tissue samples studied (when > 1) is given
in parentheses. Values given are means.

PResistance relative to the parent KB-3-1 is 3-fold for
doxorubicin and 6-fold for vinblastine.

“Resistance relative to the parent KB-3-1 is 420-fold for
doxorubicin and 210-fold for vinblastine (Vbl).
9Quantitated by densitometry of slot blots of 10 ug of
total RNA. Values, expressed relative to level for drug-
sensitive KB-3-1 cells, were determined by comparison
with KB-8-5 RNA, which gave a reproducible, easily
detectable signal.
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Fig. 2. Photomicrograph of a kidney cortex showing the results of an RNA in situ hybridization
experiment performed utilizing a *>S-labelled RNA probe encoded by the middle one-third of the
mdr-1 mRNA. Several proximal tubules surrounding a glomerulus can be identified. The grains
localize mdr-1 expression to the proximal tubules of the kidney

levels in lung, liver, jejunum, colon, and rectum; and at low levels in many other
organs. Expression is not only organ specific but can be localized to specific areas
within each organ by in situ hybridization with RNA probes. In the kidney and
colon, expression is seen in the proximal tubule and surface epithelium, respec-
tively (Fig. 2). In the liver, there is uniform distribution of message among the
hepatocytes. All three layers of the adrenal cortex have readily detectable levels,
which are lowest in the zona reticularis. In the adrenal medulla, expression is
confined to the ganglion cells. Although mdr-1 was isolated from multidrug-
resistant cells, the normal tissue survey suggests that P-glycoprotein has a nor-
mal function at these sites. One possibility is a role in the excretion of drugs or
other organic molecules. As other genes for drug resistance are identified, it is
likely that expression in some normal tissues will also be demonstrated.

To a certain extent, the normal tissue expression has been predictive of ex-
pression in untreated tumors [33] (Table 2). Elevated mdr-1 expression has
been found in many, but not all, tumors from the adrenal gland, colon, and
kidney, organs with elevated mdr-1 mRNA levels (Fig. 3). These findings sug-
gest that the mdr-1 gene can continue to be expressed after transformation to the
malignant phenotype, where it may play a role in the failure of initial chemother-
apy. Examination of such expression by in situ hybridization demonstrates
homogeneous expression in some tumors, but a heterogeneous pattern in many
[34]. Examination of tumors in this fashion may help to provide evidence sup-
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Table 2. mdr-1 mRNA in tumors [33]

Tumor Patient no.

Treatment®

mRNA level®

Pheochromocytoma

—_——

—

—
0O~ UNEWVNENEFEWRNR,WURENDI==EOWWYoN—EO

Neuroblastoma

Adrenocortical cancer

Colon cancer?®

Childhood cancers
Neuroepithelioma

Ewing’s sarcoma

Rhabdomyosarcoma

—
|

Acute lymphoblastic leukemia

(=21 SIS L

—

Ver

Ver, Dox
Ver, Dox
Vcr, Dox

SFU,MitC

Ver, Act D
Ver, Act D
Ver, ActD
Ver, ActD
Ver, Act D
Ver, Act D

> 500

67
64
61
40
26
19
18
3
15
13
1
1
1
25
24
10
72
2
20(42)
23(29)
54(17)
41(21)
20(19)
18(31)
76(84)
7(6)

~N N = 0o

74
5-14
68

Ver, vincristine; Dox, doxorubicin; SFU, S5-fluorouracil; Mit C, mitomycin C; Act D, actinomycin D

#Values for adjacent normal colon tissue are given in parentheses.

"Some samples were from patients who had relapsed following combination chemotherapy, and

some of the drugs these patients had received are shown.
“Relative to KB-3-1 cells. Data are from densitometry of blots.

porting the preexistence of resistant populations in untreated tumors, especially
if serial samples can be obtained, and conversion to a more homogeneous pat-

tern is demonstrated.

Increased levels have also been observed in some tumors at the time of re-
lapse following initial chemotherapy. These increased levels have been observed
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Fig. 3a, b. mdr-1 expression in normal colon (N) and colon tumors (7). Total RNA was analyzed by
slot blot (10 ug, a) and Northern blot (6 ug, b) hybridization. A cDNA probe encoding the proximal
one-third of the protein was used for the slot blot analysis after nick translation; a riboprobe made
from the middle one-third of the full-length cDNA was used in the Northern blot analysis. 3-1 is the
parent KB (HeLa) subclone from which the multidrug-resistant KB sublines were selected. 8 and 8-5
Vbl are multidrug-resistant cell lines. The resistance relative to the parent cell line for 8-5 is 3-fold for
doxorubicin and 6-fold for vinblastine; for Vbl these values are 10-fold for doxorubicin and 420-fold
for vinblastine. In the Northern blot analysis only 1 ug Vbl RNA was loaded, and the panel shown is
a composite of three different gels, each with its own internal control

both in tumors where elevated expression is found in untreated samples, such as
pheochromocytomas and neuroblastomas, and in cases where levels are low be-
fore treatment, such as acute lymphocytic leukemia. How prevalent these results
are awaits further analysis; however, in combination chemotherapy, it is clear
that resistance need not develop to all agents utilized for treatment to fail.
Prospective clinical studies now under way will answer questions regarding the
role of mdr-1 in primary and acquired resistance.
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Clinical Applications and Future Directions

Although it seems likely that more than one mechanism is responsible for mul-
tidrug resistance, the ability to identify tumors with increased mdr-1 expression
offers several possibilities. Determination of the levels of mdr-1 mRNA could be
used to predict sensitivity to chemotherapy, obviating the need for cumbersome
culture assays. This will become more valuable as other molecular probes of
drug resistance genes are identified and tested in the clinical arena. A related use
would be in the assessment of recurrent disease, to ascertain whether resistance
has developed during therapy. In addition, such identification, coupled with the
knowledge that some agents can reverse multidrug resistance in tissue culture,
may help to increase the effectiveness of current chemotherapeutic agents.
Drugs such as quinidine and verapamil are active in culture, and quinidine is
effective at levels used clinically to treat arrhythmias. Judgement of their clinical
value awaits the results of studies now beginning, but these agents are certain to
increase intracellular concentrations of drug in tumors expressing elevated levels
of mdr-1. Whether this will translate into increased cytotoxicity remains to be
determined. Finally, since the product of the mdr-1 gene is a membrane glyco-
protein, it may be possible to construct conjugates of antibodies with toxins or
radioisotopes that can be used therapeutically against drug-resistant tumor cells
expressing it.

Current efforts are directed toward clarifying the role of mdr-1 in human
tumors. These studies should help to determine whether the knowledge accrued
in tissue culture can be successfully utilized in a clinical setting.

References

1. Biedler JL, Riehm H (1970) Cellular resistance to actinomycin D in Chinese hamster cells in
vitro: cross-resistance, radioautographic and cytogenetic studies. Cancer Res 30: 1174-1184

2. Ling V, Thompson L (1974) Reduced permeability in CHO cells as a mechanism of resistance to
colchicine. J Cell Physiol 83: 103-116

3. Juliano RL, Ling V (1976) A surface glycoprotein modulating drug permeability in Chinese
hamster ovary cell mutants. Biochem Biophys Acta 455: 152-162

4. Beck WT, Mueller TJ, Tanzer LR (1979) Altered surface membrane glycoproteins in vinca
alkaloid-resistant human leukemic lymphoblasts. Cancer Res 39: 2070-2076

5. Akiyama S-1, Fojo AT, Hanover JA, Pastan I, Gottesman MM (1985) Isolation and genetic
characterization of human KB cell lines resistant to multiple drugs. Somat Cell Molec Genet 11:
117-126

6. Shen D-W, Cardarelli C, Hwang J, Cornwell M, Richert N, Ishii S, Pastan I, Gottesman MM
(1986) Multiple drug resistant human KB carcinoma cells independently selected for high-level
resistance to colchicine, Adriamycin or vinblastine show changes in expression of specific pro-
teins. J Biol Chem 261: 7762-7770

7. Inaba M, Kobayashi H, Sakurai Y, Johnson RK (1979) Active efflux of daunomycin and
adriamycin in sensitive and resistant sublines of P388 leukemia. Cancer Res 39: 2200-2203

224



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

. Mirski SEL, Gerlach JH, Cole SP (1987) Multidrug resistance in a human small cell lung cancer

cell line selected in adriamycin. Cancer Res 47: 2594-2598

. Carlsen SA, Till JE, Ling V (1977) Modulation of drug permeability in Chinese hamster ovary

cells. Biochim Biophys Acta 467: 238-250

Fojo AT, Akiyama S-1, Gottesman MM, Pastan I (1985) Reduced drug accumulation in multiple
drug-resistant human KB carcinoma cell lines. Cancer Res 45: 3002-3007

Tsuruo T, lida H, Kitatani Y, Yokota K, Tsukagoshi S, Sakurai Y (1984) Effects of quinidine
and related compounds on cytotoxicity and cellular accumulation of vincristine and adriamycin
in drug-resistant tumor cells. Cancer Res 44: 4303-4307

Tsuruo T, lida H, Tsukagoshi S, Sakurai Y (1986) Increased accumulation of vincristine and
adriamycin in drug-resistant P-388 tumor cells following incubation with calcium antagonists and
calmodulin inhibitors. Cancer Res 42: 4730-4733

Akiyama S-I, Shiraishi N, Kuratomi Y, Nakagawa M, Kuwano M (1986) Circumvention of
multiple-drug resistance in human cancer cells by thioridazine, trifluoperazine and chlorproma-
zine. JNCI 76: 839-844

Fojo AT, Whang-Peng J, Gottesman MM, Pastan I (1985) amplification of DNA sequences in
human multidrug-resistant KB carcinoma cells. Proc Natl Acad Sci USA 82: 7661-7665
Roninson IB, Abelson HT, Housman DE, Howell N, Varshavski A (1984) Amplification of
specific DNA sequences correlates with multidrug resistance in Chinese hamster cells. Nature
309: 626-628

Roninson IB, Chin JE, Choi K, Gros P, Housman DE, Fojo AT, Shen D-W, Gottesman MM,
Pastan I (1986) Isolation of human mdr DNA sequences amplified in multidrug-resistant KB
carcinoma cells. Proc Natl Acad Sci USA 83: 4538-4542

Riordan JR, Deuchars K, Kartner N, Alon N, Trent J, Ling V (1985) Amplification of P-
glycoprotein genes in multidrug-resistant mammalian cell lines. Nature 316: 817-819

Van der Blief AM, Van der Velde-Koerts T, Ling V, Borst P (1986) Overexpression and am-
plification of five genes in a multidrug-resistant Chinese hamster ovary cell line. Mol Cell Biol 6:
1671-1678

Scotto KW, Biedler JL, Melera PW (1986) Amplification and expression of genes associated
with multidrug resistance in mammalian cells. Science 232: 751-755

Chen C-J, Chin JE, Ueda K, Clark DP, Pastan I, Gottesman MM, Roninson IB (1986) Internal
duplication and homology with bacterial transport proteins in the mdr-1 (P-glycoprotein) gene
from multidrug-resistant human cells. Cell 47: 381-389

Gros P, Croop J, Housman D (1986) Mammalian multidrug resistance gene: complete cDNA
sequence indicates strong homology to bacterial transport proteins. Cell 47: 371-380
Willingham MC, Cornwell MM, Cardarelli CO, Gottesman MM, Pastan I (1986) Single cell
analysis of daunomycin uptake and effiux in multidrug-resistant and sensitive KB cells: effect of
verapamil and other drugs. Cancer Res 46: 5941-5946

Cornwell MM, Gottesman MM, Pastan I (1986) Increased vinblastine binding to membrane
vesicles from multidrug resistant KB cells. J Biol Chem 261: 7921-7928

Cornwell MM, Safa AR, Felsted RL, Gottesman MM, Pastan I (1986) Membrane vesicles from
multidrug-resistant human cancer cells contain a specific 150-170 kDa protein detected by photo-
affinity labelling. Proc Natl Acad Sci USA 83: 3847-3850

Cornwell MM, Pastan I, Gottesman MM (1987) Certain calcium channel blockers bind specif-
ically to multidrug-resistant human KB carcinoma membrane vesicles and inhibit drug binding to
P-glycoprotein. J Biol Chem 262: 2166-2170

Safa AR, Glover CJ, Swell JL, Meyers MB, Biedler JL, Felsted RL (1987) Identification of the
multidrug resistance-related membrane glycoprotein as an acceptor for calcium channel block-
ers. JBC 262: 7884—7888

Akiyama S-I, Cornwell MM, Kuwano M, Pastan I, Gottesman MM (1988) Most drugs that
reverse multidrug resistance also inhibit photoaffinity labeling of P-glycoprotein by a vinblastine
analog. Molec Pharm 33: 144-147

Shen D-W, Fojo A, Chin JE, Roninson IB, Richert N, Pastan I, Gottesman MM (1986) Human
multidrug-resistant cell lines: increased mdr-1 expression can precede gene amplification. Sci-
ence 232: 643-645

225



29.

30.
31
32.
33.

34.

226

Shen D-W, Fojo A, Roninson IB, Chin JE, Soffir R, Pastan I, Gottesman MM (1986)
Multidrug-resistance of DNA-mediated transformants is linked to transfer of the human mdr-1
gene. Mol Cell Biol 6: 4039-4044

Gros P, Ben Neriah Y, Croop JM, Housman DE (1986) Isolation and expression of a com-
plementary DNA that confers multidrug resistance. Nature 323: 728-731

Ueda K, Cardarelli C, Gottesman MM, Pastan I (1987) MDR 1 gene confers resistance to
colchicine, doxorubicin and vinblastine. PNAS 84: 3004-3008

Federspiel NA, Beverly SM, Schilling JW, Schmike RT (1984) Novel DNA rearrangements are
associated with dihydrofolate reductase gene amplification. J Biol Chem 259: 9127-9140

Fojo AT, Ueda K, Slamon DIJ, Poplack DG, Gottesman MM, Pastan I (1986) Expression of a
multidrug resistance gene in human tumors and tissues. Proc Natl Acad Sci USA

Mickley L et al., in preparation



11. Development of New Chemotherapeutic Agents

V. Narayanan

Introduction

There is a continuing need to discover and develop new chemotherapeutic
agents for the treatment of cancer. The reasons are several. Cancer chemother-
apy generally cures only rare tumors such as choriocarcinoma, teratoma, hemo-
poietic malignancies, and childhood cancers. Very rarely, if at all, are drugs
effective against major killers such as lung, colon, melanoma, and breast can-
cers. Even where some measure of effectiveness is achieved, this is usually due
not to any single agent, but to a combination of drugs or combined modality
treatment. Surgery and radiation treatments are no doubt very useful. However,
these are limited by the tendency for many solid tumors to metastasize to distant
sites, the metastatic event frequently occurring prior to diagnosis. Thus, chemo-
therapy will continue to play a vital role in the treatment of cancer. Clearly, the
cornerstone of effective cancer chemotherapy is the drug molecule itself.

Challenges of New Drug Discovery

The research to discover new anticancer agents is particularly challenging be-
cause of several factors: (a) the lack of adequate knowledge of the biochemistry
of tumor cell types and our inability to identify and define exploitable biochemi-
cal differences between tumor cell types and normal cells; (b) tumor heterogene-
ity; (c) the development of biochemical resistance to the drug or drugs used for
treatment; and (d) the low predictability of animal tumor models, especially for
solid tumors. Strategies for discovering new drugs involve two key steps: iden-
tification of new leads and structure-activity/toxicity fine-tuning. A small but
significant number of new drug discoveries stem from “rational” drug design and
analog synthesis. However, the majority of the new leads, both of synthetic and
of nature product origins, are discovered through the “semirational” approach
of screening.
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Rational Drug Design

The greatest success in the rational approach to anticancer drug design has been
in the area of antimetabolites; in fact, of the antitumor agents with established
clinical activity, six are rationally designed antimetabolites. The early develop-
ments of antifolates and purine antagonists by functional group replacements
have given major impetus to the antimetabolite area [1]. There is continued
interest in the development of novel antifolates, with the goal of improving the
therapeutic index and overcoming methotrexate (MTX) resistance. These new
compounds include alterations in the glutamic acid moiety of MTX, lipophilic
diaminopyrimidines, and quinazoline derivatives. One diaminopyrimidine
(metadichlorofen, DDMP) is currently in phase II clinical trials. As predicted,
DDMP rapidly enters the central nervous system (CNS) and does not require a
carrier-mediated transport system for cell entry. DDMP may also be useful in
the treatment of MTX-resistant tumors. Quinazoline antifolates are inhibitors of
both dihydrofolate reductase and thymidylate synthetase. The compound CB-
3717 is the tightest-binding thymidylate synthetase antifolate that has yet been
synthesized, and its affinity for this enzyme is ten times greater than its affinity
for dihydrofolate reductase. The compound has a high therapeutic index in pre-
clinical animal testing and is undergoing clinical trials. A recent development in
this area is the use of computer graphics to simulate the formation of effective
drug-enzyme complexes.

The fact that the 5-position of uracil has to be methylated for thymidine and
DNA synthesis led to the early rational design and development of 5-carbon-
substituted pyrimidine antimetabolites, the most significant of which is 5-
fluorouracil (SFU). Even now, SFU continues to be the focus of attention as a
model for pro-drug synthesis, as well as analog synthesis. Another example of
rational design of an effective antimetabolite is arabinosylcytosine (ara-C).

In recent years, several conceptual and methodological advances have pro-
vided new approaches to the design of enzyme inhibitors. Analogs of transition
state intermediates (activated complexes formed by combination of the sub-
strates and synchronously converted into the products) would be ideal candidates
to inhibit a particular enzymatic reaction because they could be tailored to fit the
active site of the target enzyme. Some examples of compounds in this cate-
gory are the development of tetrahydrouridine as an effective inhibitor of
cytidine deaminase, 2’-deoxycoformycin as an adenosine deaminase inhibitor,
and N-(phosphonacetyl)-L-aspartate (PALA) as an inhibitor of aspartic-
transcarboxylase reactions. Another variation of the enzyme inhibition
approach for designing anticancer agents is the concept of suicide enzyme inhibi-
tors. These are compounds that possess latent reactive functional groups which
are unmasked by the enzyme, which is then inactivated; thus, the enzyme’s own
activity leads to its inhibition. Kcat inhibitors bind tightly to the enzyme, which
is thereby permanently inhibited. An excellent example is L-difluoromethyl
ornithine (DFMO), which inhibits polyamine biosynthesis by blocking ornithine
decarboxylation. Preliminary studies indicate that DFMO in combination with
cytotoxic drugs may have value in the treatment of cancer.
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A new and exciting avenue for rational drug design is the emerging knowl-
edge of the processes of oncogene expression and activation. For example, it has
been shown that tyrosine kinases can phosphorylate phosphotidylinositol, lead-
ing to the activation of protein kinase C and the C*>*/calmodulin-dependent
pathways. Protein kinase C has been implicated in the tumor promotion action
of phorbol esters. Mitogens such as epidermal growth factor (EGF) have also
been shown to induce the phosphotidylinositol response. Therefore, synthetic
drug design aimed at selective inhibition of protein kinase C would be very
attractive.

Molecular Modifications

Once a promising ““lead” compound, either a synthetic or natural product, is dis-
covered, it is exploited by the medicinal chemist through molecular modifica-
tions. The goal is to synthesize a drug having greater activity or less toxicity than
the parent compound. Bioisosteric replacement is the principal tool that a medic-
inal chemist utilizes to develop analogs of lead compounds. The parameters
being changed are molecular size, steric shape, bond angles, hybridization, elec-
tron distribution, lipid solubility, water solubility, pKa, chemical reactivity to
cell components and metabolizing enzymes, and capacity to undergo receptor
interactions through hydrogen bonding. Two examples will illustrate the scope
of analog synthesis. Currently, there is a great deal of preclinical and clinical
work going on in the design and development of “second-generation’ anthracy-
clines. Doxorubicin hydrochloride (Adriamycin) analogs that do not appear to
have the dose-limiting cardiotoxicity of doxorubicin and do not induce alopecia
are under investigation, e.g., aclacinomycin, 4-demethoxydaunorubicin, and 4’-
epidoxorubicin. With regard to the platinum derivatives, the high clinical utility
of cisplatin is restricted by the onset of limiting toxicities, the most important of
which are nausea and vomiting, neurotoxicity, and myelosuppression. In an
effort to improve the therapeutic index of cisplatin, there has been a strong
interest in the development of second-generation analogs. It is only recently that
clinical trials of several of the most promising analogs have been undertaken.
The most important one to date is cyclobutanedicarboxylatoplatinum
(CBDCA). In animal experiments and in early clinical trials, CBDCA shows
comparable anticancer activity, with reduced nephrotoxicity and reduced acute
gastrointestinal toxicity.

Computer Models

Computer graphics and nonbonded energy calculations are being increasingly
used to model the intercalative binding of compounds such as doxorubicin,
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nogalamycin, distamycin, anthraquinone, and acridine derivatives to double-
stranded DNA. These compounds have actual or potential antitumor properties,
which relate to their DNA-binding abilities. Computer simulation may thus be
useful in drug design [2].

Another development is the application of computer simulation to under-
standing the effects of antimetabolites on metabolic pathways, e.g., models of
antifolate action and of deoxyribonucleoside triphosphate and purine ribonu-
cleotide biosynthesis. Kinetic modeling of anticancer drug effects has been used
to examine the dependence of drug sensitivity upon enzyme kinetic parameters
and metabolic pool sizes, and to develop optimal ways to combine multiple
drugs.

Natural Products as Sources of New Leads

Both natural products and compounds of synthetic origin are good sources of
new anticancer leads. The natural products area encompasses fermentation,
plant, and animal (especially marine) products. Anthracyclines, bleomycins, and
mitomycins have emerged from fermentation broths. The higher plants have
provided a few antitumor agents in current use—the Vinca alkaloids vinblastine
and vincristine, and the podophyllotoxins, VP-16 and VM-26. The marine pro-
duct area is a relatively new one that is being explored.

The Natural Products Branch of the National Cancer Institute (NCI) has re-
cently initiated a new program for the acquisition of unusual natural products.
Novel techniques and unusual substrates are utilized to generate new leads. In
vitro prescreens are also constantly improved or changed to increase the efficien-
cy of the program. Currently used screens include enzyme inhibition, tubulin
binding, phage induction, DNA binding, and cytotoxicity against various murine
and human cell lines. Active fractions from the in vitro prescreens are then
tested against the in vivo systems in a drug development flow, which will be
described later. Once the bioactive substance has been isolated and is free from
contaminants, structure determination follows, a task that has been greatly
accelerated through the use of modern high-resolution spectroscopic tools.

Screening for New Leads

The rest of the chapter will be devoted to discussing the screening approach to
the discovery of new anticancer leads. Screening and unexpected (serendipitous)
observations are, and always have been, responsible for the vast majority of new
lead discoveries. Screening has the advantage over other more efficient proce-
dures of revealing unexpected chemical structural types to be agents active
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under the test conditions. These lead compounds can then serve as starting
points for further elaboration of suitable drugs.

For several years, the NCI of the United States of America has supported and
even now continues to engage in a major collaborative anticancer screening
program [3]. The strategy for the discovery and development of new anticancer
agents currently in place in the Drug Development Program at NCI is based on
the acquisition and screening of a large number of widely varying compounds of
both synthetic and natural product origins.

A multidisciplinary systems approach for new drug discovery and develop-
ment has been adopted, based on continuous interactions and feedback between
medicinal chemists, biologists, pharmacists, and clinicians. The various stages of
drug development and the logic which guides the program are called the Linear
Array. It delineates the steps which must take place to assure the flow of com-
pounds through the experimental systems and into the clinic: (a) acquisition of
new compounds, (b) screening, (c) production and formulation, (d) toxicology,
(e) phase I clinical trials, (f) phase II clinical trials, and (g) phase III and IV
clinical trials. It also spells out the criteria for moving candidate compounds
from one stage of development to another. The program has undergone many
changes and refinements over the years. Discussions will focus on the input side:
(a) selection and acquisition of compounds, especially of synthetic origin; and
(b) biological evaluation. Finally, the novel compounds that are in various stages
of development will be described.

The flow of synthetic compounds occurs in three distinct stage: the acquisition
phase, the preselection phase, and the anticancer evaluation phase. Several
mechanisms are available for the input of novel compounds to the program,
namely, voluntary submissions, active solicitations, contracts, and grants. The
vast majority of compounds are acquired from industries, both domestic and
foreign, on a voluntary basis under provisions of confidentiality. Continuous
literature surveillance is also employed to select compounds on the basis of
relevant chemical, biochemical, pharmacological, and biological criteria. These
compounds encompass a large variety of structural types, prepared as synthetics
or isolated from plants, fermentation broths, and marine organisms.

Anticancer Test Systems

The development of predictable animal tumor models for identifying clinical
candidates continues to be a major challenge [4]. The biological systems that are
used to evaluate new compounds for anticancer activity are summarized in Table
1. The mouse P388 leukemia model is used as a prescreen to select new com-
pounds for secondary evaluation against a panel of tumors. Occasionally, the
P388 prescreen is bypassed for compounds that have shown either (a) activities
in antitumor screens not available at NCI or (b) other pertinent biochemical or
biological activities. The tumor panel consisted of eight cancer models in mice—
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five transplanted mouse tumors (L1210 leukemia, B16 melanoma, colon, breast,
and lung) and three human xenografts (colon, breast, and lung) implanted under
the kidney capsules of mice. As a result of retrospective analysis, the tumor
panel has been modified recently: the current panel consists of three trans-
planted mouse tumors (L1210 leukemia, B16 melanoma, and M5076 sarcoma)
and the mammary human tumor xenograft in athymic mice. Two different para-
meters are used for evaluating the activity of a compound, either the increase in
life span of the treated versus the control mice or the reduction in tumor weight.
In recent years, the human tumor colony-forming assay (HTCFA) has also been
utilized to identify new compounds for clinical evaluation.

Preselection

A two-stage strategy has been developed to preselect compounds for screening,
namely, (a) a computer model and (b) structure-activity analysis. The objective
of preselection is to enhance the cost-effectiveness of the drug discovery process
by decreasing the number of compounds acquired for screening in the tumor
panel while improving the quality of the input.

A variety of criteria are used to select compounds for screening. The litera-
ture is extensively scanned to identify a rational basis for selection, ¢.g., anti-
tumor activity reported in other screening programs or compounds reported
to exhibit relevant biochemical and other biological activities and structural
features suggestive of effects on enzymatic processes relevant to cancer chemo-
therapy. However, by and large, the majority of compounds come with only
structural information. A computerized model has been developed that aids us
in selecting compounds for screening on the basis of structural information alone

[5].

Computer Model

The main features of the computer model are: (a) it evaluates a broad range of
compounds; (b) it utilizes structural fragments (keys); (c) it utilizes the NCI
screening experience with P388, L1210, and B16; and (d) it integrates the mas-
sive volume of structural data and screening experience to predict novelty and
activity for each compound under consideration.

The structural features used are those routinely generated as keys for the
substructure inquiry system. The system incorporates an open-ended feature set
as opposed to a dictionary (roughly 8000 structural features). The main types of
keys are: (a) augmented atom keys (AA), which consist of a central atom, its
bonds, and the neighboring atoms attached to the bonds, all combinations of
attachments being permitted; (b) ring keys; (c) two kinds of nucleus keys; and
(d) individual element keys (Fig. 1). The method assigns weight to each feature
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according to the statistical significance of its contribution to activity, using the
P388, L1210, and B16 screening data. An unknown compound is scored by
adding the weights of its dozen or so structural features. The score is not in-
tended to estimate the strength of activity, but only to provide some measure of
the likelihood of the compound having anticancer activity.

Regardless of activity, another useful measure supplied by the computer is an
indication of novelty based on the large number of compounds tested against
P388, L1210, and B16. Compounds are flagged as unique if they have a key
which never occurred in all P388, L1210, and B16 testing. For each new com-
pound, the feature that occurs least often is printed along with its frequency of
occurrence. If the key occurring least often in the compound has appeared more
than 100 times, the compound is considered adequately studied. Novelty scores
are even more useful in selecting compounds for acquisition. It must be empha-
sized that although this method is computerized, it is not designed to automati-
cally pass or reject compounds. It serves as a tool to aid the medicinal chemist in
selecting compounds. In practice, the method is very useful for rejecting com-
pounds. The acquisition/selection process is summarized in Fig. 2.
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Fig. 2. Process of acquisition/selection of new compounds for screening

Structure-Activity Analysis

Detailed structure-activity analyses based on our large chemical-biological data
base are an integral part of our acquisition and synthesis activities [6]. Large-
scale analyses of NCI data files have become feasible because of the develop-
ment of the chemistry-biology interlink and its active implementation during the
past couple of years. Such activity analyses allow us to select compounds for
screening maximizing structural uniqueness and anticancer potential. It also
allows us to identify gap areas for further research.

New Anticancer Leads in Development

Figure 3 illustrates several examples of new anticancer leads that are currently
under active development [7]. A brief description of these compounds is given
below.

Mitoxantrone

The history of the development of dihydroxyanthracenedione (DHAQ, mito-
xantrone) richly illustrates the value of screening in identifying new leads and
the result of scientific collaboration and cooperation among a chemical com-
pany, a government agency, and a drug research team. The original compound,
1,4-bis(2-[(2-hydroxyethyl)amino]ethylamino)-9,10-anthracenedione, developed
to be used as a ball-point ink, was shown to possess significant antineoplastic
activity. Prior to the discovery of the above compound, antracenediones in
general had shown very little, if any, anticancer activity. The high antineoplas-
tic activity of the new lead compound made it an obvious candidate for analog
studies, from which emerged DHAQ. DHAQ demonstrated outstanding anti-
cancer activity against P388 and L1210 leukemias, B16 melanocarcinoma, and
colon adenocarcinoma 26 in experimental animals. Tumor responses have been
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achieved in phase I trials in a wide spectrum of tumors—Ileukemia, lymphoma,
and solid tumors. Antitumor activity has been reported in phase II trials in
metastatic breast cancer and adult and pediatric leukemia. This drug has been
approved for use in several countries for treatment of carcinoma of the breast
including locally advanced and metastatic diseases. In the USA it is approved for
the treatment of acute nonlymphocytic leukemia.

Anthrapyrazoles

A series of 5-[(aminoalkyl)amino]-substituted anthra[1l, 9-cd]pyrazol-6 (2H)-
ones (anthrapyrazoles) were synthesized by the Warner-Lambert/Parke-Davis
Co. in a congener program to modify the anthracenedione nucleus, in an effort
to reduce the tendency to form semiquinone free radicals, which is believe to be
the major cause of the cardiac toxicity of these compounds. Many of the com-
pounds were highly active against a variety of preclinical tumor systems, e.g.,
L1210 leukemia, B16 melanoma, M5076 sarcoma, and MX-1 mammary Xeno-
graft. Several of the compounds studied were curative against every tumor of the
above panel. Because of the high activity of the anthrapyrazoles as a class in the
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NCI tumor panel, additional testing was necessary to identify potential clinical
candidates, including mammary adenocarcinoma 16C, colon adenocarcinoma
11a, and Ridgway osteogenic sarcoma. These preclinical data suggest that
anthrapyrazoles are similar to doxorubicin in both degree and spectrum of activ-
ity. On the basis of their high level of broad-spectrum activity, ease of formula-
tion, possible lack of cross-resistance with doxorubicin, and potential lack of
cardiotoxicity, three compounds in the series were selected for further preclini-
cal evaluation and possible clinical development. Two compounds have entered
phase I clinical trials.

Tiazofurin

Tiazofurin is another excellent example of discovery through screening. Com-
pounds prepared as part of a targeted research effort to find new antiviral agents
were selected by NCI for antitumor screening, on the premise that compounds
known to exhibit certain types of biological activity may have an enhanced prob-
ability of exhibiting anticancer activity. From this effort emerged 2-B-D-
ribofuranosylthiazole-4-carboxamide (Tiazofurin), which has shown remarkable
activity against Lewis lung carcinoma in mice, producing ten out of ten long-
term survivors at several dose levels. Also, Tiazofurin has demonstrated good
activity against [.1210 and P388 murine leukemias in vivo. The compound is of
considerable biochemical interest since it has been shown to be a specific inhibi-
tor of inosine monophosphate (IMP) dehydrogenase. The compound is metabo-
lized to a nicotinamide adenine dinucleotide (NAD)-like structure, where the
nicotinamide portion is replaced by thiazole-4-carboxamide. Tiazofurin is in
phase II clinical trials.

Tetraplatin

Tetraplatin is a new platinum IV coordination complex with octahedral geome-
try in contrast to the square planar cisplatin. Unlike several other platinum com-
plexes, the compound, is stable, water soluble, and can be obtained in good
purity. The compound is about equal in potency to cisplatin, but it has slightly
greater efficacy against intraperitoneally implanted 1.1210 leukemia. Interesting-
ly, tetraplatin shows activity against a subline of 1.1210 leukemia which has ac-
quired resistance to cisplatin, even to the point of producing long-term survi-
vors. Renal biochemical toxicity studies are underway. The compound has been
licensed to Upjohn company and is undergoing preclinical toxicology studies.

Merbarone

5-(N-phenylcarboxamide)-2-thiobarbituric acid (merbarone), in contrast to
other barbiturates, has shown exceptional antitumor activity agaisnt the L1210
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leukemia, as well as good activity against the B16 melanoma and M5076 sarco-
ma. Importantly, the compound shows curative activity against .1210 when the
L1210 leukemia implant site is distant from the drug injection site (intraperi-
toneal administration for subcutaneous tumor). Merbarone is also active against
resistant L1210 and P388 lines. However, the compound is only marginally ac-
tive against intracerebrally implanted tumor. The lack of strong CNS effects,
indicating that the compound does not penetrate the CNS, can be explained on
chemical grounds. Even though the compound is a barbiturate, the absence of
5,5-disubstitution contributes to a pKa of 4.0 and renders it highly ionized at
physiological pH. Studies of the mechanism of action of Merbarone indicate
that it is neither an antimetabolite nor a DNA-binding agent. However, like a
few other nonalkylating antitumor drugs, the compound has been shown to pro-
duce dose-related DNA single-strand breaks. Merbarone is undergoing phase I
clinical trials.

Trimetrexate

Trimetrexate is an interesting 2,4-diaminoquinazoline derivative, which is being
jointly developed by NCI and Warner-Lambert/Parke Davis. It is a prolonged
inhibitor of dihydrofolate reductase; however, unlike MTX it is not polygluta-
minated. Trimetrexate demonstrates activity equivalent to that of MTX against
all MTX-sensitive cell lines and is also active against several MTX-resistant
lines. In murine models, the anticancer effectiveness of trimetrexate is schedule
dependent. In phase I clinical trials, partial responses have been observed in
both colon and nonsmall-cell lung cancers. The compound is in phase II clinical
trials.

Arabinosyl Azacytosine

Arabinosyl azacytosine is a rationally designed compound that combines the
structural elements derived from both ara-C and 5-azacytidine. It shows good
activity against P388 and L1210, intravenously implanted Lewis lung carcinoma,
and the colon, lung, and mammary xenografts. Ara-AC is the only member of
the group of related compounds to reproducibly inhibit the growth of all three
xenografts by at least 90%. In addition, Arabinosyl azacytosine (ara-AC) was
found to be very active against intracerebrally implanted 1.1210 leukemia. The
compound has entered phase I clinical trials.

Biphenquinate
Substituted 4-quinoline carboxylic acids represent a new class of useful antican-
cer agents, which is being developed jointly by Dupont Co. and NCI. Biphen-

quinate was selected for further studies from over 200 related analogs because of
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its broad spectrum of antitumor activity in several preclinical systems and its
desirable pharmaceutical properties. The compound is active in the subrenal
capsule assay against the human LX-1 lung, MX-1 mammary, and BL/STX-1
stomach tumors, and against the human HCT-15 colon tumor implanted sub-
cutaneously in nude mice. Biphenquinate has entered phase I clinical trials.

Hexamethylbisacetamide

Evidence accumulated to date suggests that hexamethylbisacetamide (HMBA)
is not effective in prolonging life or retarding tumor growth in animals bearing
many of the transplantable tumors in common use in antitumor screening pro-
grams. Nevertheless, HMBA is highly efficacious in inducing differentiation of a
number of cultured cell types, including human HL-60 promyelocytic leukemia.
Preliminary data also suggest that HMBA may inhibit the process of tumor
promotion. These results suggests a role for HMBA, either alone or in combina-
tion with other treatment modalities, in both chemoprevention and cancer
therapy. HMBA is currently in phase II clinical trials.

Dihydrolenperone

Dihydrolenperone is a drug that was developed by Merrel Dow Co. as a CNS
agent. The compound shows good activity in the HTCFA against lung tumors.
The drug displays differential activity in vitro against human tumor cells versus
mouse P388 cells. Dihydrolenperone is in phase I clinical trials.

Chloroquinoxaline Sulfonamide

Chloroquinoxaline sulfonamide shows activity in the HTCFA against melano-
mas and ovarian and lung tumors over a 3-log dosage range (0.1-100 mg/ml).
Preclinical toxicology studies have been completed and the compound is ex-
pected to enter clinical trials shortly.

Deoxyspergualin

Deoxyspergualin is a novel antibiotic from the Microbial Chemistry Research
Foundation in Japan, which shows excellent activity against both intraperi-
toneally and subcutaneously implanted L1210 leukemia, producing long-term
cures. The mechanism of action of this polyamine derivative is not known;
neither ornithine decarboxylase nor S-adenosylmethionine decarboxylase is
inhibited. The compound undergoes metabolic oxidation by amine oxidases to
produce the active agent. Deoxyspergualin is in phase I clinical trials.
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Ipomeanol

Ipomeanol is a natural product isolated from moldy sweet potatoes. This furan
derivative undergoes metabolic activation by the P450 system of the pulmonary
Clara cells; it covalently binds to and acts as a specific toxin to these cells.
Ipomeanol is being developed as a specific anticancer agent for tumors derived
from the Clara cells, which are the stem cells for the bronchioalveolar tissue.
The compound is about to enter clinical trials.

Flavone Acetic Acid

Flavone acetic acid is an exciting new lead, which is being developed rapidly.
Flavone acetic acid given on days 2 and 9 at a dose of 267 mg/kg inhibited tumor
growth completely in 60%—80% of mice with early-stage colon adenocarcinoma
38. The therapeutic efficacy of flavone against this tumor was retained when the
sites of tumor implantation and drug administration were separated. Flavone
acetic acid also caused regression of advanced (500-mg) colon 38 tumors. Unlike
many other potential anticancer agents, only modest activity was observed for
this compound against either P388 or L1210 leukemia. Based on the excellent
activity observed against the highly refractory colon 38 model, flavone acetic
acid is currently being evaluated phase I/phase II clinical trials. This trial is an
important part of a prospective study to determine whether compounds iden-
tified by preclinical solid tumor models are more effective against human solid
tumors than those agents identified by experimental leukemia models.

Future Directions

Recently, the United States NCI has undertaken a major restructuring of its
anticancer drug-screening program. The restructuring represents a shift in
emphasis from a compound-oriented strategy to a specific disease-oriented
strategy focusing on major solid tumors for which there has been limited success
in identifying active drugs. We will be replacing the mouse leukemia P388 pre-
screen with a new in vitro prescreen system consisting of panels of human tumor
cell lines. The initial focus will be in vitro antitumor drug screening, utilizing a
panel composed principally of human lung tumor cell lines. Compounds showing
highly selective in vitro activity against a target tumor type would be earmarked
for preclinical development and clinical trials in relevant target populations.
Compounds showing a nonselective pattern of in vitro activity would be studied
further in an in vivo tumor panel for antitumor activity.

In addition, biochemical prescreens—based, for example, on inhibition of
oncogene expression, topoisomerases, protein kinases, and metastasis—would
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be utilized for the selection of materials for screening in the NCI disease-
oriented anticancer drug discovery project. Thus, the future looks promising for
the discovery of selective anticancer agents utilizing both screening and rational
approaches based on principles emerging from new knowledge of tumor biology
and modern medicinal chemistry.
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12. New Drug Trials
G. Sarosy, L. Rubinstein, and B. Leyland-Jones

Introduction

Although most malignant tumors are either largely refractory to current chemo-
therapy (e.g., melanoma) or responsive but incurable (e.g., breast and small
cell lung cancer) some neoplasms such as choriocarcinoma, testicular cancer,
several childhood cancers and hemopoietic malignancies are curable by chemo-
therapy alone. The success in chemotherapy responsive tumors provides a
powerful incentive to continue to explore chemotherapeutic options in refrac-
tory cancers, and this, coupled to the continuing need to lessen toxicity without
compromising efficacy has resulted in major efforts to develop and evaluate new
cytoxic drugs, a process which requires the participation of numerous investiga-
tors at both preclinical and clinical levels.

Overview

The wide availability of an antineoplastic agent is the culmination of many years
of work. The agent must demonstrate activity in a preclinical screen, after which
its toxicities are established in several animal species. Based on this information,
the initial trials (phase I) in humans define the highest doses of the agent which
can be administered safely. Once the phase I trials are complete, phase II trials
are undertaken to determine whether the drug is active against individual tumor
types. Phase III trials then define the efficacy of the new agent in comparison
with standard therapy for the particular tumor type.

Preclinical Toxicology

Drugs undergo preclinical toxicology testing in order to establish a safe starting
dose for clinical trials, and help predict some of the toxicities that might be
expected in humans [1]. Initially, toxicology studies were conducted in rodents,
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dogs, and monkeys [2]. In early phase I trials, the starting dose in humans was
one-third of the toxic dose low (TDL) in the most sensitive large animal species.
The TDL was defined as the lowest dose producing toxicity, assuming that
doubling the dose did not cause lethality. Doses were established in milligrams
per square meter (mg/m?) because it was shown that body surface was more
accurate than weight for interspecies conversion [3-5].

Recently, the manner in which the starting dose for phase I trials is estab-
lished has been reevaluated. Freireich et al. [4] were the first to show that mice,
rats, hamsters, dogs, and monkeys were equally predictive of the toxic doses in
humans. This has been confirmed by several other investigators [3, 5, 6], and,
based upon this work, the starting dose in phase I trials is now usually derived
from murine data. A dose response curve for the new agent is developed in
mice, and the lethal dose is defined for 10% (LD,g), 50%, and 100% of the mice
treated.

The dose equivalent to the LD, in mice in mg/m?, the murine equivalent
lethal dose in 10%, (or MELD,j) is then tested in another species, usually in
dogs. If the MELD,, produces no toxicity in dogs, then one-tenth of the
MELD, is used as the entry level dose in the phase I trial. If the MELD,, does
cause toxicity in dogs, then the initial human dose is one-third of the lowest dose
producing minimal toxicity in this species (TDL), or a fraction of one-tenth of
the MELDlO [1]

There are several problems inherent in defining the starting dose for a phase 1
trial. Firstly, the toxicity seen preclinically does not necessarily predict that
which will be observed in humans. Whereas there is good correlation between
the toxicity seen in rapidly dividing tissues such as bone marrow and gastrointes-
tinal mucosa in mice, rats, dogs, and monkeys and that seen in similar tissues in
humans, the correlation of toxicities of less rapidly dividing tissues is not as good
[2]. In general, data from large animal species, such as dogs and monkeys, over-
predict human renal and hepatic toxicity and underpredict cutaneous, cardiac,
and peripheral nervous system toxicity in humans. Secondly, differences in life
span cause another problem in translating preclinical data to humans [7]. The
short life span of animals in which these agents are tested preclinically makes it
difficult to predict the chronic and long term toxicities which may be observed in
humans.

Schedule Selection

Once the human starting dose has been defined, a schedule of administration
must be chosen. The number of separate schedules to be studied is determined
by several factors: (a) evidence of schedule dependency in experimental in vivo
systems, (b) pharmacokinetics, (c) existing clinical data for similar compounds
suggesting superiority of a particular schedule, (d) patient convenience, and
(e) other properties of the drug such as solubility.
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Drugs which are highly schedule dependent in preclinical models undergo
phase I evaluation in the schedule which appears optimal. However, preclinical
schedule dependency has not been shown to predict the most active schedule in
humans. In addition, no antitumor agent active against solid tumors has shown
significant schedule dependency in humans. Prospective trials are ongoing to
determine whether experimental models can predict the schedule dependency of
efficacy and toxicity. Drugs which show no particular schedule dependency with
respect to preclinical testing are initially tested in humans at two extremes of
schedule, i.e., a single bolus dose per course and 5-day continuous infusion [8].

Phase I Trials

Objectives, and Patient Selection

Once the starting dose and schedules of administration have be established,
phase I trials are undertaken. A phase I trial has two major goals: (a) to define
the maximally tolerated dose (MTD) in humans and (b) to define and quantitate
the human toxicities. Although phase I trials are conducted with therapeutic
intent, antitumor activity is not a primary objective. Separate trials are per-
formed in patients with acute leukemia and in those with solid tumors since a
higher MTD is accepted for myelosuppressive drugs in patients with acute leuke-
mia. In addition, separate phase I trials are undertaken in children since the
MTD in a pediatric population is frequently higher, and the spectrum of toxicity
may differ from that seen in adults. In general, pediatric phase I trials are not
initiated until the adult phase I trials have been completed, and activity has been
seen in adult phase I trials [9].

Because the primary goal of a phase I trial is to define the toxicity of new
anticancer agents, the criteria for patient eligibility are strict. Only patients with
microscopically confirmed malignancy in whom all conventional therapy has
failed or for whom there is no effective therapy should be eligible. Patients must
have normal organ function (adequate bone marrow reserve for patients with
solid tumors, and normal hepatic, renal and cardiac function) so that toxicity of
the new agent can be distinguished from disease. In patients with functional
impairment of a major organ, drug administration may result in increased toxic-
ity because of decreased clearance. Therefore, separate phase 1 trials are under-
taken to define pharmacokinetics and safe doses for patients with abnormal
organ function. These trials usually begin when the MTD has been defined in
those with normal organ function. To conserve patient resources, these trials are
frequently not initiated until the drug has shown evidence of activity in phase II
trials.

Finally, before patients are enrolled on a phase I trial, they must give written
informed consent, indicating that they are aware of the investigational nature of
the agent they will receive, and aware that they may experience toxicity and no
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significant benefit. They must be aware that other treatment options, including
no further therapy, would be equally satisfactory. In addition, a candidate for a
phase I trial should ideally receive no concomitant medication which might in-
fluence the pharmacokinetic behavior of a new agent. Since this is unrealistic for
most patients with advanced malignancies, concomitant medication should be
minimized and carefully recorded.

In addition to possessing normal organ function, patients entering a phase I
trial should have a sufficiently long life expectancy, i.e., 3 months, so that the
toxicities of the new agent can be adequately assessed. In general, performance
status is an indicator of life expectancy; therefore, patients should have a mini-
mum Karnofsky performance status of 60%. Adequate time, e.g., 4 weeks,
should have elapsed since prior therapy so that the patient has completely recov-
ered from all toxicities associated with it. This should be extended to 6 weeks if
the previous therapy included mitomycin C or a nitrosourea. Because a new
drug may have unknown teratogenic effects, women of child-bearing potential
should be specifically excluded.

Dose Escalation

Once the initial dose for a phase I trial has been selected, patients are treated in
small cohorts at increasing dose levels. Most dose escalation schemes initially
employ large dose increments which rapidly decrease when toxicity is observed,
e.g., the modified Fibonacci scheme [10]. Another escalation scheme uses incre-
ments of 50% of the original dose, decreasing to 25% increments when toxicity
is observed, but this has not been as widely tested as the modified Fibonacci
scheme [11].

The aim of all dose escalation schemes is to define the MTD (the highest dose
which can be given to man) in the smallest number of dose levels which can be
safely administered. In such a fashion, the number of patients receiving sub-
therapeutic doses is kept as low as possible.

At present, most phase I trials use a modified Fibonacci dose escalation
scheme (Table 1). The dose increments may be made smaller if the drug has
shown an unusually steep dose-toxicity curve during preclinical testing. Using
this system, there is a great deal of variability in the number of dose increments
required to achieve the MTD of various drugs. To minimize the number of dose
levels required, yet maintain patient safety, alternative methods of dose escala-
tion are being studied. Among the most promising is dose escalation based on
preclinical pharmacology data, which will be discussed later in this chapter.

In any phase I trial, three patients previously untreated with the phase I agent
are entered at each dose level because intrapatient escalation may confound
interpretation of toxicity. For example, the toxicity experienced by a patient
after the second course of an investigational agent given at the higher dose may
represent the acute toxicity of one course of therapy at the higher dose, or the
chronic toxicity of two courses of therapy. Because the administration of the
agent at a new dose level may be associated with unknown toxicities, patients are
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Table 1. Idealized modified Fibonacci dose escala-

tion scheme

Increase above
Dose level Dose previous dose level (%)
1 n
2 2n 100
3 3.3n 67
4 5n 50
5 n 40
6 9n 33
7 12n 33
8 16n 33

hospitalized and closely monitored for a minimum of 24 h following their first
dose: In addition, escalation to a higher dose level should not occur until the
safety of the current level has been established, in order to minimize the risk of
toxicity occurring with increasing severity at two dose levels simultaneously. In
general, this means that dose escalation should not take place until at least three
patients have been observed for an entire treatment period (e.g., 3—-5 weeks) at
the previous dose level.

The precise dose escalation scheme varies among investigators, but a com-
monly used design proceeds as follows:

1. Three patients previously untreated with the phase I agent are placed on each
succeeding dose level, until reversible moderate or severe (grade 3 or 4)
toxicity is observed.

2. If one instance of grade 3 or 4 toxicity is observed among the initial three
patients treated at a particular dose level, then up to three additional patients
untreated with the phase I agent, are placed on that dose level. If no grade 3
or 4 toxicity is observed among the additional three patients, then dose
escalation resumes in cohorts of three.

3. If two instance of grade 3 or 4 toxicity are observed while treating patients at
a particular dose level, then the previous scheduled dose level is declared to
be the MTD. (This design may be augmented at this point by testing at a new
dose level between the one demonstrating two instances of grade 3 or 4 toxic-
ity and the previous scheduled dose level.)

The rationale for the above design is as follows. It is felt that, in general, a rate
of grade 3 or 4 toxicity not exceeding 20% is tolerable, while a rate exceeding
40% is excessive. The phase I design should have moderate power to discrimi-
nate between these two rates, while keeping at a minimum the number of patients
treated at subtherapeutic dose levels. The above design yields a probability of
0.70 escalation at a given dosage level, if the underlying rate of grade 3 or 4
toxicity is 20%; it gives a probability of 0.31 of escalating at a given dosage level
if the underlying rate of grade 3 or 4 toxicity is 40%.
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End points

The endpoints of a phase I trial are very important since, as well as defining the
toxicity of a new anticancer agent in humans, and the highest dose which can be
safely administered, the results of a phase I trial permit determination of the
dose recommended for further evaluation. The exact definition of the MTD
varies among investigators; however, it is generally considered to be that dose
which produces reversible moderate or severe (grade 3 or 4) toxicity in no more
than one of six patients treated at the dose level. The recommended phase 11
starting dose is usually one level below. The MTD is frequently dependent upon
the amount and type of prior therapy which a patient has had. Therefore, this
should be carefully considered in analyzing the data from phase I trials and de-
fining a phase II starting dose, which will be used to treat patients with minimal
or no prior therapy. The concept of an MTD is based on the principle that for
most cytoxic agents there is a monotonic relationship between the dose admin-
istered and the effect observed. However, for drugs which are used to modulate
the effect of another, and for biologic response modifiers, increasing the con-
centration beyond a certain threshold may not increase the therapeutic effect.
Therefore, the end point of a trial of a biochemical modulator should be the
attainment of a level optimizing the desired effect in vivo, not necessarily the
MTD based on toxicity.

In phase I trials, the number of patients treated at each dose level, including
the dose recommended for phase II, is relatively small. Accordingly, it is im-
portant that continued careful monitoring takes place during phase II and III
trials to identify less frequent acute toxicities, as well as cumulative and chronic
toxicities [10].

Because the primary purpose of a phase I trial is to define the toxicities of a
new agent, the absence of antitumor activity is not a reason to stop development
of the drug. Many patients are treated at what are later found to be subtherapeu-
tic levels and less than optimal schedules of drug administration. The patients
entered onto phase I trials often have relatively drug-resistant tumors and fre-
quently have received extensive prior therapy, which minimizes the chance of
response. Hence, the only reason not to pursue phase II trials is unacceptable
toxicity in phase I trials. Definition of the level of activity in each tumor type
then takes place in phase II.

Preclinical Pharmacology as a Guide to Dose Escalation

The two objectives of a phase I trial—to establish an MTD as safely as possible
and a recommended dose for phase II as quickly as possible—are contradictory.
Rapid dose escalation prevents a large number of patients from receiving sub-
therapeutic doses of the new agent, and hastens the speed at which the drug
enters phase II evaluation. However, if dose escalation occurs too rapidly, a new
level may be lethal whereas the previous one was nontoxic.

The present method of establishing the phase I starting dose in humans, based
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on preclinical toxicology testing in rodents, has proved safe [1]. The same holds
true for the modified Fibonacci scheme, which has permitted definition of an
MTD without unacceptable toxicity [11]. Unfortunately, this system may permit
patients to receive doses that are later recognized as being subtherapeutic. In a
recent article, Collins et al. [12] have analyzed the results of a modified Fibonac-
ci scheme for 17 drugs, when one-tenth of MELD is the entry dose. For five of
these drugs, ten or more dose escalations would be required to reach the MTD.
An additional four to six escalation steps are required for those drugs (approx-
imately half of all drugs that enter clinical trial) which begin phase I evaluation at
one-third of one-tenth of MELD, {1]. Clearly, alternative methods of dose
escalation are needed that protect patient safety but allow definition of dose
limiting toxicities with markedly fewer dose escalations [12].

Collins et al. [12] have proposed a method of dose escalation based on murine
pharmacokinetic data. By defining target plasma levels of drug in humans pro-
spectively, one can attempt to attain these plasma levels in a more expeditious
fashion.

Murine toxicology data have adequately predicted human toxicity overall, in
view of the safety of the starting dose for human phase I trials based on the
MELD, [6]. However, murine toxicology data have not been nearly as useful in
predicting the behavior of individual drugs. If it were possible to identify the
pharmacologic basis for this variation between species, murine pharmacologic
data could be used to design a dose escalation scheme. Potential sources of dif-
ference include target cell sensitivity; duration of exposure to a critical drug
concentration; and degree of protein binding, metabolism, or elimination. Dif-
ferences in target cell sensitivity can be determined through in vitro testing. In a
similar manner, schedule dependency testing can predict whether threshold
effects will differ in mice and man. For those drugs for which preclinical testing
suggests that there are no differences in threshold effects (i.e., a minimal concen-
tration being required for pharmacologic effects) and target cell sensitivity,
murine pharmacology data can be used to predict that level which is likely to
cause toxicity in man. Underlying this assumption is the fact that the concen-
tration-versus-time curve has been shown to correlate better with toxicity than
peak plasma levels or absolute concentration [13]. In a retrospective analysis,
Collins et al. [12] have shown that such an approach could reduce the number
of escalation steps by about 20%-50% [12].

The Blood Level Working Group at the National Cancer Institute (NCI) has
recently initiated this approach to dose escalation for those drugs for which it is
appropriate. For example, merbarone, a conjugate of thiobarbituric acid, is
undergoing phase 1 escalation. Because the severity of toxicity during pre-
clinical evaluation appeared to increase with higher infusion rates, merbarone is
being tested only in one schedule, a 120-h continuous intravenous infusion. In
preclinical testing, murine and human target tissues did not differ in sensitivity to
merbarone; furthermore, the two species did not differ in threshold effects.
Hence, merbarone was an ideal drug for which to use murine data as an aid in
defining a dose escalation scheme. The trial is ongoing, with dose escalations
guided by murine pharmacology data, rather than by a modified Fibonacci
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scheme. A similar approach to dose escalation has been used with flavone acetic
acid, deoxyspergualin, and oxanthrazole.

Phase II Trials

Objectives and Patient Selection

Once a drug has completed phase I evaluation, and if it is not associated with
intolerable or unacceptably erratic toxicity, phase II trials are undertaken to
screen for activity. Hence, only patients with objectively measurable disease are
entered onto phase II trials. The principal goals of phase II trial are to define
response rate and response duration and to record toxicities. Phase II trials
should have the smallest possible number of patients permitting detection of a
significant level of activity with reasonable confidence. Such a strategy permits
rapid identification of active new agents while minimizing the chance of false-
negative results.

Although a phase II trial defines the activity of a new agent, it does not assess
efficacy. Definition of efficacy requires comparison with other agents used to
treat the disease in question. Such a comparison requires a randomized phase 111
trial. However, since the screen for activity determines whether the drug will
undergo further evaluation, the outcome of phase II trials is an important point
in the drug’s development [14].

In addition to defining the activity of a new anticancer agent, phase II trials
provide further information concerning toxicity. Because a larger number of
patients are treated than in phase I studies, previously unknown, rare acute
toxicities may be observed. Chronic toxicities may be observed initially in pa-
tients with stable or responding disease who receive larger cumulative doses than
are commonly administered in phase I [9].

During phase II testing, the agent is evaluated in a broad range of tumor
types. However, during the past decade, there has been a trend away from broad
phase II trials, into which large numbers of patients, heterogeneous with respect
to tumor type and extent of prior therapy, were entered. Usually, the number of
patients entered with each disease was so small that an estimate of activity
against individual tumor types could not be reliably made. Phase II trials are
now usually disease-specific, so that an estimate of activity can be made within
diagnostic categories. Hence, a promising level of activity can be either estab-
lished or excluded within reasonable confidence limits, thereby indicating
whether the drug should be further investigated in that disease. An attempt is
made to screen the drug in a large number of tumor types. At a minimum, this
screen should include malignancies that are common, such as lung and breast
cancer, and those that are generally considered either sensitive (e.g., lympho-
ma) or resistant (e.g., melanoma) to chemotherapy. An attempt is made to con-
duct two phase II trials for each tumor type to obtain a more reliable estimate of
activity than can be made in a single trial.
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Because the decision whether to pursue the evaluation of an agent rests on
the outcome of phase II trials, it is essential that the drug is studied in the patient
population most likely to respond. Recently, patient characteristics such as per-
formance status and extent of prior therapy have been shown to be important
determinants of response [14]. Hence, the patient population entered onto
phase II trials must possess optimum performance status and the minimum
amount of prior therapy consistent with good medical practice. If a patient has a
malignancy for which potentially curative therapy exists, this should be adminis-
tered prior to the investigational phase II agent. However, because for most
common malignancies there is no treatment that is either curative or capable of
providing long-term control, a phase II agent can often be given as initial or
early therapy. For example, phase II trials in sensitive tumors—such as breast,
ovary, and small-cell lung cancer, rhabdomyosarcoma, and non-Hodgkin’s
lymphoma—should ideally take place in those in whom no more than one prior
regimen has failed. One can also justify initial treatment with a phase II agent in
subgroups within these disease categories whose malignancies progress very
slowly, and/or for whom therapy will not be curative. Such subgroups include
some patients with metastatic breast cancer, stage IV ovary cancer, and indolent
non-Hodgkin’s lymphoma. If one chooses to treat these patients with a phase 1I
agent initially, then one must administer standard therapy as soon as there is
evidence of disease progression or nonresponse. Initial therapy with a phase II
agent is unlikely to lessen the ability to respond to standard therapy. In addition,
since therapy will not be curative, the delay in initiating palliative therapy is
unlikely to affect survival. Similarly, in disease sites such as head and neck carci-
noma in which chemotherapy yields a high response rate, but no improvement in
survival, patient eligibility should be restricted to those with no prior therapy. In
disease sites for which there is no effective therapy—such as malignancies of the
colon, kidney, liver, and pancreas and melanoma—phase 11 trials should also be
limited initially to patients with no prior therapy.

Requiring the demonstration of activity in an optimal patient population prior
to more widespread administration prevents more heavily pretreated patients
with poorer performance status from experiencing the toxicity of what may be an
inactive drug. Also, screening for activity in patients with minimal prior therapy
and maximal performance status—who are presumably at an earlier stage of the
disease, when the tumor burden is less—facilitates the identification of active
agents in the shortest period of time. Finally, in terms of patient numbers, it is
unfortunate that in many phase II trials in the literature many more patients than
were necessary to make an estimate of activity were entered; this is particularly
unfortunate when the phase II agent is inactive [15, 16].

Statistical Design

We will describe briefly several statistical designs for phase II trials which are
curently widely used. The oldest and most familiar is the two-stage design of
Gehan [17]. The first stage for the trial is designed to allow the elimination of
ineffective agents after treatment of the smallest number of patients. In particu-
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lar, if one wishes to screen for a response rate of at least 20%, the first stage
involves accrual of 14 patients. If no responses are observed among the initial
14 evaluable patients, then one can terminate accrual and rule out, with 0.95
confidence a 20% (or more) response rate for that agent (since a drug with
a 20% response rate will yield at least one response among 14 patients with
probability of 0.956). The second stage of the trial is designed to yield a certain
maximum standard error for the response rate estimate. In particular, if at
least one response is observed among the initial 14 evaluable patients, accrual
of 11 additional patients will assure a standard error of no more than 0.1.
Accrual of 40 evaluable patients, in total, will assure a standard error of no
more than 0.08.

A more recent two-stage design is that of Fleming [18]. It assures adequate
statistical power to discriminate between two prespecified response rates, the
lower rate (Pg) being one for which further testing would be clearly unwar-
ranted, and the upper rate (P;) being one for which further testing would be
clearly desirable. For diseases for which no active agents exist, such as colon
cancer, Py and P; would typically be chosen to be 5% and 20%, respectively. On
the other hand, for screening analogs in diseases for which there are active
agents, Py and P; might be chosen to be 20% and 40%, respectively. The Flem-
ing design also allows for early termination of the trial after a prespecified initial
accrual stage, if the results are either extremely unpromising or extremely prom-
ising.

An example of a Fleming two-stage design, to discriminate between response
rates of 5% and 20% is as follows. Thirty evaluable patients are accrued, and the
agent is considered worthy of further testing if at least four responses (13%
response rate) are observed. Accrual is terminated after the initial 15 patients if
either no responses or at least four responses (27% response rate) are observed.
The design gives a probability of 0.942 of a negative result if the true response
rate is 5%, and gives a probability of 0.865 of a positive result if the true re-
sponse rate is 20%. In general, if one wishes to limit to 5% the probability of a
false-positive result (declaring the agent “active” when the true response rate is
Py) and to limit to 15%-20% the probability of a false-negative result (declaring
the agent “inactive” when the true rate is P,), the Fleming two-stage designs will
require 25-45 patients, with provision for early termination about midway
through the total potential accrual.

Randomized phase II trials, which adopt the small sample sizes and early
stopping rules of the one-armed phase II designs, are gaining popularity for the
reasons given by Simon, Wittes, and Ellenberg [19]. It is understood that these
trials cannot be used for comparison of efficacy (which requires much larger
phase 1II trials employing different end points). However, they can facilitate
tentative comparisons of agents by reducing the differences in patient selection,
and other factors, which make sequential phase II trials difficult to compare.
Simon et al. give minimum sample sizes to assure that an agent with a response
rate 15% greater than its randomized competitors will demonstrate a higher
observed response rate with probability of at least 0.90. For trials involving two
or three arms, this requires, in general, 30-55 patients per arm.
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Phase III Trials

Objectives and Statistical Design

Based on the promising results in the phase II trials, phase III trials are under-
taken to establish the efficacy of the new agent relative to standard therapy.
These phase III comparsions can be designed with two different goals: random-
ized trials can define whether the new agent has activity equivalent to that of
the standard therapy compound, but with less toxicity; alternatively, a phase I1I
trial may establish whether the new agent has greater activity than standard
therapy.

In general, trials which seek to demonstrate improved outcome provide more
valuable information; for example, the lack of curative therapy for patients with
metastatic breast cancer mandates a search for better therapy. If a new agent
demonstrates superior activity, a potentially major advance in the treatment of
the disease will have been made. If phase II trials suggest that the new agent and
standard therapy have equivalent activity, phase III trials designed to demon-
strate equivalence and differing toxicity may be reasonable. However, in such
trials, it is imperative that there be adequate power to detect the minimal clinical-
ly significant decrease in efficacy which may result from use of the new agent.
This difference may be smaller than the corresponding minimal difference one
would have targeted in a positive outcome trial, since one may be more willing to
err in the direction of preserving the established therapy; therefore, such equiva-
lence studies will have larger sample sizes.

The most important end point of the activity comparison is survival. Survival
percentages can be compared at a fixed time point, e.g., 1 year post randomiza-
tion. However, a statistically more efficient technique is to compare the entire
survival curves by means of the Mantel-Haenszel log-rank statistic [20]. The
power of this test increases with the magnitude of the difference in median sur-
vival to be detected and with the expected number of deaths to be observed [21].
This means that trials in diseases with long median survivals require a far greater
number of patients than do trials in diseases with short median survivals. For
example, in a disease with a median survival of 6 months for the standard ther-
apy, it may be felt sufficient to be able to detect an increase in median survival of
6 months for the experimental therapy. This twofold difference in median surviv-
al will be detected with 0.90 probability if 72 deaths are observed, and in such a
rapidly lethal disease this may require the accrual of only slightly more than 100
patients. On the other hand, in a disease with a median survival of 3 years for the
standard therapy, it may be felt that a 1.5-fold increase must be detectable for
the experimental therapy. To detect a 1.5-fold difference in median survival with
0.90 probability requires 210 deaths, which could translate into a required
accrual of 400-500 patients. Even scaling back one’s requirement to detection of
such a difference with 0.80 probability only reduces the required sample size by
about 30%. Sometimes, this difficulty may be partially circumvented by using
an earlier surrogate end point, such as disease-free survival.
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In large trials such as those just described, it has become common to include
rules for early termination in case one regimen should prove substantially less
active. A commonly used design is that of Fleming, Harrington, and O’Brien
[22], which allows for monitoring at several interim points prior to the scheduled
termination of the trial. In general, this design is applied so that early termina-
tion occurs only for relatively extreme early differences in either direction, e.g.,
differences that are significant at the two-sided 0.005 level of probability. Thus,
the final comparison generally preserves the statistical power it would have in
the absence of early stopping rules.

A final consideration in new agent development is examination of the optimal
drug dosages when the new agent is combined with other agents. One would like
to compare alternative dosage ratios and determine the optimal combined dos-
age. This may be evaluated by means of the response surface designs of Carter,
Wampler, and Stablein [23]. An example of such a design for a two drug regimen
might involve the 16 different drug combinations created by varying each drug
over four possible dosages, with sixteen patients randomized to each of the com-
binations. The results of the trial are then fitted to a parametric model of the
effect of the drug dosages on survival (or response), and the fitted model is used
to estimate the optimal dosage. Care must be taken to assure that the model may
be adequately fitted to the data.

Analog Development

Because the identification of novel structures possessing significant anticancer
activity is a rare event, there is a great deal of interest in developing analogs with
greater potency, or less toxicity than the parent compound, or a different spec-
trum of clinical activity. For example, Selenazofurin, a selenium-substituted
analog of Tiazofurin was studied because of greater potency in vitro [24]. On the
other hand, 4’-deoxydoxorubicin has undergone clinical evaluation because of
activity in a colon xenograft in which deoxorubicin was inactive [25]. Antifolate
analogs such as piritrexim and trimetrexate have been designed in an attempt to
overcome the biochemical basis for methotrexate (MTX) resistance, thereby
increasing the degree and perhaps the spectrum of clinical activity [26]. Never-
theless, few analogs thus far have shown a different spectrum of activity, or
increased potency clinically. As a result, decreased toxicity has become the
major reason to develop most analogs.

Many of the anthracycline analogs, such as epirubicin, have undergone further
evaluation based on the suggestion of decreased cardiotoxicity compared with
doxorubicin [27, 28]. Platinum analogs, such as carboplatin, have been pursued
clinically in an attempt to overcome the dose-limiting nephrotoxicity of the
parent compound, cisplatin [29]. Regardless of the reason for which an analog is
chosen for further development, one should seek to determine its efficacy rela-
tive to the parent compound in the smallest number of patients possible.
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Development Strategy

We will use the development of antifolates as an example of drug class and
trimetrexate as a specific example. Similar plans could be outlined for platinum
and anthracycline analogs. This topic has been comprehensively reviewed in a
recent article [30].

Because antifolate analogs have been developed to overcome the biochemical
basis of MTX resistance, it would be most logical to test these analogs in resis-
tant human tumors, and to determine whether the analog showed activity
through the biochemical mechanism for which it was designed. Unfortunately,
the measurement of such biochemical end points in a clinical trial is only begin-
ning to be developed, and it presents great technical difficulties. Therefore, one
must design a trial with clinical end points to establish the efficacy of the analog
relative to MTX. One strategy to evaluate the efficacy of trimetrexate relative to
MTX requires testing in three groups of diseases based on their sensitivity to
MTX. Tailoring the testing of the analog to the activity of the parent compound
permits rapid identification of any possible therapeutic advance. For example,
one can divide the diseases in which one wishes to evaluate trimetrexate into
three groups according to the role of MTX in standard therapy:

1. Tumors in which MTX is an important component of a standard regimen that
has state-of-the-art effectiveness: lymphoma, osteosarcoma, breast, small-
cell lung, (leukemia).

2. Tumors in which MTX has antitumor activity but no defined role in standard
state-of-the-art regimens: head and neck, bladder, cervix.

3. Tumors in which MTX has insufficient activity to warrant its use alone or in com-
bination: NSCLCA, colon, esophagus, stomach, brain, pancreas, prostate.

One can design a mehtod of evaluating trimetrexate in each of these three
groups; such a strategy is also applicable to other analogs.

Group 1

The role of an analog is probably most difficult to determine in the first group of
diseases. A precise way of evaluating the activity of trimetrexate relative to
MTX would be a trial in which patients were randomized to a regimen contain-
ing MTX or to one identical except for the substitution of trimetrexate. However,
such a trial requires large numbers of patients and a long follow-up period. In
order to facilitate the establishment of the efficacy of the analog, an alternative
plan was proposed for trimetrexate. Phase II trials in MTX-sensitive tumors
were designed to indicate whether trimetrexate and MTX possessed equivalent
activity. Phase II trials were also undertaken in patients in whom prior therapy
with MTX had failed. The demonstration of activity in MTX-refractory disease
would suggest that trimetrexate and MTX were at least partially noncross-
resistant.
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To illustrate how one might evaluate trimetrexate in diseases sensitive to
MTX, one can examine a testing strategy in breast cancer. Phase II evaluation of
trimetrexate in breast cancer could take place in three separate populations of
patients with advanced disease: (a) previously untreated patients, (b) those in
whom cyclophosphamide-doxorubicin-5-fluorouracil (CAF) therapy failed, and
(c) those in whom cyclophosphamide-methotrexate-5-fluorouracil (CMF) ther-
apy failed. The number of responses observed in previously untreated patients
would provide the best estimation of the activity of trimetrexate. If the level of
activity of trimetrexate appeared significantly higher than that of the parent
compound, then a randomized phase III comparison would be an important
priority. Activity in patients in whom CMF had failed would suggest that these
two agents were at least partially noncross-resistant. If the results of phase II
trials suggested that these two compounds had equivalent activity, and trimetre-
xate showed activity in patients previously treated with CMF, then development
of salvage regimens containing the analog would become a priority.

Based on the results of these phase II trials, phase III trials are undertaken
to establish more precisely the efficacy of trimetrexate relative to MTX. These
phase III comparisons of a parent compound and analog can take the form of
improved outcome or equivalence trials. Equivalence studies are more difficult
to design, and the results are frequently difficult to interpret. The contribution of
MTX to CMF has not been fully defined; as a result, a study demonstrating that
CMF and cyclophosphamide-trimetrexate-5-fluorouracil (CTF) have equivalent
activity but that CTF has less toxicity would not identify the role of trimetrexate
in breast cancer.

Group 2

In the second group of diseases, phase II screening of the new agent does not
provide useful information. In general, a study of the analog for 30 patients
might merely indicate that the agent has activity similar to that to the parent
compound within broad confidence limits.

An alternative approach is a randomized trial against the parent compound
immediately after the dose limiting toxicities have been determined in phase I.
Such a trial must have early stopping rules, so that the trial can be terminated if
the analog appears less active. A particularly appropriate early stopping design in
such a case is that of Ellenberg and Eisenberg [31], which would involve moni-
toring the trial at approximately the midpoint of accrual and terminating early if
the analog failed to demonstrate greater activity. Such a rule can be applied in
such a way that the power of the trial to detect a clinically significant improve-
ment for the analog is not substantially decreased. However, this design is better
applied to a trial with response rate, as opposed to survival, as the end point.

As an example of the above, a randomized trial of trimetrexate and MTX in
head and neck cancer should quickly establish the relative efficacy and toxicity of
trimetrexate. Since MTX has not been shown to improve survival in this group
of patients, it is essential to establish quickly, and in the smallest number of
patients possible, whether the analog provides a significant advantage.
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Group 3

For this third group of diseases, evaluation is straightforward. Because MTX is
inactive, demonstration of the relative activity and toxicity of the analog is un-
necessary. Therefore, the analog is screened in a broad range of tumor types.
Further testing is undertaken only if trimetrexate demonstrates significant
activity.

Conclusions

The complexity of many modern chemotherapy regimens has increased the dif-
ficulty of defining both the degree of activity of new drugs as well as their precise
role in the treatment of specific diseases. This necessitates a scrupulously scien-
tific approach to the clinical evaluation of new drugs. Such an approach is the
best way to ensure that the greatest number of patients receive the maximum
benefit both from currently standard treatment approaches as well as from newly
developed, active cytoxic drugs.
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