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Technical advances in radiation oncology including CT-simulation, 3D- conformal and intensity-modulated radiation therapy (IMRT)
delivery techniques, and brachytherapy have allowed greater treatment precision and dose escalation. The ability to intensify treat-
ment requires the identi� cation of the critical targets within the treatment � eld, recognizing the unique biology of tumor, stroma and
normal tissue. Precision is technology based while accuracy is biologically based. Therefore, the intensity of IMRT will undoubtedly
mean an increase in both irradiation dose and the use of biological agents, the latter considered in the broadest sense. Radiation
oncology has the potential and the opportunity to provide major contributions to the linkage between molecular and functional
imaging, molecular pro� ling and novel therapeutics for the emerging molecular targets for cancer treatment. This process of
‘credentialing’ of molecular targets will require multi disciplinary imaging teams, clinicians and basic scientists. Future advances will
depend on the appropriate integration of biology into the training of residents, continuing post graduate education, participation in
innovative clinical research and commitment to the support of basic research as an essential component of the practice of radiation
oncology.
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REVIEWS AND CONTROVERSIES

In the introduction to the lecture which was the basis for
this article, Dr Jens Overgaard announced the recent pass-
ing of Dr Juliana Denekamp. Dr Juliana Denekamp,
known to all as just ‘Julie’, was a major driving-force in
the � eld of radiation biology (1, 2) and her legacy can be
seen in many aspects of today’s radiation biology and
radiation oncology research and practice.

PERSPECTIVE

Julie’s tireless efforts, enthusiasm, stimulating comments
and questions, creativity and support for students and
young scientists were inspirational and motivating. She
touched so many of us with her work on tumor biology,
hypoxia and, more recently, angiogenesis She was invari-
ably pushing, pulling, cajoling and leading radiation biol-
ogy into new � elds and bringing laboratory science into
the clinic. Her untimely death from metastatic breast
cancer creates a gap that will not easily be � lled. She will
be sorely missed and her courage and grit have been
inspirational.

While many in science and clinical medicine are jus-
ti� ably pleased with the advances that have been made

recently, Julie, in her words and in her life, reminds us just
how far we have to go. As with virtually all medically
related disciplines, we in radiation oncology and biology
stand at a threshold unlike none before. As we enter the
molecular era with the human genome being sequenced,
there are opportunities before us in the radiation oncol-
ogy-related sciences that will enable us to make important
advances to reduce the burden of suffering from cancer. In
the process, the biologists, chemists and physicists have
new tools by which to understand the interaction of radia-
tion with living beings and the clinicians have unique
opportunities in the prevention, detection and treatment of
cancer.

Julie encouraged us to embrace the challenges and also
to endeavor to keep our complex multidisciplinary radia-
tion research � eld working together. Important advances
in any research discipline are not suf� cient to translate
basic discovery into clinically relevant applications. She
would likely have reminded us that the focus of cancer
research is on new knowledge and on bringing advances to
the clinic—it is on people, on cancer patients and on those
who, because of research, will never become cancer pa-
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tients. Why is this integration of clinical practice and
research important and, indeed, urgent? Without research,
tomorrow’s treatments, like those that helped but could
not cure Julie, will be no better that today’s.

Opportunities and challenges

This article provides an overview of what I believe to be
some exciting opportunities available to our � eld that can
put us in the forefront where technology, biophysics, tu-
mor biology, clinical medicine and molecular biology meet.
The article includes aspects of the Radiation Oncology
Sciences Program (ROSP) at the National Cancer Institute
(NCI) and indicates that the mission of ROSP and the
many supporting groups within NCI is to help our � eld
take advantage of the basic and translational research
opportunities before us. The rapid and stunning advances
in basic science may seem rather daunting to a clinical
specialty built largely on technological advances. But radi-
ation technology, physics and biology are inherently linked
such that the advances yet to be made in technology will
depend on our � eld’s collective knowledge and research
efforts in basic science. This requires substantially more
than nominal commitment to the basic science education
of radiation oncologists and more than nominal efforts by
radiation oncologists, particularly those in the academic
departments, to help support basic research and encourage
young clinician scientists (3).

RADIATION SCIENCES—THE BLIND MAN AND
THE ELEPHANT OR THE ‘POWER OF 10’

In approaching the � eld of radiation oncology research,
one can use the analogy of the ‘blind man and the ele-
phant’, in that one investigator may see a very different
� eld than another investigator working in the same general
� eld. Building on the concept of ‘microenvironment’ so
familiar to radiation biology, a number of research and
clinical realms can be described (4). The opportunities for
translational research in radiation oncology are addressed
in Fig. 1, which is reprinted from a presentation from the
International Conference on Translational Research
(ICTR) (4).

Most clinical radiation therapy occurs in the realm of
the macroenvironment, in which the effort is to identify
the tumor and the critical normal tissues and then con-
struct a treatment plan. The technical capabilities being
implemented include intensity-modulated radiation ther-
apy (IMRT), 3D conformal treatment, respiratory and:or
motion gating, various brachytherapy techniques, neutrons
(and neutron capture therapy), protons and ligand-bound
radio-isotopes (e.g., radioimmunotherapy). Electronic por-
tal imaging devices (EPIDs), real-time dosimeters and real-
time video monitoring help de� ne patient and organ
motion during external beam treatment and may provide
real-time correction, although the complexities of imple-

menting such a strategy including appropriate quality as-
surance are challenging. Hitting the target requires
de� ning the target, the latter being not just the tumor
outline on the image but also subregions within the tumor
volume that may contain invasive cancer, preinvasive or
in-situ cancer, normal tissue such as vasculature and
stroma, and cells representing the host response to the
tumor, such as immune cells and the in� ammatory reac-
tion. In short, the sophistication of radiation delivery has
come a very long way and the questions now relate to
target de� nition and understanding ‘dose’ in biological
terms and dose-response relationships.

The macro-environment for radiation research extends
well beyond the individual patient, including population-
based studies for radiation risk, carcinogenesis, radiation
protection and important regulatory and safety issues.

Fig. 1. Perspectives of radiation oncology sciences. Radiation
oncology related research involves different ‘environments’ rang-
ing from the macro- environment to the nano- and subnano-envi-
ronments. The former include epidemiology studies of radiation
exposure and risk and large randomized clinical trials. The micro-
and nano-environments involve basic biological, chemical and
physical sciences. The analogy of the ‘blind man and the elephant’
is useful in that investigators focusing in one discipline are seeing
only a part of a larger research endeavor. Collaboration and
interaction across such a broad � eld will strengthen the radiation
research community and facilitate the application of science to
people with or at risk for developing cancer. (Reprinted from (4)).
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Nowadays, epidemiology is merging population-based
studies, statistical analyses and molecular endpoints to
better de� ne risk and susceptibility to an environmental
substance, e.g., alcohol or smoking addiction (5–7). Simi-
larly, genetic polymorphisms may determine susceptibility
to radiation-induced mutagenesis (8, 9).

Prognostic factors that emerge from the ‘normo-envi-
ronment’ relate to the biology of the patient and the
tumor. Concurrent illness, such as collagen vascular dis-
ease or diabetes, altered nutrition, advancing age, and the
social situation of a patient may impact adversely on the
patient’s ability to undergo a course of curative radiation
therapy so that ‘adjustments’ can be made that could
represent a compromise in the overall treatment plan; for
example, breaks may be required in a treatment regimen.
Tumor burden as indicated by blood studies such as
lactate dehydrogenase (LDH) and tumor markers such as
PSA, CA-125, CEA, a-fetoprotein, bHCG, and so forth,
are useful in predicting outcome and also in determining
the likelihood of the presence of regional and metastatic
disease as well as quantifying the tumor cell burden and
the outcome of therapy (10–13). Anemia may require
correction (14). The presence of certain in� ammatory
proteins such as TGFb may help predict who will have
pulmonary damage following treatment (15, 16) and who
can tolerate dose escalation (17).

Imaging is rapidly progressing from the basic anatomi-
cal imaging to functional and molecular imaging, as re-
cently reviewed in Seminars in Radiation Oncology
(18–28). CT simulation serves as the basis for 3D treat-
ment planning. However, an entire treatment plan is often
based on a single image and organ motion and variable
position are not accounted for. Motion can be signi� cant,
as has been well studied for prostate cancer. This results in
using multiple imaging procedures to understand and ac-
count for motion (29–31) and also in the need for a
margin of normal tissue to prevent underdosing owing to
organ motion (32–34). This may require a substantial
increase in normal tissue treated to high dose so that new
techniques for real-time target localization, gating, or real-
time treatment adaptation are of potential value, particu-
larly if they can be done in the routine clinical setting so
that they can be widely applied.

The study of tumor subregions is becoming a reality.
The concept of biological treatment volume (BTV) has
been coined by Ling (35) to indicate that there are regions
within the planning target volume that might require or
bene� t from a higher tumor dose that can be delivered
with the modern techniques listed above. One critical issue
is that of validating the image. What is the biochemical
process that produces the abnormal functional image? Is
the tumor only in areas of abnormal signal or might
extensive but ‘subthreshold’ amounts of tumor be else-
where in the target volume that, too, might bene� t from
increased dose? Do changes that occur in an image during

treatment indicate a response to therapy and are they
predictive of outcome? How should one compare imaging
modalities?

The preceding questions are fairly obvious but the tech-
nology and biology available for issues such as a) image
co-registration among imaging modalities and patient reg-
istration between serial images must be very precisely
determined; b) stereotactic techniques are likely to be
required for tissue sampling; c) reasonably inexpensive
techniques are needed to perform multiple samples in high
through-put studies such as cDNA microarrays and pro-
teomic analyses; and d) precise knowledge of treatment
dose for both radiation and drugs in order to understand
the relationship between a therapeutic intervention and a
change in imaging and molecular pro� le. In essence, un-
derstanding the relationship between imaging and biology
brings one down to the next realm, that of the
microenvironment.

The microenvironment has been a province of radiation
biology for many decades, the radioresistance of hypoxic
cells being an area of intense interest for tumor biologists
and radiation oncologists. The complexity and, indeed,
importance of the tumor microenvironment in cancer de-
velopment and progression at the molecular level have
been discussed by Hanahan & Weinberg (36) who empha-
sized the importance of the ‘heterotypic’ environment
within cancer that may be substantially different from
tumor cells grown and studied in clonogenic cultures. As
contained in Fig. 1 (4), the microenvironment contains
many normal tissue and stromal cells that may have an
impact on the outcome of radiation treatment and which,
in turn, may become targets for therapeutic intervention,
including blood vessels, in� ammatory cells and their cy-
tokines, immune cells, cell-to-cell contact (bystander effect)
(37) and other interactions that can occur between tumor
cells and between tumor and stroma. The consequences of
intermittent blood-� ow-produced ischemia, reperfusion
and oxidative stress present a very complex picture in
which a tumor cell in situ will likely behave quite differ-
ently from what one encounters in the arti� cial environ-
ment of the laboratory. Thus, the need to understand
tumor biology in the patient is essential.

Completing the picture is the nano-environment. While
radiation is not limited by cellular barriers and is far more
homogeneously delivered than are drugs, at the track
structure level, radiation is deposited heterogeneously (38–
40). The consequences of this heterogeneity within the cell
have still to be fully determined but there are data indicat-
ing that cellular targets for radiation effect and, indeed,
cell death may occur in DNA and non-DNA targets
including the cell membrane (41, 42) and possibly other
organelles such as the mitochondria (43).

There are many molecular perturbations that can be
produced by ionizing radiation and oxidative stress. What
is of interest is that very low doses of radiation can
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produce substantial changes in gene expression that persist
for many hours (44). The identi� cation of radiation-in-
ducible genes will be greatly facilitated by the cDNA
microarray, high through-put techniques (45–47).

In summary, the various basic sciences that contribute
to the knowledge of radiation oncology may have a very
different perspective, depending on the vantage point of a
speci� c � eld of radiation research. Excellent science must
be done within the expertise and realm of the individual
scientist, described as ‘focus’ by various grant review
groups, yet such a narrow � eld of view may limit the
broader perspective required to bring advances to the
patient. All � elds of research bene� t from cross-fertiliza-
tion but few probably span the range from large epidemi-
ology studies with many hundred-thousand patient-year
observations and randomized clinical trials involving tens
of thousands of patients down to subnanometer to pi-
cometer track structure and charge transfer along
molecules that occurs at Angstrom distances (48, 49).
Thus, using the ‘Power of 10’ motif, radiation sciences
span approximately 15 orders of magnitude, yet we are all
looking at the same body of science and knowledge.

MOLECULAR TARGET CREDENTIALING—A
UNIQUE OPPORTUNITY FOR RADIATION
RESEARCH

The annual National Cancer Institute Bypass Budget in-
cludes Scienti� c Priorities for Cancer Research: NCI’s
Extraordinary Opportunities (found on www.nci.nih.gov).
These are areas of investigation that through advice and
input from many individuals within and outside the Insti-
tute are deemed to be of particular interest in the near
future. Three priorities that � t well within the practice of
clinical radiation therapy and the scope of basic research
conducted within radiation biology programs are: Cancer
Imaging, De� ning the Signatures of Cancer Cells: Detec-
tion and Diagnosis, and Molecular Targets of Prevention
and Treatment. Other area of relevance include Genes and
the Environment and Research on Tobacco and Tobacco-
related Cancers.

Radiation oncology will increasingly depend on func-
tional and molecular imaging for target de� nition (35).
How the image and the molecular abnormality are related
remains to be de� ned. Imaging modalities such as PET
discriminate cancer from normal tissue based on general
metabolic abnormalities in cancer. MRI can determine
oxygen concentration. Future imaging may be able to
de� ne cancer-speci� c molecular processes; for example,
apoptosis or abnormal angiogenesis. Thus, since radiation
oncology depends on anatomic localization, cancer imag-
ing is of interest in target de� nition but research into the
relationship between imaging and molecular signatures
would be relevant to radiation oncology. The ability to
de� ne the molecular lesions in the cancer will likely be

relevant to both prognosis but potentially useful in pre-
dicting the response to radiation therapy and the use of
combined therapy with radiation plus new molecular
targets.

Many new types of treatments have been designed for
more speci� c molecular targets than the drugs of the past.
An excellent example is STI-571 (Gleevac), which targets
the BCR-ABL tyrosine kinase of chronic myelogenous
leukemia (50–52). As occurs frequently, anti-cancer agents
often � nd important roles when used in combination with
radiation therapy. Clinical development will continue to be
based on preclinical tumor models and, in part, on empir-
ically designed clinical trials. Yet, the future will likely
include treatments designed for speci� c targets, as de� ned
by both molecular imaging and molecular signatures.
These will include signatures of the individual cancer cells,
but also phenotypes that occur within the complex tumor
microenvironment, with hypoxia being an excellent exam-
ple. It is reasonable to assume that the hypoxia-directed
therapies could be used more effectively with knowledge of
the presence of hypoxia and also its natural history during
a course of therapy (53–55).

REDEFINING DOSE IN MOLECULAR TERMS

To administer radiation treatment safely and for compari-
son among institutions and laboratories, radiation dose is
appropriately de� ned in terms of energy deposition and
exposure. There is an enormously valuable practical expe-
rience that helps the clinician understand the dose–volume
relationships for tumor control and normal tissue damage.
There are a number of theories as to why certain organs
have different tolerance to radiation and there are debates
on the critical target for normal tissue and, indeed, tumor
control. Is it the individual cell? the epithelial or the cancer
cell? the stromal cell? the endothelial cell (56)? For normal
tissue injury, what is the ongoing process between the time
of treatment and a late reaction years or decades later? For
treatment-related carcinogenesis, can the development of
the secondary malignancy be prevented?

What is needed is the understanding of the molecular
events within the tissue and tumor cells. For molecular
targets, one can envision using the ‘Gleevac’ analogy for
employing speci� c agents that target radiation-induced
events. Some of these events may be produced at relatively
low doses of irradiation (44) so that a radiation dose may
be chosen based on the molecular events it produces rather
than on the energy deposition in an ionization chamber or
tissue-equivalent material. Furthermore, as is well known
to clinical oncologists, agents that are not very effective in
eradicating a local tumor per se can become effective when
combined with radiation therapy. Many of the new molec-
ular therapeutics are only cytostatic and might require an
additional cytotoxic treatment, such as standard
chemotherapy and:or radiation therapy.
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Fig. 2. Molecular targets for radiation therapy: focused biology.
Radiation therapy will have novel uses by virtue of its ability to
create molecular changes within a targeted volume. For systemic
agents that produce changes in cancers that are cytostatic, radia-
tion can be used as the ‘killing agent’. A novel use for radiation
therapy is to take advantage of the lesions that are produced and
use these as the target for novel molecular therapeutics. The
targets include the complex tumor-cancer cells and stroma- as well
as the normal tissues that limit the amount of radiation that can
be administered.

research done by the greater radiation oncology sciences
community.

Translational research requires an intellectually interac-
tive environment in which researchers and clinicians aim to
bring new advances to cancer care and prevention and
clinicians bring observations, insights and material to the
laboratory to enhance the understanding by basic scientists
and physicists of the problems and issues encountered in
the clinic. Through the conduct of workshops, the Radia-
tion Research Program (RRP) brings together experts to
help de� ne the state of the art and science in various areas
of radiation research and to formulate critical research
questions. Should areas of research not be supported
suf� ciently, the RRP endeavors to � nd solutions. Given
the complex and multiple areas of translational research,
there is a need for a range of investigators including single
institutions, industrial collaborations and cooperative
groups. Some degree of coordination and:or information-
sharing can optimize the � ow of information and knowl-
edge from the laboratory or technological development to
Phase I and early Phase II trials and then into the national
and international cooperative groups. The RRP has ini-
tiated a new program that is working closely with the
Developmental Therapeutics Program (DTP) of the Divi-
sion of Cancer Treatment and Diagnosis, in which the
RRP is located. The Radiation Modi� er Evaluation Mod-
ule (RAMEM) is being established to study radiation–
drug interactions, which is intended to serve as a resource,
as is the DTP, to individual investigators and to industry.
The goal is to develop novel molecular therapeutics for the
radiation oncology community to study in the clinic. For
the intramural program within the Center of Cancer Re-
search (CCR), the Radiation Oncology Branch and Radia-
tion Biology Branch are working on the concept of
molecular target credentialing, as described above.
Through fellowships, such as those recently developed by
ASTRO, and other forms of collaboration, ROSP hopes
to serve as a national and international resource for the
� eld. A new program just recently approved is the Cancer
Disparities Research Program (CDRP), which involves
radiation oncology that helps to bring advances in cancer
research to communities that historically have been
underserved.

CONCLUSION

Radiation oncology, by virtue of its pillars of physics,
chemistry, biology and medicine, is at a critical juncture.
The bene� ts to be accrued by the development and proper
use of technology are being enhanced by computer tech-
nology, imaging and highly sophisticated treatment deliv-
ery systems. While technology is the basis of daily practice,
fundamental biology, chemistry and physics form the basis
for understanding the etiology, prevention and treatment
of cancer. For the good that can be derived from radiation

The potential new uses of radiation therapy in the
‘‘molecular era’’ are presented in Fig. 2. Radiation can be
the ‘killing agent’ for cytostatic agents and radiation can
also be the ‘target-inducer’ so that a molecular targeted
drug may be useful after radiation triggers a critical pro-
cess. Radiation has the advantage of going where it is
aimed. In that vein, we at the Radiation Oncology Sci-
ences Program refer to this use of radiation as ‘focused
biology’, with the idea that radiation interaction with
tissue is indeed a molecular event. Future units of measure
for radiation, in addition to the currently used measures of
exposure, might be molecular units, e.g, ability to induce
certain signaling pathways or to alter expression of certain
molecules.

TRANSLATIONAL RADIATION RESEARCH

The Radiation Oncology Sciences Program at the NCI has
as its goal the advancement of radiation oncology research
by helping to enhance collaborative programs as well as
generating support and interest in new research concepts.
Ongoing reorganization of the grant review process by the
Panel on Scienti� c Boundaries for Review (PSBR) of the
Center for Scienti� c Review, CSR (http:::www.csr.nih.gov:
EVENTS:updatephase2.htm) will have an impact on the
review process for the radiation oncology sciences and
technology with the intention of making the study section
organizational structure more current and � exible. There is
an emphasis on cross-fertilization, of which radiation on-
cology is an excellent example, involving multiple disci-
plines. This reorganization is being accomplished at the
NIH and not the NCI level. Working with whatever
structure emerges, ROSP will endeavor to be a resource
for the � eld, using the extra- and intramural resources to
enhance the productivity, ef� cacy and visibility of the
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Fig. 3. Radiation therapy is a molecular event. The interaction between radiation and biological systems might best be thought of as a
molecular event. While in clinical practice for treatment planning and quality assurance and for communication among laboratories, dose
must be de� ned in terms of exposure; in effect dose is only a super� cial description of the effects of radiation. Radiation oncology
research should be a major contributor to molecular target credentialing, which involves imaging, molecular signatures and molecular
targets. Information and knowledge can be derived both from large studies in which some information is obtained from each patient and
also from small studies in which there is a ‘dense study’ of a limited number of patients. The latter is outlined in this � gure in that
multiple images and molecular correlates are studied before, during and after therapy. Conclusions from this type of ‘dense study’ are
then used to optimize the design of the larger scale trials. The circles on the microarrays represent gene expression pro� les of genes that
are increased, decreased or unchanged in comparative analyses. Comparisons can be made between normal cells and tumor cells,
pretreatment, and between cells before and after treatment with ionizing radiation and:or drug treatment. Comparisons can also be made
from areas of a tumor that do and do not have a speci� c image; for example, an abnormal choline:citrate ratio, uptake of a hypoxic
marker, or uptake of a PET isotope. Such studies will help optimize the time for post-treatment imaging and possibly provide an
understanding of the tumor response to treatment suf� ciently early in a course of therapy to allow for individualization of treatment.

oncology, I believe that we need an increased effort to
bring together expertise that can be brought to bear to
enhance the outcome of cancer therapy. Fig. 3 is a new
cartoon for this millennium. One might think of the radia-
tion source as a source of molecular events and not just a
set of isodose curves. Understanding the nature of the
interaction of radiation at the nano-level is essential for
the optimal use at the micro-, normo- and macro-levels.

In our current world of healthcare in which many
participants consider the ‘‘bottom line’’ to be the � nancial
balance sheet, it is important to remember that while
responsible use of resources is important, the aim of health
and cancer care is to help people. Julie Denekamp is a
reminder of the millions of people for whom our best
efforts in 2001 are not yet good enough. We have much to
do and we have better and better tools with which to
combine superb technology with truly marvelous biology.
We are fortunate to be in an era with such opportunity
and advances. It is up to us to use them wisely and well.
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