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Dedication to Robert Kallman
LENT V Scientific Meeting

Bob was an inspiration to all of us and to many others in
approaching all activities with a gusto and enthusiasm that
was quite extraordinary. Those who knew Bob also remember
his enthusiasm for the outdoors, in particular skiing, kayaking,
and fishing. Those who skied with him will not easily forget the
image of Bob, apparently barely in control as he sped down the
slopes arms flailing, but rarely wiping out. His will to live as
full a life as possible was exemplified by a trip to the Radiation
Research Society meeting in Reno, even though he was wheel-
ing an oxygen bottle with him. And he made all the tailgate
parties at Stanford football games in his final year under the
same circumstances.

Bob’s research interests were in tumor hypoxia and in the
combination of chemotherapeutic drugs and radiation. He
identified and characterized, with his colleague, Luke van
Putten of the Netherlands, the phenomenon of reoxygenation
of tumors following irradiation. He published a hundred or so
Fig. 1. Robert Kallman, PhD research articles and edited a very influential book on rodent

tumor models in experimental cancer therapy (Rodent tumor
models in experimental cancer therapy. Pergamon Press, New York, 1987). This is
still the “bible” for people measuring tumor response to therapy today. He was an
active member of the Radiation Research Society, and served as its 25th president
from 1976-1977. Bob stepped down from his major administrative roles in 1984,
devoted more time to his research, and retired in 1992.

One of Bob’s most lasting contributions - certainly to Stanford and to the many
graduates of the program - was his founding, in 1978, of Stanford’s Cancer Biology
Program, of which he served as its first Director for 6 years. Founding this pro-
gram was no small feat. The opposition within the University to having a graduate
program based on a disease was enormous and it is unquestionably a tribute to
Bob’s persistence and powers of persuasion that it ever got off the ground. The grant
he received from the National Cancer Institute to fund the program is currently
in its 25th uninterrupted year and there are currently some 50 graduate students
and a half-dozen postdocs currently in the program. I got my start in radiobiology
- particularly my interest in tumor hypoxia - under Bob’s tutelage, as a postdoctoral
fellow when I first came to Stanford. Ironically, when he died on August 8,2003, after
a lengthy battle with lung disease, it was hypoxia and his inability to reoxygenate
that let to his demise.

Born May 21, 1922, in Brooklyn, NY, Bob grew up in Woodmere, Long Island, NY,
and attended Hofstra College, receiving his A.B. in 1943. He served as a medic in
the US Army in Europe during World War II. He attended graduate school at New
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York University, receiving a PhD in biology in 1952. With his first wife, Frances “Pat”
Green, he moved to the west coast in 1952 to take up a position at the Radiological
Laboratory at the University of California at San Francisco. Bob is survived by his
second wife Ingrid, and his children, Tim Kallman of Cabin John, MD, Robin Kall-
man of San Francisco, and Lars Kallman of Stanford; two grandchildren, Maria and
Benji Kallman; his sister, Nancy Rudolph of New York City; his brother, Raymond
Kallman of Taos, NM; and numerous nieces and nephews.

Bob was amongst the founding faculty members of the new Palo Alto Medical
School campus in 1956 when he was recruited by Henry Kaplan to create a Divi-
sion of Radiation Biology. It is important to note that both Henry and Bob together
moved the clinical discipline of radiation oncology, largely empirical, onto a scien-
tific basis by pioneering translational research at Stanford and NIH. That is, by mod-
eling in the laboratory, using small animals, they tested novel forms of treatment(s)
prior to their introduction to patients via randomized clinical trials. The standard
for excellence in radiation oncology research was set by Bob Kallman whose fervor
recruited a number of creative PhD faculty members such as Kendric Smith, George
Hahn, and myself. In addition, virtually all of the newly recruited clinical faculty
were inspired to have active research projects and included Mal Begshaw, Zvi Fuks,
and Norman Coleman, to mention a few notable investigators. Bob Kallman was
continually funded by NIH grants throughout his career, as was his faculty. By being
active in NIH peer review visits, his template for excellence in oncologic radiation
research became a national reality.

It is often said that with due modesty my career began by standing on the shoul-
der of a giant. Bob, in real life, was a giant of a man and the metaphor could be
applied not only figuratively but literally in all of his life’s venues and appetites.
His passion for travel, his exquisite recall of precise details, his palette for gourmet
food and vintage wines were raconteured with delight. His quest for the scientific
truth, finding a defining insight at the bench, was matched by his zeal for finding
fresh powder on mountain trails. His legacy is his lasting imprimatur on the minds
of colleagues on all of the world’s continents and on the hearts of faculty, fellows,
residents, and graduate students, many of whom have lead newly formed Divisions
of Radiation Biology and/or chaired Departments of Radiation Oncology. But most
of all he will be remembered for his esprit de coeur, that energetic spirit he infused
with such generosity for those who were his friends and brethren.

J. MARTIN BROWN
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Eric J. Hall:
The Radiobiologist’s Radiobiologist

The Eric Hall story started a few years ago in Abertillery, in South Wales, where
a promising rugby career (Fig.1) was forsaken for the bright lights of London,
and from there to the hallowed halls of Oxford University. In Oxford, Eric met
a pivotal figure in his career, Frank Ellis, and was soon drawn into the world of
radiotherapy.

Hall’s first contribu-
tions were in medical
physics, designing com-
pensators for variations
in tissue thickness [1],
very much in the Frank
Ellis spirit of treating
every patient as an indi-
vidual challenge. But it
was not long before he
was drawn to the radio-
biological underpinnings
of radiotherapy, and the
three themes that have
dominated his career so
Fig. 1. The promising rugby player far soon became appar-

ent.

The first Hall theme, first appearing in 1961 [2],is RBE, the relative biological effect
of one radiation compared to another - assayed with bean roots and, as mamma-
lian cells became available for radiobiological study, with rodent and human cells.
Interestingly, while Hall became known worldwide for characterizing RBEs of more
esoteric radiations, such as neutrons [3] and charged particles [4], his first RBE paper
[2] was on the RBE of X-rays compared to gamma rays. His 1961 conclusion, that keV
X-rays and MeV gamma rays have significantly different RBEs, is as pertinent today
as it was then. The ICRP, who worry interminably about the RBEs of neutrons and
charged particles, but much less about different energy photons [5], would do well to
read this classic [2], and the follow-up papers [6].

The second Hall theme is the effect of dose rate and fractionation, initially stem-
ming from a collaboration with Joel Bedford [7, 8], when Hall first visited the US
as a Fulbright scholar. The Bedford/Hall dose-rate schematic (Fig.2) must be the
most reproduced figure in the history of radiobiology. Hall has revisited this dose
rate theme repeatedly, making critical contributions to many of the new alternate
fractionation modalities, such as high dose rate brachytherapy, pulsed dose rate, and
hypofractionation.
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The third Hall theme is hypoxia [9]. Over the years, probably no other topic has
vexed radiobiologists more. Hypoxia affects radiosensitivity, of this there is no
doubt, but the overarching theme of Hall’s research soon became apparent when, in
1967, he asked whether the oxygen effect is “pertinent or irrelevant to clinical radio-
therapy?” [10]. The answer has remained tantalizingly elusive, but it’s a rare paper
on clinical hypoxia that does not quote Hall.

By 1967,Hall had met Harald Rossi and moved to Columbia University in New York
City (Fig. 3). Their collaboration set the tone for how radiobiology was approached
for the next several decades, worldwide, with the physics and chemistry of energy
deposition integrally linked with radiobiology [11]. In that context, their collabora-
tion was extraordinarily fruitful, and laid the foundations for the way in which a
generation of radiation researchers went about their business. In the last decade,
as the tools of the genomic revolution have become available, this symbiotic rela-
tionship between the physical and the biological sciences has become less common.
Not, it seems, for good scientific reasons, but more because molecular biologists
are simply not trained in the physical sciences. The radiation field is suffering sig-
nificantly because of this schism, and might do well to reconsider the Rossi-Hall
academic model.

But back to one of Hall’s themes that is very much alive and well, and that is
training young clinicians. Radiobiology for the Radiologist is the unchallenged
text book in the field, from the first edition in 1973 up to the sixth edition in 2005.
It’s not just for clinicians: if anyone wants to get up to speed fast about some par-
ticular area of radiobiology, a clear, concise summary is sure to be found in the
book. The theme of teaching young clinicians was never clearer than at ASTRO,
where Hall taught his two part course on “Radiation and Cancer Biology” to gen-
erations of clinicians.

To summarize this mid-term report on the scientific career of Eric Hall so far:
First, early, he spotted and persisted with the three great themes of radiobiology,
RBE, dose rate, and hypoxia. Second, he has never lost sight of why these are impor-
tant topics - the clinic. Third, he has communicated these themes with erudition and
passion to generations of clinicians and basic scientists. Not bad, so far....

DAviID J. BRENNER
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Fig. 3. Eric Hall and Harald Rossi
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Dedication to Richard L. Levy and Timothy E. Guertin

Tracing the Trajectory of Cancer Curability
The Ascent of the Linac as the Icon for Cancer Cure

Tracing the trajectory of cancer curability demonstrates how the source for radiation
treatment metamorphosed from a simple one-dimensional stationary object, the

Fig.1. Richard L. Levy, CEO, and Timothy E. Guertin,
President, with Linac of Varian Medical Systems

cathode X-ray tube - virtually unchanged at mid-century
in the 1950s - into a multidimensional dynamic mega-
voltage, variable energy, dual photon and electron beam,
highly computerized, multileaf collimation radiation-
delivery system, capable of 360° rotation, extremely high
dose rates, pulsatile gated in coordination with a moving
target, the malignancy to be eradicated. The curability of
cancer was an abstraction, a problem to be solved in the
1950s when orthovoltage, kilovoltage machines were uti-
lized by all radiologists for both diagnosis and treatment
of neoplastic diseases. The curability of cancer and the
emergence of Radiation Oncology as a distinct medical
specialty, based on the radiologic sciences of physics and
biology, are in a large measure due to the development and
dissemination of the linear accelerator over five continents
in five decades. The “Varian Linacs” are the metaphor for
radiation cancer curability as we enter into the new mil-
lennium. It is for making the abstract idea of “cancer cure”
a reality, with normal tissue and organ preservation, while
extending the survival of millions of afflicted patients, that
we honor Richard L. Levy by dedicating this issue to him
on his retirement as President and CEO of Varian Medi-
cal System, Inc., and to his constant deputy and successor,
Timothy E. Guertin, the new President (Fig. 1).

The transformation of the ordinary to that dimension
of the extraordinary began after WWII with the Varian
brothers, who decided to build a klystron 1000 times more
powerful than any built during wartime. This lead to the

“traveling wave guide” by which radar-like waves are pulsed into a microwave power
source (the klystron); electrons are then emitted from a hot cathode and ride the
radar like waves, much like a surfer riding an ocean wave curl. As electrons increas-
ingly gain energy from traveling the waves, they exit at high velocity. This seminal
concept was transformed into a compact size configuration as an elongated tubular
machine that could oscillate through a 360° angle from vertical to horizontal. With
Henry Kaplan’s vision of developing the ideal megavoltage clinical accelerator, Gint-
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zon and Hansen, Professors of physics, were inspired and together synergized clini-

cal dreams into a real world.

Their seminal technologic stream resulted in the radiation therapy Linac. It was
truly an apocryphal moment and a real advent of translational research. Their
abstract concept and design we now know proved to be the most advanced and
optimal radiation delivery device to be applied medically for the cure of cancer in

the twentieth century (Fig. 2).

The Evolution of Radiation Therapy Technology

Physics Innovations
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Fig. 2. Tracing the trajectory of the incremental seminal
technologic stream provided by physicians and physicists
allowed the Linac to be the most advanced and optimal
radiation delivery device in the 20th century.

Following their initiative, the Radiation Medical Division at Varian was formed in
the 1960s. Due to a fortuitous concatenation of contiguous circumstances, Richard
Levy, a young physicist, became the Director and Coordinator in the creative actual-
izing of the design of the Linac. His remarkable vision and tenacious pragmatism
made the Linac the “enabling technology” for the emergence of Radiation Oncol-
ogy as a distinct medical specialty. His sharp sense of economics and investment
is reflected in the incremental gains in earnings over five decades. Rivaling Alan
Greenspan’s insights, Richard Levy’s rise to president and CEO of Varian is a reflec-
tion of his managerial astuteness that in large measures led to Varian’s commercial

Success.

The major innovations that resulted in a desirable technology trajectory are
shown in Fig. 3. It was the traveling wave-guide that allowed for Linac design that
gave Varian the leading edge commercially and resulted in their dominant posi-
tion as the world’s premier manufacturer. To understand the impact of these Linacs
clinically we need to appreciate how these creative steps in physics provided new
dimensions for the radiation oncologists to attack a variety of cancers from differ-
ent directions and angles. The metamorphosis of the cathode X-ray tube into the
modern linear accelerator transformed our discipline forever. The impetus for the
separation of diagnosis and treatment into distinct specialties each with their own
Boards, Societies, Journal, Sciences and NIH Grant Support was due to the separa-

tion of radiation instruments utilized by each discipline.
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It required a decade for Varian to move into an assembly line production in the
1970s, but it wasn’t until the 1980s when the supply reached the demand, production
became profitable and the medical division of Varian, Inc., was the corporation’s
dominant activity and led to Richard Levy’s promotion to President and CEO. The
development of this linear accelerator technology has indirectly diminished the
need for disposing of large quantities of radioactive waste material. By contrast,
depreciated linear accelerators can be rehabilitated and indeed are given a second
life in developing nations. Fortunately, within a matter of two decades (the 1980s and
1990s) the telecobalt units were phased out (Fig. 3).

As Radiation Oncology became more effective cancer became more curable with
available multidisciplinary approaches. The NCI goal of curing 50% of all malignan-
cies has been achieved as we enter this new millennium. The most dramatic illustra-
tion is in controlling childhood malignancies where advances in surgery, then radia-
tion and chemotherapy lead to a dramatic reversal from inevitable cancer death to
predictable cancer survival. The trajectory of pediatric tumor curability curve from
0% to 20% in 1950 for a variety of neoplasms rose to > 50%-90%. Equally important
is the minimalization of adverse effects in long-term cancer survivors by synergisti-
cally combining modalities.

6000
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In adults, the gains in long-term survival have lead to halving cancer mortality
by the year 2000. An analysis of US Bureau of Consensus and the NCI SEER data
shows a significant improvement in 5-year survival rates by decade from 39% in the
1960s to 48% in the 1970s to 50% in the 1980s to 60% in the 1990s (Fig. 4). The gain
in survival has occurred at 15-20 sites, most of which have reached significant levels.
Too often the incremental improvement in an effective treatment as in radiation
instrumentation is unheralded or not considered newsworthy. The sensationalizing
of the latest exciting new finding in the laboratory is pronounced in news and video
media as the proverbial answer to the management of the complexities of all cancers.
The drug de jour, the designer molecule, the magical herbs of alternative medicine
are touted highly but most, unfortunately, do not fulfill their promises in the grist of
NCI oncologic clinical trials, which are the crucibles.

Conclusion

If the past is the prologue to the future, dynamic and innovative radiation treat-
ment planning and delivery systems will be continually improving. Rather than
radiation as a modality disappearing because of advances in chemotherapy, biologic
response modifiers, immunomodulators and gene therapy, we have learned to be
more effective by using radiation in combination with new and other modalities.
The multidisciplinary approach to oncology has been established with cooperation
and coordination rather than competition. The future promises that the Varian
technologic trajectory is still ascending and on the rise....as is cancer curability.

PHILIP RUBIN



Foreword

The rapid advances in radiation oncology, radiation biology, and radiation therapy
physics have led to an accumulation of information on the interactions of radiation
with other therapeutic modalities, such as the wide array of chemotherapeutic agents
being employed in combination with radiation therapy, as well as the multiple biologic
response modifiers that are being used in combination with radiation therapy. It is
now recognized that they have a significant impact on normal tissue toxicities.

The radiation doses customarily deemed safe on the basis of past experience have
now, when combined with other modalities, led to severe late effects in different vital
organs. The previously defined radiation tolerance dosages remain as valuable guides,
but their applicability has changed significantly. The emphasis is now placed on the
volume of the organ irradiated, as well as the dose being used. New constructs relat-
ing global (whole organ) and focal (partial volume) injury as a function of the dose
volume histogram emerge as a significant predictor of late effects on normal tissues.
There are now mathematical models such as the model on standard dose, time-dose
factors, and accumulated radiation effects that have been supplanted by linear-qua-
dratic equations using the alpha/beta ratio and its clinical applicability to normal
tissue complications.

This volume presents contemporary data relating to late effects on normal tissues.
It is a composite of two symposia that were held at the University of Rochester. The
papers presented at those two meeting are now compiled in this volume, making sig-
nificantly important contributions to a better understanding of late effects on normal
tissues.

The volume is dedicated to Dr. Robert Kallman, an outstanding investigator in
radiation biology, as well as Dr. Eric Hall, an equally outstanding investigator in radia-
tion oncology.

Arising from this conference is a better understanding of radiation in combination
with other treatment modalities on late effects in normal tissues.

Philadelphia LuTHER W. BRADY
Hamburg HANS-PETER HEILMANN
Munich MICHAEL MOLLS

Bodo CARSTEN NIEDER




Introduction

Radiation Oncology Continuum: Cured Cancer Survivorship Research and Education
(How our ugly duckling can become a beautiful swan!)

The search for the most favorable therapeutic ratio has been the “holy grail” quest of
modern radiation oncology - namely ablating cancer with conservation and preserva-
tion of normal tissues. Our awareness of radiation associated late effects in the past
century became further heightened as new modalities were introduced, i.e., megavolt-
age beams, computerized dynamic multileaf collimation for 3D conformal therapy,
and high LET particles such as protons and neutrons. Heightened normal tissue
reactions appeared with the escalation of radiation doses, bypass fractionated and
accelerated fractionation, and aggressive combinations of concurrent chemotherapy
and radiation regimens that have ablated more and more cancers. Our “well” cancer
survivor enjoying a high quality of life is our reward and legacy. It is to achieve this
goal that we advocate a multidisciplinary approach to caring for the cancer survivor
after treatment as we have for the cancer patient during treatment.

The original biopathologic paradigm viewing acute and late effects in normal
tissues following radiation as a biocontinuum of response and repair [1] applies to
other modalities often combined with irradiation in multimodal treatment, i.e., che-
motherapy, biologics, and surgery. The expression of a persistent toxicity over time
has been shown by laboratory experimentation to be caused by a variety of cellular,
tissue, environmental, and host factors. The radiation induction of DNA/RNA damage
leading to a perpetual cascade of cytokine and chemokines, inducing inflammatory
and profibrotic events is well appreciated. Ultimately, the histohematic barrier in the
tissue interstitium leads to microvascular compromise and parenchymal cell atrophy.
With high doses above tolerance there is the rapid onset of an arteritis of small feeder
vessels within an organ due to thrombosis. If arterial occlusion is rapid, infarction
and necrosis of the parenchyma occurs in contrast to a slow occlusion that leads to
parenchymal cell atrophy and replacement fibrosis.

Starting in the 1980s, the NCI has supported a number of consensus meetings
to develop common toxicity criteria (CTC), with the first two versions of the scales
concerned with acute effects. Simultaneously, the RTOG in conjunction with other
national and international cooperative groups began developing a late effects grading
system. An agreement between RTOG and EORTC resulted in simultaneous publi-
cations in dedicated issues to SOMA categories in 1992 [2]. An NCI CTEP meeting
in 2002 integrated LENT-SOMA into CTC Adverse Effects V3.0 and its subsequent
publication alerted the major oncologic disciplines to a newly created NCI Office of
Cancer Survivorship [3]. The contents of this issue are the summation of the LENT V
NCI sponsored meeting in May, 2004, and addresses a number of critical topics related
to late effects.

This year, the Institute of Medicine and the National Research Council issued an
important document entitled “From Cancer Patient to Cancer Survivor - Lost in Tran-
sition” [4].Its premise is the need to set a high priority to provide long-term follow-up
care to the cured patient. The new millennium heralded the NCI goal of curing more
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than 50% of all malignancies. To be more specific, 85% of children and 60% of adults
will survive cancer long term because of the multidisciplinary approach which is the
cornerstone to success. Our country has more than 10 million survivors, and we are
adding approximately 1,000,000 new cancer survivors annually. It is within this con-
text that the contributions of radiation oncology, after decades of technologic and
scientific advances, have become evident and are now well recognized and known.
The signal cancers chosen for fuller discussion have extremely high survival rates of
greater than 90%, i.e., prostate cancer, breast cancer,and Hodgkin’s disease, and repre-
sent diseases in which the contributions of radiation oncology have been seminal.
The radiation oncology continuum conceptually can be viewed as a paradigm
shift with the ever improving survival rates of cancer patients indicative of the per-
manency of curing cancer. That is, the continuum of cancer control parallels the
normal tissue biocontinuum postradiation. The localized early cancer patients that
are predominantly cancers of the prostate, breast, colorectum, urinary bladder, cervix,
uterus, laryngopharynx, and Hodgkin’s disease according to the most recent SEER/
ACS cancer statistics have more than 90%-95% 5-year survival [5]. The vast major-
ity of 5-year survivors will become 10-, 15-, even 20-year survivors. Thus, there is an
increasing need because of the growing population of cancer survivors to promote
health, prevent secondary disease and second malignant tumors, and to ensure their
social, psychological, and economic well being. The research areas addressed in this
issue relate to etiopathogenesis, screening, and early detection by biomarkers and bio-
imaging during its latent phase. The biointerventions and biopreventions optimally
timed will decrease the morbidity and improve the quality of life. The ugly duckling of
untoward late effects of cancer treatment by thoughtful, well-designed guidelines will
assist health care providers to morph the cancer survivor into a beautiful swan.

PHiILIP RUBIN and Louis SANDERS CONSTINE, III
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Summary

Surveillance and management for therapy-re-
lated normal tissue damage in survivors of both
childhood and adult-onset cancer is necessary
to maximize health-related quality of life. Prog-
ress by the Children’s Oncology Group (COG)
can be modeled or adapted for adult malignancy,
and is described in this report. Investigators
from COG developed risk-based, exposure-re-
lated guidelines to provide recommendations
for screening and management of late effects
that may arise as a result of therapeutic expo-
sures used during treatment for childhood, ado-
lescent and young adult cancer. The guidelines
are both evidence-based and grounded in the
collective clinical experience of experts provid-
ing clinical care to these patient populations.
A therapy-based design was chosen to permit
modular formatting of the guidelines by thera-
peutic exposure and based on the patient’s age,
presenting features, and treatment era. Multi-
disciplinary system-based (e.g., cardiovascular,
neurocognitive, reproductive, etc.) task forces
organized within the COG Late Effects Com-
mittee are responsible for monitoring the litera-
ture, evaluating guideline content, and provid-
ing recommendations for guideline revision as
new information becomes available. The COG
Long-Term Follow-Up (LTFU) Guidelines and
accompanying health education materials are
available at www.survivorshipguidelines.org.
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Introduction

The development of curative therapy for most child-
hood and adolescent cancers has produced a grow-
ing population of cancer survivors who are at in-
creased risk for a variety of late health problems
resulting from their cancer or its treatment [1]. Since
many treatment-related sequelae may not become
clinically apparent until the survivor attains matu-
rity or begins to age, healthcare providers need to
anticipate late treatment effects in order to provide
timely interventions that might prevent or correct
these sequelae and their adverse effects on quality
of life. Risk-based care, defined as a systematic plan
for lifelong screening, surveillance, and prevention
that incorporates risks based on the previous can-
cer, cancer therapy, genetic predispositions, life-
style behaviors, and co-morbid health conditions,
is recommended for all survivors [2, 3]. However,
implementation of risk-based care for childhood
cancer survivors requires a working knowledge of
cancer-related health risks and appropriate screen-
ing evaluations, or access to resources containing
this information. Unfortunately, most healthcare
providers may be uncomfortable with managing
survivors in their practice because of their lack of
familiarity with the potential late effects and asso-
ciated screening and counseling recommendations
[4]. Motivation to gain expertise to care for this vul-
nerable population is hindered by the fact that the
majority of providers will follow only a handful of
childhood cancer survivors in their practice, all with
different malignancies, treatment exposures, and
healthcare risks. Addressing knowledge deficits re-
garding survivor care is an important public health
issue; the substantial gains in years of life saved af-
ter successful therapy for a childhood or adolescent
cancer will result in a significantly greater need for
community-based care for adults who have survived
these cancers.

In response to these concerns, investigators rep-
resenting a wide range of disciplines from institu-
tions in the Children’s Oncology Group (COG) com-
mitted themselves to organizing and maintaining
recommendations for screening and management
of late treatment complications that could result
from therapeutic exposures for childhood and ado-
lescent cancers [5]. The resulting COG Long-Term
Follow-Up Guidelines (COG LTFU Guidelines) for
Survivors of Childhood, Adolescent, and Young
Adult Cancers is a comprehensive educational re-

source available to any healthcare provider who
supervises the care of a survivor of childhood can-
cer. The purpose of the COG LTFU Guidelines is to
facilitate early identification of and intervention
for treatment-related complications in order to im-
prove quality of life for survivors with specialized
healthcare needs. Herein, we briefly recount the
history of the COG LTFU Guideline development
previously published [5] and provide an update re-
garding the activities of the COG Late Effects Steer-
ing Committee and Guideline Task Forces that have
contributed to assuring that the information sum-
marized in the Guidelines meets defined criteria
and is up to date.

1.2
Call to Action by the Institute of Medicine

Following the National Cancer Policy Board’s meet-
ing on childhood cancer survivorship in January
2002, the Institute of Medicine charged the COG
with the development of comprehensive clinical
practice guidelines for long-term follow-up care of
childhood cancer survivors. The initiative began as
a collaborative process between the Nursing Disci-
pline and Late Effects Committee and subsequently
expanded to involve investigators with expertise
in, radiation oncology, behavioral medicine, a va-
riety of pediatric subspecialties, and patient advo-
cacy, in addition to nursing and pediatric oncology.
Evidence collection for the guidelines involved a
complete search of the medical literature for the
past 20 years using MEDLINE. Keywords included
“childhood cancer therapy” and “complications”
combined with keywords for each therapeutic ex-
posure. References from the bibliographies of se-
lected articles were used to broaden the search. A
multidisciplinary panel of experts in the late ef-
fects of childhood and adolescent cancer treatment
reviewed and scored the guidelines using a modi-
fied version of the National Comprehensive Can-
cer Network “Categories of Consensus” system [6].
Each score reflects the strength of data from the
literature linking a specific late effect with a thera-
peutic exposure, coupled with an assessment of the
appropriateness of the screening recommendation
based on collective clinical experience (Table 1.1).
Therefore, the guidelines are both evidence-based
(utilizing established associations between thera-
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Table 1.1. Categories of consensus scoring for the COG LTFU guidelines

Category Statement of consensus

1 There is uniform consensus of the panel that: (1) there is high-level evidence linking the late effect with the
therapeutic exposure and (2) the screening recommendation is appropriate based on the collective clinical

experience of panel members

2A There is uniform consensus of the panel that: (1) there is lower-level evidence linking the late effect with the
therapeutic exposure and (2) the screening recommendation is appropriate based on the collective clinical

experience of panel members

2B There is non-uniform consensus of the panel that: (1) there is lower-level evidence linking the late effect with
the therapeutic exposure and (2) the screening recommendation is appropriate based on the collective clinical

experience of panel members

3 There is major disagreement that the recommendation is appropriate

Uniform consensus, near-unanimous agreement of the panel with some possible neutral positions.

Non-uniform consensus, the majority of panel members agree with the recommendation; however, there is recognition
among panel members that, given the quality of evidence, clinicians may choose to adopt different approaches.

High-level evidence, evidence derived from high quality case control or cohort studies.

Lower-level evidence, evidence derived from non-analytic studies, case reports, case series, and clinical experience.
Rather than submitting recommendations representing major disagreements, items scored as “Category 3” were either de-
leted or revised by the panel of experts to provide at least a “Category 2B” score for all recommendations included in the

guidelines.

peutic exposures and late effects to identify high-
risk categories) and grounded in the collective clini-
cal experience of experts (matching the magnitude
of the risk with the intensity of the screening rec-
ommendations).

1.3
Publication of the COG LTFU Guidelines

The Late Effects Committee released the initial ver-
sion of the guidelines (Version 1.0 - Children’s On-
cology Group Late Effects Screening Guidelines) to
the COG membership in March 2003 for a 6-month
trial period to permit initial feedback in the form
of targeted qualitative communications. Following
additional review and revision by the Late Effects
Committee, the guidelines were then released to the
public (Version 1.1 - Childhood Cancer Survivor
Long-Term Follow-Up Guidelines) on the COG web-
site in September 2003. Subsequent to this release,
the Late Effects Committee clarified the applicabil-
ity of the guidelines to the adolescent and young
adult populations of cancer survivors, which was
reflected in the title change of the next guideline ver-
sion (Version 1.2 - Long-Term Follow-Up Guidelines
for Survivors of Childhood, Adolescent, and Young

Adult Cancers) released to the public on the COG
website in March 2004. Further substantial revision
in both content and format of the guidelines was
undertaken (Version 2.0; March 2006).

1.4
Organization of the COG LTFU Guidelines

Since therapeutic interventions for a specific child-
hood and adolescent cancer may vary considerably
based on the patient’s age, presenting features, and
treatment era, a therapy-based design was chosen
to permit modular formatting of the guidelines by
therapeutic exposure. The screening recommenda-
tions outlined in the COG LTFU Guidelines are ap-
propriate for asymptomatic survivors presenting for
routine exposure-based medical follow-up 2 or more
years after completion of therapy for a childhood,
adolescent, or young adult cancer. More extensive
evaluations are presumed, as clinically indicated,
for survivors with signs and symptoms suggesting
illness or organ dysfunction. Organization of the
guidelines is summarized in Table 1.2. In addition,
screening recommendations for common adult-on-
set secondary cancers are provided within the COG
LTFU Guidelines with definitions of high-risk pop-
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Table 1.2. Organization of the COG LTFU guidelines

Section number

Therapeutic agent

Potential late effects

Risk factors

Highest risk factors

Periodic evaluations

Health counseling/
further considerations

System

Score

References

Unique identifier for each guideline section corresponding with listing in Index

Therapeutic intervention for malignancy, including chemotherapy, radiation, surgery,
blood/serum products, hematopoietic cell transplant, and other therapeutic modalities

Most common late treatment complications associated with specified therapeutic interven-
tion

Host factors (e.g., age, sex, race, genetic predisposition), treatment factors (e.g., cumulative
dose of therapeutic agent, mode of administration, combinations of agents), medical condi-
tions (e.g., pre-morbid or co-morbid conditions), and health behaviors (e.g., diet, smoking,
alcohol use) that may increase risk of developing the complication

Conditions (host factors, treatment factors, medical conditions, and/or health behaviors)
associated with the highest risk for developing the complication

Recommended screening evaluations, including health history, physical examination, lab-
oratory evaluation, imaging, and psychosocial assessment. Recommendation for minimum
frequency of periodic evaluations is based on risk factors and magnitude of risk, as sup-
ported by the medical literature and/or the combined clinical experience of the reviewers
and panel of experts

Health Links: Health education materials developed specifically to accompany these guide-
lines. Title(s) of Health Link(s) relevant to each guideline section are referenced in this
column. Health Link documents are included in Appendix II, and are also available on the
COG website at www.survivorshipguidelines.org

Counseling: Suggested patient counseling regarding measures to prevent/reduce risk or
promote early detection of the potential treatment complication

Resources: Books and websites that may provide the clinician with additional relevant
information

Considerations for further testing and intervention: Recommendations for further diagnos-
tic evaluations beyond minimum screening for individuals with positive screening tests,
recommendations for consultation and/or referral, and recommendations for management
of exacerbating or predisposing conditions

Body system (e.g., auditory, musculoskeletal) most relevant to each guideline section

Score assigned by expert panel representing the strength of data from the literature linking
a specific late effect with a therapeutic exposure coupled with an assessment of the appro-
priateness of the screening recommendation based on collective clinical experience

References are listed immediately following each guideline section. Included are medical
citations that provide evidence for the association of the therapeutic intervention with the
specific treatment complication and/or evaluation of predisposing risk factors. In addi-
tion, some general review articles have been included in the Reference section for clinician
convenience

ulations of childhood cancer survivors for whom
heightened surveillance is recommended because of
predisposing host, behavioral, or therapeutic fac-
tors (Table 1.3). Patient education materials (called
“Health Links”) complement a variety of survivor-
ship topics addressed in the guidelines. The COG
LTFU Guidelines and associated Health Links can be
downloaded from http://www.survivorshipguide-
lines.org.

1.5
Updating the COG LTFU Guidelines

The COG Late Effects Committee charged 18 multi-
disciplinary system-based (e.g., cardiovascular, neu-
rocognitive, fertility/reproductive, etc.) task forces
with the responsibilities of monitoring the literature,
evaluating guideline content, and providing recom-
mendations for guideline revision as new informa-
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Table 1.3. COG preventive screening recommendations for common adult-onset cancers

Section Content

Organ

At-risk population

The organ at risk for developing malignancy

Populations generally considered at increased risk for the specified malignancy based on risk

factors such as age, gender, genetic susceptibility, personal or family history, health-related

behaviors or co-morbidities

Highest risk

Populations considered by the Panel of Experts or other evaluating bodies (such as the Ameri-

can Cancer Society) as being at significantly increased risk for the specified malignancy. Risk
factors may include therapeutic exposures resulting from childhood cancer treatment, as well
as other factors listed above (e.g., genetic susceptibility)

Periodic evaluations

Recommended screening evaluations including health history, clinical exams, laboratory

evaluations, diagnostic imaging studies, psychosocial assessments, or other indicated evalu-

ations

Standard risk

Guidelines provided under the “Standard Risk” category are per American Cancer Society

recommendations for standard-risk populations and are included for clinician reference. In
addition, clinicians are encouraged to consult recommendations from other organizations,
such as the US Preventive Services Task Force (http://www.ahrq.gov/clinic/serfiles.htm)

Highest risk

Recommendations for high-risk populations, when applicable, are specified and may differ

from recommendations for the standard-risk groups due to the significantly increased risk of
the specified malignancy within the high-risk group

tion becomes available. Each guideline task force
recruited representatives from nursing, pediatric
oncology, radiation oncology, primary care, patient
advocacy and pediatric/medical subspecialty care,
as appropriate. Specific task force responsibilities
include preparation and presentation of a bi-annual
report to the Late Effects Committee that: (1) sum-
marizes new literature related to the task force topic;
(2) clarifies unfamiliar terms in the guideline con-
tent that could be misinterpreted; and (3) provides
recommendations with rationale for guideline revi-
sions. The task forces have already contributed innu-
merable hours of time and effort that are reflected in
the revisions and refinements of each version of the
guidelines. Many task force members are also pursu-
ing other scholarly activities in order to disseminate
information about risk-based childhood cancer sur-
vivor care or address knowledge deficits identified in
the organization of the COG LTFU Guidelines. These
include the development of manuscripts targeting
primary and subspecialty care providers, organiza-
tion of research initiatives, and educational presen-
tations in various community and academic forums.
These efforts are anticipated to facilitate the goals
of the COG LTFU Guidelines to educate healthcare
providers and patients about late effects and stan-
dardize and enhance follow-up care of childhood
and adolescent cancer survivors.

1.6
Guideline Revisions and Enhancements

Following their organization, the guideline task
forces undertook a thorough review of the literature
used to derive the original guideline recommenda-
tions, as well as new publications relevant to the
task force topic. The Late Effects Steering Commit-
tee assigned guideline sections to task forces based
on established associations with specific treatment
exposures and potential late effects (e.g., the Fer-
tility/Reproductive Task Force was assigned to re-
view literature relevant to alkylating agent chemo-
therapy and gonadal dysfunction). Each task force
organized the results of its review in a summary
reportaccompanied by a comprehensive Late Effects
Evidence Table outlining the Medline citation, type
of study (systematic review, meta analysis, random-
ized control trial, nonrandomized control trial, ob-
servational study, non-experimental studies, expert
opinion, general review), number of patients partici-
pating in study/cohort, study objective(s), and brief
summary of study findings. In the summary report,
findings of the literature review were categorized as
“confirmatory” if supportive of findings of previous
publications; “disputable” if contrary to findings of
previous publications; or “novel” if not previously
reported. The reports emphasized association(s) of
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therapeutic exposure(s) and late effect(s), defined
risk factors for late effects, and detailed recommen-
dations for specific screening test(s) for a given late
effect. Task force recommendations for guideline
revisions were then presented to the Late Effects
Steering Committee for approval and scoring before
incorporation into the COG LTFU Guidelines.

The recently published Version 2.0 features ex-
tensive revisions in content that reflect enhanced
clinical (particularly subspecialty) expertise in
guideline task force membership that facilitated
more prudent interpretation of findings from the
medical literature, definition of risk groups, and as-
signment of screening recommendations. A total of
34 new therapeutic exposures were added, including
specific sections for complications associated with
total body irradiation and hematopoietic cell trans-
plant, as well as hematopoietic cell transplant with
chronic graft-versus-host-disease. Sections related
to systemic radiation (e.g., MIBG) and bioimmuno-
therapy (e.g., granulocyte-colony stimulating fac-
tor) treatments were also added as the populations
of childhood cancer survivors treated with these
relatively novel approaches are now increasing in
numbers. The radiation treatment sections in Ver-
sion 2.0, one of the most substantially revised topic
areas, now include sections delineated by both dose
and volume with impact to specific target organs,
e.g., brain/cranium, neuroendocrine axis, thyroid,
heart, lungs, and other organs. In addition, many
of the representative citations have been revised to
provide clinicians with references that reflect the
depth and/or breadth of evidence in the literature
that support specific guideline recommendations.
Finally, nine new Health Links have been developed
to address topics meriting patient education materi-
als and all of the Health Links have been updated to
reflect new guideline recommendations and to im-
prove readability.

Version 2.0 also features a variety of new resources
to assist clinicians who may be unfamiliar with some
of the technical terms related to childhood cancer
survivor care. These include appendices with sum-
mary tables outlining abbreviations appearingin the
guidelines, generic and brand names of chemother-
apeutic agents, and definitions of standardly used
radiation treatment fields. A cancer treatment sum-
mary is required in order to interface with the COG
LTFU Guidelines and determine the recommended
follow-up care for individual survivors. To facilitate
implementation of the COG LTFU Guidelines, Ver-
sion 2.0 provides appendices outlining the essential

elements of a Cancer Treatment Summary, as well
as a Guideline Identification Tool that links specific
treatment exposures with corresponding guide-
line sections (Fig. 1.1). Language and abbreviations
throughout the Guidelines have also been standard-
ized in preparation for a computerized, web-based
guideline generator (see Sect. 1.7). To enhance read-
ability for the numerous clinicians and survivors
accessing the guidelines through http://www.sur-
vivorshipguidelines.org, substantial changes have
also been undertaken in the layout, format, and font
of the document. Figure 1.2 provides a sample illus-
tration of the new content and format in Version 2.0
of the guidelines.

1.7
Passport for Care - Interactive Web-Based
Version of the COG LTFU Guidelines

The current format of the COG LTFU Guidelines
poses significant barriers to routine use by busy
clinicians due to their volume and density. Pres-
ently, the COG LTFU Guidelines are comprised of
145 sections of detailed evidence-based recom-
mendations encompassing 175 pages, not including
the introductory materials, appendices, and index.
While specific supporting health education materi-
als that are pertinent to therapeutic exposures and
provide recommendations for a given patient are
available as separate documents with easy down-
loading and printing, the provider must currently
locate all guideline sections applicable to each survi-
vor within the lengthy document. A computerized,
interactive version of the guidelines will facilitate
rapid identification of specific recommendations
pertinent to the care of an individual patient, sub-
stantially expediting implementation of risk-based
childhood cancer survivor care as outlined by the
COG LTFU Guidelines.

Through collaboration of investigators from COG
Late Effects Committee, Texas Children’s Cancer

-
>

Fig. 1.1. Page 1 of Patient-Specific Guideline Identification
Tool, which outlines the essential elements of a cancer treat-
ment summary and links specific treatment exposures with
corresponding guideline sections
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CureSearch

Children's Oncology Group

Patient-Specific Guideline Identification Tool
(Applicable Guideline Sections indicated in Bold/Red; M = Male; F = Female)

| Name:

| sex: MF

| Date of Birth:

Cancer Diagnosis:
m Sections 1 & 2 applicable to all patients

Date of Diagnosis:
Prior to 1972: ] section 3
Prior to 1983: [] section 4
1977- 1985: [] sections

End Therapy Date:

LTFU guidelines are applicable to patients who are
22 years following completion of cancer therapy

cHEMOTHERAPY: []Yes [INo ifyes: [2] section 6 and applicable guidelines for specific chemotherapy agents below

&h;mp;‘hh:a;;ﬁﬂ; ] | Appiicable guideline sections
Asparaginase Section 34
Bleomycin Section 29
Busulfan Sections TMIF, 8, 9, 10

Carboplatin - all doses
— myeloablative dose

Sections TM/F, 8, 15, 16, 17

See also: Section 14

Note: Myeloablative dose = conditioning for HCT

Carmustine Sections 7MIF, 8, 9
Chlorambucil Sections 7TM/F, 8

Cisplatin Sections TMIF, 8, 14, 15, 16, 17
Cydophosphamide Sections TM/F, 8, 11, 12

Cytarabine: SQ, IT, 10, low-dose IV

Section 20

INote: Low-dose IV = all single doses < 1000 mg/m®

Cytarabine: High-dose IV

Sections 18, 19

Note: High-dose IV = any single dose >1000 mg/m’

Epirubicin - multiply total dose x 0.67

Idarubicin - multiply total dose x 5

Dacarbazine Sections TM/F, 8
Dactinomycin Section 30
Daunorubicin Sections 27, 28
Cumulative dose:
Age at first dose:
Dexamethasone Sections 31, 32, 33
Doxorubicin Sections 27, 28
Cumulative dose: mg/m*
Age at first dose:
Epirubicin® Sections 27, 28
Cumulative dose: mg/m? Cumulative dose x 0.67 = mg/m® | = doxorubicin/dauncrubicin isotoxic dose
Age at first dose:
Etoposide (VP-16) Section 37
|darubicin® Sections 27, 28
Cumulative dose: mgim® Cumulative dose x 5 = mg/m’ | = doxorubicin/daunorubicin isotoxic dose
Age at first dose:
Ifosfamide Sections TM/F, 8, 11,13
Lomustine Sections TM/F, 8, 9
Mechlorethamine Sections TM/F, 8
Melphalan Sections TM/F, 8
Mercaptopurine (6-MP) Section 21
*Use formulas below to convert to d bicin/d: ibicin isotoxic equivalents prior to calculating total cumulative anthracycline dose:

Mitoxantrone - multiply total dose x 3.5

Note: There is a paudity of literature Io support isoloxic dose conversion; however, the above conversion factors may be used for convenience
in order to gauge screening frequency. Clinical judgment should ultimately be used to determine indicated screening for individual patients.

Identification Tool
Page 1
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Radiation (and Medical) Biosurveillance

Center, and Baylor College of Medicine, significant
progress has been made in developing an interac-
tive web-based version of the COG LTFU Guidelines.
This online decision support tool, known as Passport
for Care, will permit healthcare providers and child-
hood cancer survivors to quickly and accurately
generate individualized exposure-based screening
recommendations and patient educational materi-
als according to the COG LTFU- Guidelines. The
web-based, user-friendly interface includes a cancer
treatment summary form that allows streamlined
entry of key patient data (e.g., therapeutic expo-
sures, cumulative doses for selected agents) in order
to generate individualized follow-up recommenda-
tions. The Passport for Care also provides the COG
Late Effects Committee with a set of online tools and
reports to facilitate guideline development, review,
editing, and updating for purposes of maintaining
guideline standardization and consistency. Stan-
dardization of the content and format undertaken
in COG LTFU Guidelines Version 2.0 represents a
critical step before implementation of the planned
testing of the Passport for Care Guideline Generator
in pilot institutions in the near future.

1.8
Conclusion

Investigators with expertise in many areas partici-
pating in the COG LTFU Guideline Task Forces have
produced a comprehensive and dynamic resource
that provides practical recommendations for evalu-
ation and management of late effects in childhood
cancer survivors. The COG LTFU Guidelines aim to
enhance providers’ familiarity regarding the spe-
cial healthcare needs of this vulnerable and grow-
ing population, and facilitate risk-based screening
for cancer-related late treatment complications. The
Late Effects Committee and LTFU Guideline Task
Forces’ ongoing maintenance and dissemination ef-
forts in information relevant to survivor health and

research initiatives addressing knowledge deficits
about cancer treatment effects provides strong sup-
portof the COG’s commitment to long-term survivor
health. Strategies such as Passport for Care, that can
efficiently disseminate targeted information, will be
critical to the integration of the guideline recom-
mendations in routine survivor care in a primary
care setting. The strategy of guideline development
and refinement used by the COG may be adapted
by clinicians supervising the care of survivors of
adult malignancies who encounter health risks after
cancer treatment.
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tion, as well as from the response of the entire
organism. The development of effective medical
countermeasures to protect, mitigate, and/or treat
normal tissue injury requires investigation from
basic molecular mechanisms to multicellular sys-
tems to relevant animal models to clinical trials.
With renewed interest and support, the radiation
biology/oncology research community has a criti-
cal opportunity for scientific investigation and
service to society by advancing knowledge, help-
ing oncology patients, and enhancing the well-be-
ing of entire populations living under the threat of
accidental or intentional radiation exposure.
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Presented in part at the Late Effects Normal Tissues
(LENT V) meeting, Rochester, NY, May 23-25,
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The content and opinions within this manuscript
are from the author and not the US Government.

2.1
Introduction

The Late Effects Normal Tissues (LENT) V meeting

honored the contributions of the late Dr. Robert

C.N.C Kallman of the Stanford Department of Radiation
. N. CoLEMAN, MD

Associate Director, Radiation Research Program, EPN/Room Oncology. In that I had the opportunity to be a stu-
6014, 6130 Executive Boulevard, Bethesda, MD 20892, USA dent and colleague of his and a friend to him and
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his wife, Ingrid, who graciously attended the meet-
ing, this paper is a tribute to his contributions and
a personal perspective of their direct relevance to
the field of normal tissue biology addressed at this
meeting. The theme of this paper, and indeed a sub-
theme of the LENT V meeting, is the importance
of planning and conducting scientific experimenta-
tion with an eye to both new knowledge and public
service. Science contributes a great deal to society
in the US and society contributes a great deal to the
support of science through financial investment,
prestige afforded scientists and physicians, and ad-
vocacy for the free and open pursuit of knowledge.
Knowledge for its own sake is an extraordinarily
valuable contribution, yet there are times when the
need for new knowledge and public service in a
field coincide.

2.1.1
Contributions of Dr. Kallman and Colleagues:
Science and Service

Borne from technology and nuclear physics of World
War II, the 1950-60s was an era of great advances for
radiation biology and oncology resulting from tech-
nological advances in radar (klystrons) and elec-
tronics, leading to the development of the clinical
linear accelerator, and to the advent of cell culture
techniques by which to study cell survival curves
following radiation and/or drug treatment. Of para-
mount importance was the public health necessity to
learn about the effects of nuclear exposure to people
as the world entered the atomic era and the threat of
further nuclear warfare.

Starting in the 1950s, the Stanford University
Department of Radiology became a world leader in
radiation oncology and biology research. Dr. Henry
S. Kaplan was a true giant in making radiation on-
cology into a science-based discipline and distin-
guishing its clinical application from that of diag-
nostic radiology in which it was embedded [1]. Dr.
Kaplan’s substantial laboratory discoveries, includ-
ing the viral etiology of mouse leukemia and the
laboratory and clinical investigation of the human
lymphomas, accompanied his efforts toward the
development of the first clinical linear accelerator
in the US [2, 3] and the curative treatment of Hodg-
kin’s disease [4]. Drs. Kaplan and Saul Rosenberg
recognized the critical importance of science-based
and, indeed, evidence-based clinical medicine. Un-
der Dr. Kaplan’s overall departmental leadership,

Dr. Kallman was instrumental in building and lead-
ing a world renowned radiation and cancer biology
program.

During my decade at Stanford (1975-1985), the
Division of Radiation Biology included Drs. Bob
Kallman, Kendric Smith, George Hahn, and Martin
Brown, representing a spectrum of expertise from
DNA repair to cellular and tissue radiation biology,
to radiation-drug interactions, to hyperthermia bi-
ology and treatment, to hypoxia, and to radiation
sensitizers and protectors. Dr. Luis Fajardo’s exper-
tise in radiation pathology [5, 6] brought further
mechanistic information to pioneering work by Dr.
Philip Rubin [7], one of the leaders of this LENT V
conference and a long-standing force behind the
field of radiation toxicity. For those fortunate to be
at Stanford during these years, a critical theme of
the leadership of Drs. Kaplan, Rosenberg, and Bag-
shaw was the linkage between laboratory investiga-
tion and human application.

Dr. Kallman’s research in radiation biology and
in radiation-drug interaction [8-11] are relevant
to today’s research in combined modality therapy,
normal tissue injury, and lethality following whole
body radiation exposure [12, 13]. The period of rapid
growth of radiation biology was followed by a period
of stability and then decline in investment in this
field. The establishment of the specialty of medical
oncology led to a focus in cancer research on drug
development and the growth in complexity of radia-
tion technology and instrumentation diverted atten-
tion and resources of the clinical departments from
radiation biology to medical physics. While such
investment in radiation technology was logical and
important, there was a perception among labora-
tory-based radiation oncology physician-scientists
of a decreased investment in faculty who conducted
basic and translational radiobiology research. The
end of the cold war lessened the perception of a
threat from nuclear energy, although the occasional
nuclear accident reminded the world of the need to
understand radiation injury and carcinogenesis and
to prevent or treat them.

Following September 11, 2001, the world has awo-
ken to the constant anxiety of exposure to radia-
tion from a radiological dispersion device (RDD),
including a “dirty bomb” or other environmental
contamination, and from an improvised nuclear
device (IND) which involves a nuclear detonation.
The need for information, knowledge, and research
from the radiation biology and oncology communi-
ties was immediately apparent.
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2.2
Radiation Biology and
Medical Countermeasures to Radiation

Normal tissue injury is an essential component of
the practice of clinical radiation oncology. Radiation
protectors have been an interest for many years with
amifostine currently in clinical use [14] for salivary
gland protection. Other indications such as mucosal
protection are being further investigated, as is the
subcutaneous route of administration which appears
to be better tolerated than the intravenous route [15,
16] yet equally effective in the laboratory [17].

Improved technology for radiation therapy al-
lows for the delivery of a higher tumor dose. None-
theless, normal tissue toxicity will still limit the
delivery of a tumoricidal dose as recent studies of
late effects indicate [18, 19]. Furthermore, combined
modality therapy may produce an enhanced injury
profile as seen with newly described consequential
late effects [20]. While allowing dose escalation to
and within a tumor, intensity modulated radiation
therapy (IMRT) has a potential drawback of expos-
ing more normal tissue to some dose compared to
3D-conformal treatments, potentially increasing
the carcinogenicity of treatment [21,22]. The low
dose but relatively high volume exposure of normal
tissue may have relevance to non-oncology popula-
tions subject to accidental or intentional radiation
exposure. Thus, there is much that can be learned
from clinical radiation therapy applicable to popu-
lation exposure to ionizing radiation.

The NCI Radiation Research Program (RRP) has
conducted a number of workshops related to normal
tissue injury (Table 2.1).

Table 2.1. Radiation Research Program workshops

Normal tissue injury, 2000 [23]

Moderate dose radiation, 2001 [30]

Clinical Common Toxicity Criteria (CTCAE3.0), 2002 [32]
Radiation Biology Education and Training, 2003 [33]
Normal tissue, animal models, 2003 [53]

Normal tissue, animal models, preclinical emphasis, 2004
(NIAID/NCI)

Workshops under discussion by NIAID/NCI include,
among others: partial body exposure, carcinogenesis,
biodosimetry

The Normal Tissue Injury workshop in 2000
[23] brought together experts from radiation biol-
ogy, imaging, and wound healing, recognizing the
similarities between general tissue injury and that
related to radiation. Clinical reports demonstrating
that the manifestations of late normal tissue injury
may be reversible [24-26] support the model that
radiation damage is a dynamic process involving
ongoing tissue injury. Consequently, while pre-ex-
posure treatment remains critical to avoiding and
preventing injury, post-exposure intervention is a
strategy to pursue for clinical and population expo-
sure [27, 28].

Shortlyafter September 11™, the specter ofan RDD
or IND led the RRP and colleagues from the radia-
tion research community to conduct a workshop on
what we defined as moderate dose radiation, that is,
1-10 Gy in either a single or fractionated dose. This
dose was chosen for the following reasons: (a) very
low dose exposure (<0.1 Gy) is actively being inves-
tigated by the Department of Energy (DOE); (b) gene
induction following radiation occurs at 1 Gy and
even at lower doses making it likely that there will
be measurable effects for which modulating agents
can be tested [29]; (c) in whole body exposure, this
dose range will produce the hematopoietic and
gastrointestinal syndromes, both of which require
clinical intervention [30]; (d) IMRT will produce
doses in this range to a wide array of normal tissues
[21] so that clinical investigation could be accom-
plished in radiation oncology that would pertain to
people subject to accidental or intentional exposure;
(e) such doses are carcinogenic [22, 31]; and (f) there
was limited clinical and preclinical investigation
ongoing in this moderate dose range. This meeting
helped define the current state of the science and
opportunities in: basic research, technology devel-
opment, particularly for biodosimetry; treatment
strategies; and ensuring sufficient expertise in ra-
diation biology and related sciences [30].

The Cancer Treatment Evaluation Program
(CTEP) continually refines and updates standards
and methodology for clinical trials including the
development of toxicity criteria. As part of an ongo-
ing effort to further define late effects, an updated
system, Common Toxicity Criteria for Adverse
Events (CTCAEv3.0) [32] has been established that
brings together a number of systems into one com-
mon system. In that the spectrum of tissue injury
may reflect both the high and lower dose exposures,
having a clinical scoring system by which radiation
modifiers can be judged will allow the study of such
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protectors, mitigators, and treatments to be used in
oncology trials. Of course, the issue of tumor protec-
tion must be considered for oncology. For practice
and research in oncology and for addressing radia-
tion exposure in the general population, a clinically
validated scoring system is of great value. Further
work is ongoing to develop a hand-held device for
clinical use that makes this complex system more
user-friendly and available for use in the clinic and
field (Trotti, personal communication).

Essential to the research and development effort
is the need for trained scientists and other person-
nel, an issue addressed by the The Education and
Training Workshop [33]. The immediate focus is on
developing doctoral training programs in radiation
biology. Postdoctoral training and collaboration
among radiation biologists and between radiation
biologists and other scientists will help stimulate
research and also help recruit new people to the
field. A Council for Radiation Research Societies
was suggested to enhance coordination among non-
governmental agencies (Radiation Research Society,
American Society of Therapeutic Radiology and On-
cology, American Association of Physicists in Medi-
cine, American College or Radiology, and others).
This complements an informal interagency collab-
orative group Radiation Bioterrorism Research and
Training (RABRAT) that is ongoing among Federal
agencies [33].

Developing effective clinical interventions re-
quires appropriate model systems addressed in an
Animal Models workshop in 2004 [34]. Figure 2.1
illustrates the range of systems needed, the goal
of which is to bring scientific discovery to people.
Normal tissue injury involves damage and response
from the molecular, cellular, tissue, and organism
level so that a full range of models is needed. Novel
model systems include multicellular systems, yeast,
C. elegans and Zebrafish. Preclinical testing requires
larger species. Although it may not be possible to
validate the effectiveness of a radiation countermea-
surein a clinical trial, phase I trials are necessary for
FDA approval (under the “animal rule” - see FDA
website). In this regard, radiation countermeasures
may not only help oncology patients but the ability
to assess the efficacy in addition to the safety of new
agents in the clinic provides a unique and essential
role for radiation oncology translational research
in the development of medical countermeasures for
radiation.

A new program for Federal support for research
related to radiological/nuclear terrorism is chan-

neled through Health and Human Services (HHS)
via the National Institute for Allergy and Infec-
tious Diseases (NIAID), in collaboration with NCI.
A second normal tissue workshop was held address-
ing animal models with an emphasis on preclinical
development (May, 2004). As noted in Table 2.1, ad-
ditional workshops are under consideration for ad-
dressing effects of partial body exposure as the re-
sult of shielding, carcinogenesis, and biodosimetry
(February, 2005).

Define risks,
epidemiology
-4 (linical trials

Biodosimetry -

Mitigators, treatment ' < Large animal,
and - / \ preclinical
prophylactic agents

&\

Combined injury - <+ Rodents

Mechanisms of tissue
injury Zebrafish

C. elegans
Cell-cell interaction: Multicellular
- P
identify target cell systems
Tissue < Epithelial-
stromal cells
Death, survival -
pathways p Normal
) tissue cells
Identify molecular - Cell <> Stem cells
targets / \
Identify therapeutic =~ @ <> Yeast
agents
Molecular
Molecular < biology
Drug screening; - process High
chemistr
y - throughput
technology

Fig. 2.1. Animal models for radiation countermeasures re-
search. The overall goal of research is to go from underlying
molecular mechanism to human application. This requires
many model systems. (Adapted and reprinted with permis-
sion from [34])
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2.3
Mechanisms and Models

The LENT V meeting and previous workshops noted
above have described a range of potential targets
and mechanisms for radiation countermeasures.
A number of approaches that are in clinical use ad-
dress free radical mechanisms, including amifostine
[35, 36] and tempol [37, 38], which are examples of
prophylactic or preventive agents given before ra-
diation. Angiotensin converting enzyme (ACE) and
Angiotensin IT (AII) receptor antagonists, which
have been shown to reduce radiation injury to the
kidney following whole body radiation for bone
marrow transplantation, are examples of radiation
mitigators [39, 40]. Pentoxyfylline has been shown
to be effective in the treatment of existing radiation
injury [25, 26, 41]. Thus, there are model systems
addressing the concepts of prevention/prophylaxis
(pre-exposure), mitigation (post-exposure to reduce
effect) and treatment (post-exposure to treat func-
tional abnormality), terms that have historically
been lumped under radiation protectors [34].

Three new molecular targets are described be-
low as examples of new discoveries and also to em-
phasize the need for relevant model systems for the
moderate dose range.

P53 can lead to apoptosis or cell cycle arrest. Ko-
marov demonstrated that a small molecule inhibitor
of p53 could protect mice against death following ir-
radiation [42]. Further work demonstrated that pro-
tection occurs at doses that produce bone marrow
death by preventing apoptosis; however, at higher
radiation doses where gastrointestinal death oc-
curs, the p53 inhibitors actually enhanced toxicity
by preventing cell cycle arrest and subsequent repair
[43, 44]. Of interest, when the higher dose was given
as fractionated radiation rather than a single dose,
protection was again seen [44]. Thus, the efficacy of
this approach depends on target organ, radiation
dose, and fractionation.

Ceramide-induced apoptosis has been modified
using mice with a knock out of acid sphingomyelin-
ase, such that apoptosis is reduced. At a single large
radiation dose that causes gastrointestinal damage,
the critical target cell for intestinal injury was the
endothelial cell and not the epithelial cell [45]. What
happens at fractionated doses remains to be deter-
mined.

TGFp and SMAD signaling are involved in tissue
fibrosis. Their complex mechanisms of activation

and action [28, 46] provide a range of potential tar-
gets. For example, inhibiting activation with Type II
receptor antagonists reduces the extent of radiation
fibrosis in mice [47, 48] as does inhibition with the
small molecule halofuginone [49].

The above examples, as well as other approaches
under investigation [30, 50] demonstrate that there
are both existing countermeasures available and
novel ideas being developed. The hematopoietic cy-
tokines and epithelial growth factors are also poten-
tial post-exposure treatments for the acute radiation
syndromes [51, 52].

2.4
Conclusions and Future Directions

As a consequence of circumstances unthinkable
just a few years ago, the fields of radiation biology,
oncology, epidemiology, health physics, and related
sciences have an opportunity and obligation to bring
our expertise to bear on the needs of the society
from which we derive our support. There is expertise
needed from the basic mechanisms of cellular injury
and that of short- and long-term tissue injury, to
translational laboratory models, to clinical devel-
opment, to epidemiology, to education and train-
ing and to being a part of a community medical
response team. The knowledge that arises and the
interventions that emerge will bring first-rate sci-
entific discovery to the prevention, mitigation, and
treatment of radiation injury to healthy populations
with the potential for use in cancer treatment.

Fortunately, as illustrated in the LENT V confer-
ence, there is a cadre of scientists pursuing this area
of investigation so that the understanding of radia-
tion injury at the molecular, cellular, tissue, and or-
ganism level has increased substantially in recent
years. The Federal Government is implementing
a program through Health and Human Services,
NIAID  (http://www2.niaid.nih.gov/biodefense/)
and NCI to support the development of medical
interventions. This program will support Centers
for Medical Countermeasures against Radiation
(CMCR), special projects and product development.
It will support education and training to replenish
the field of radiation biology and it will be built on
a strongly collaborative model to speed the devel-
opment of effective countermeasures for radiation
injury to clinical application.
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Returning to the legacy of Dr. Robert Kallman,
Dr. Henry Kaplan and their colleagues, the field of
radiation biology has its underpinnings in address-
ing human health issues and has a long-standing
tradition of conducting high quality science in the
public interest. The circumstances we now face and
the challenges thrust upon us require teamwork,
collaboration, innovation, focus, and critical assess-
ment of products to help populations worldwide deal
with medical consequences of exposure to ionizing
radiation. The common goals are through new and
existing knowledge to develop methods of preven-
tion, mitigation, treatment, and, equally important,
to provide guidance and assurance to the public
based on well-founded knowledge.

Note Added in Proof

The CMCR program is now in its first year under
the leadership of NIAID with input from NCI. The
awardees (and PI) are (alphabetically): Columbia
University (David Brenner), Dana Farber Cancer
Center (Alan D’Andrea), Duke University (Nelson
Chao), Fred Hutchinson Cancer Center (George
Georges), Medical College of Wisconsin (John
Moulder), University of California, Los Angeles
(William McBride), University of Pittsburgh (Joel
Greenberger), and University of Rochester (Paul
Okunieff). Additional workshops and meetings
have been held or are in progress involving multiple
federal agencies and scientists from the public and
private sectors on topics including biodosimetry,
medical countermeasure development and educa-
tion/training. Expert system-based medical guide-
lines for managing a radiological/nuclear event are
in preparation in the Radiological Events Medical
Management (REMM) program developed by the
Office of Public Health Emergency Preparedness
and National Library of Medicine.
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Summary

Endothelial cells (EC) are the most radiosensitive
among the fixed elements of the mesenchyme.
Depending on dose, ionizing radiation can pro-
duce lethal or sublethal injury to EC. The latter
may alter considerably the complex physiology of
the endothelium. Some functions are inhibited
or abolished: fibrinolysis, synthesis of various
enzymes and cytokines, attachment of EC to the
basal lamina, angiogenesis, etc.

Other functions are enhanced, including per-
meability, soluble coagulation, platelet adhesion,
and aggregation. There is also upregulation of
adhesion molecules for leukocytes. Endothelial
cells are heterogeneous; accordingly, radiation
effects vary in quality and severity from one site
to another, and from one animal species to an-
other.

3.1
Introduction

Blood vessels are important targets of radiation in
normal and neoplastic mammalian tissues; in fact,
many early and delayed radiation effects are medi-
ated through vascular injury [1-3]. Endothelial cells
(EC) are key elements of the vessel wall, present at
all levels of the vascular tree, and their integrity is
essential for vascular function [4]. This description
summarizes in vivo and in vitro data indicating the
role of EC in the pathologic processes produced by
ionizing radiation.
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3.2
Physiology of Endothelial Cells

A discussion of the radiation effects on endothelial

cells should be preceded by some review of the com-

plex physiology of the endothelium [4]. Aside from
those activities common to all cells, certain special-

ized functions are characteristic of EC [4]:

e Coagulation: EC participate in the soluble coagu-
lation system by producing both procoagulants
(e.g. tissue factor and Factor V) and anticoagu-
lants (e.g. plasminogen activators and thrombo-
modulin.). In addition EC regulate the adhesion
and aggregation of platelets through von Will-
ebrand Factor (vWill F), nitric oxide, etc.

e Permeability: transport of certain molecules
across the EC cytoplasm.

e Inflammation and immune response: EC express
multiple antigens, including MHCs I and II, and
ABO. Several cytokines are produced in EC, such
as IL1 and GM-CSF. Depending on activation
state, lymphocytes, granulocytes, and macro-
phages adhere to specific EC receptors.

e Synthesis of stromal components: EC produce
their own basement membrane (mainly collagens
IV, V, and laminin), as well as various collagens
for the surrounding tissue matrix.

e Vascular tone regulation: Through angiotensin
converting enzyme and endothelin, EC contract
smooth muscle while nitric oxide relaxes it.

e Angiogenesis: This, the formation of microvesselsin
the fully developed vertebrate, is the most dynamic
function of the endothelium; it occurs in response
to a large number of agonists and antagonists. It
is either physiologic (e.g., in wound healing and
cyclical endometrial growth) or pathologic (e.g., in
neoplasia and many inflammatory diseases) [4, 5].

The above, and other endothelial cell functions,
are regulated by numerous genes, many of which
have been characterized [6]. EC vary greatly from
tissue to tissue and from one animal species to an-
other. This heterogeneity is evident morphologi-
cally, functionally, and in response to injury [4].

Figure 3.1 outlines diagrammatically the most
important of the functions characteristic of EC
(compare with Fig. 3.2).
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Fig. 3.1. A normal endothelial cell attached to its basal lamina (bottom), which is partially denuded on the right. The main
functions described here are indicated in bold uppercase letters, with examples in lowercase. ABO, blood antigens; ACE,
angiotensin converting enzyme; GM-CSF, granulocyte-monocyte colony stimulating factor; LDL, low density lipoproteins;
MHCI & II, major histocompatibility complexes; NO, nitric oxide; PGI,, prostacyclin. (Reproduced, with permission,

from [17])
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Fig. 3.2. General effects of radiation on endothelial cells. (Compare with Fig. 3.1.) This is a diagrammati-
cal summary of the most important, lethal, and sublethal effects of ionizing radiation on endothelial
cells. It combines in vitro and in vivo data and is based on multiple sources of information. (Reproduced,

with permission, from [14])

3.3
Effects of Radiation on Endothelial Cells

The impact of ionizing radiation on the endothelium
has been studied in vivo and in vitro, the latter us-
ing various EC lines, including human umbilical
vein cells (HUVEC), bovine aortic cells (BAEC), or
capillary EC (e.g., HDMEC). The doses varied be-
tween <1 Gy and as much as 60 Gy, with various
fractionation schemes. For the in vitro studies, the
doses were often 5 Gy or less. From a review of vari-
ous in vitro experiments (too many to list here), it
appears that radiation becomes lethal to endothelial
cells when it reaches Do values in the order of 100-
200 cGy in the clonogenic survival curves (higher
values are required in vivo).

EC may undergo mitotic death or apoptosis, the
latter through a pathway that probably involves the
formation of ceramide [7].

Sublethal doses of radiation affect the morphol-
ogy and various functions of EC.

Common morphologic changes include hypertro-
phy of EC associated with re-organization of F-actin
filaments, and detachment from the basement mem-

brane [8-11]. The in vivo changes include vascular
constrictions, thromboses, and rupture of microvas-
cular walls with resulting hypoperfusion [9]. Most
studies show an increase in permeability for various
molecules [12, 13] (however, serotonin transport is
decreased [9]). There is hypercoagulation, and plate-
let aggregation due to enhanced release of vWill F,
causing an increased tendency to thrombosis [14]. In
addition, ineffective fibrinolysis results from a de-
crease in plasminogen activators [13]. The eicosanoid
metabolism is altered, with early decrease and late
increase in PGI-2 [13]. There is enhanced chemoat-
traction for leukocytes and upregulation of adhesion
molecules (e.g., ELAM-1) [15]. EC show decrease in
endothelial enzyme activity (e.g., angiotensin con-
verting enzyme, alkaline phosphatase) [13]. Radia-
tion inhibits angiogenesis [5]: The magnitude of this
effect depends in part on the sequence of angiogenic
stimulus vs radiation. Various data suggest that the
inhibition of angiogenesis is greater when the radia-
tion exposure occurs prior to the angiogenic stimulus
instead of following it [2, 5]. This information may be
important when designing the sequence of radiation
therapy vs surgery (the angiogenic stimulus).
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Like other normal cells, EC have some innate pro-
tection from ionizing radiation. For instance, glu-
tathione and superoxide dismutase provide some
defense of EC from reactive oxygen species (e.g.,
hydroxyl radical and superoxide respectively) [16].
Nevertheless it appears that endothelial cells are the
most radiosensitive elements in the vessel wall [8].
They may even be the most sensitive among the fixed
cells of the mesenchyme. Many of the studies suggest
that EC are more radioresponsive in vitro than in
vivo [7]. Sublethal endothelial radiation injury not
only contributes to the very early, acute effects, but
also accounts for many of the delayed effects, such
as stromal fibrinous exudate and ischemia [14].

Several of the above described deleterious effects
of radiation on the EC can be ameliorated or even ab-
rogated by pharmacologic modifiers [13]. However,
as far as we know, there is no single compound that
prevents all of these effects in the endothelium.

Vascular injury is a price to be paid for the suc-
cesses of cancer radiotherapy.
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Introduction

The ability to successfully treat cancer using radia-
tion therapy is as dependent upon normal tissue tol-
erance as it is upon tumor cell kill. Indeed, radiation
treatment to tumors that lie within delicate organs
poses a great challenge to the radiation oncologist.
One of the most pertinent examples is that of tho-
racic tumors which account for more than 400,000
patients per year in the US [1]. Radiation treatment
is used in the majority of these patients and, due to
the inherent sensitivity of the lungs, radiation-in-
duced injury limits the effective treatment. Indeed,
5%-15% of patients will develop pneumonitis and
an even larger percentage will develop evidence of
fibrosis [2]. Numerous risk factors have been impli-
cated in the development of radiation-induced lung

C. D. WILLEY, MD, PhD

D. E. HALLAHAN, MD

Department of Radiation Oncology, The Vanderbilt Ingram
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Summary

Radiation therapy is an effective means of kill-
ing tumor cells, although this effectiveness is
tempered by limitations of the normal tissue to
the adverse effects of radiation. An excellent ex-
ample of this is radiation treatment for thoracic
tumors, in particular, lung cancers. Despite ad-
vances in the technical delivery of radiation by
three-dimensional (3D) planning via computed
tomography (CT), radiation-induced injury to
normal lung tissue still occurs in a large propor-
tion of treated patients. The primary endpoints
for radiation-induced pulmonary toxicity include
early onset pneumonitis and late onset fibrosis.
A significant amount of research has produced
some insight into the mechanism(s) behind this
injury. This knowledge has provided potential
targets for drug development that could improve
the therapeutic ratio for radiation by reducing
both early and late toxicity. In this article, we
review and update the pathologic mechanisms
underlying radiation-induced lung injury as well
as potential treatments, with particular interest
in cell adhesion molecules and inflammation.

injury; these include: certain mutations in chromo-
somes 1, 17, and 18, chemotherapy exposure, large
radiation volume, high dose rate, high dose, and
positive smoking status [2-5]. Several studies have
elucidated the impact of the dosimetric delivery of
radiation, as well as the radiobiological and molecu-
lar biological determinants of radiation-induced in-
jury to the lungs [6]. Reviews of technical aspects in
the development of radiation pneumonitis have been
presented elsewhere [7, 8]. The content of this review
will be focused on the biology of tissue injury, in
particular, the inflammatory mediators involved.
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4.2
Radiation-Induced Lung Injury

There are two general categories of radiation-in-
duced lung injury that can be distinguished some-
what temporally, acute phase pneumonitis and late
phase fibrosis. Radiation pneumonitis typically oc-
curs within the first 6 months of treatment, whereas
lung fibrosis occurs months to years after treatment
[1, 3]. Pneumonitis presents with symptoms reminis-
cent of pneumonia with low-grade fever, cough, and
dyspnea. On the other hand, fibrosis presents with
a more chronic picture, with dyspnea and cyanosis.
Based on current scientific knowledge, less is known
about the pathophysiology of fibrosis. Pneumonitis,
on the other hand, has attracted considerable interest
such that a great deal is known about the signaling
involved in this acute radiation injury process. How-
ever, we are beginning to see that these two processes
are probably linked despite the differences that are
seen clinically and histologically [3, 7].

It is generally accepted that the target cells of ra-
diation injury in the lung are the type II pneumo-
cytes and vascular endothelium. In response to toxic
stresses, type I pneumocytes seem to be damaged rel-
atively easily, while the type II pneumocytes prolifer-
ate in response to injury [7, 9, 10]. Eventually, these
type II pneumocytes repopulate the alveolar surface
and some convert to type I pneumocytes, since the
type I cannot self-renew [2]. Many believe that it is
the inhibition of type II pneumocytes that leads to
radiation-induced fibrosis. However, it is becoming
increasingly clear that inflammatory cells that are
recruited contribute to this process by releasing pro-
inflammatory cytokines. Rubin et al. was probably
the first group to emphasize this idea of signal trans-
duction of cytokines or the “cascade of cytokines”
[11]. Their studies of rabbit lungs identified differ-
ences between irradiated and normal macrophages
in terms of transforming growth factor (TGF) pro-
duction, with the former being enhanced [12]. These
studies have paved the way for further investigation
into the role of these inflammatory cells. As such, we
now know that pulmonary macrophages and lym-
phocytes triggered from the radiation not only affect
the irradiated area, but also spread to surrounding
tissue. This likely explains why the pneumonitis vol-
ume can exceed the treated volume [9, 13].

When analyzed microscopically, it is clear that
the cellular damage from radiation becomes evident
within hours even though the end products of pneu-

monitis and fibrosis do not occur for many weeks to
months [7]. Almost immediately after radiation in-
sult, type II pneumocytes have a visible decrease in
their lamellar bodies while they release surfactant
into the alveolar space. Over the next several hours,
damage to the endothelium results in increased per-
meability that is apparent as perivascular edema.
Within weeks, a great deal of proliferation produces
changesin the alveolar walls that begin to fill with nu-
merous cell types, including fibroblasts that lay down
collagen fibrils [7, 14]. Ultimately, the capillaries are
destroyed by the fibrotic process, while additional
type II pneumocytes and vascular smooth muscle
cells fill the septae [7]. Eventually, capillaries may re-
generate, but chronic fibrosis is certainly a possible
adverse outcome from radiation damage, particularly
if the type II pneumocytes are inhibited [9].

4.2.2
Transcriptional Regulation of Inflammatory
Mediators

The potential signal transduction pathways that
are activated by radiation are numerous, including
apoptotic pathways via sphingomyelin and ceramide
[15, 16], as well as direct genetic damage to the cell
[17]. However, an interesting set of stress response
genes are activated within the irradiated cells, many
of which are involved in the inflammatory process.
Indeed, upregulation of NF-kB, as well as the early
response genes, namely c-abl, c-fos, c-jun, and egr-1,
activate the cells to produce cytokines that amplify
the inflammatory process [1-3,7]. Specifically, we
have shown that NF-kB can be activated via reac-
tive oxygen species generated from radiation. This
process leads to the induction of a pro-inflamma-
tory cascade including TNFa [18, 19]. In addition,
it has become well known that growth factors are
also released, particularly TGF-f. TGF-f has been
implicated in the actual lung fibrosis that occurs
following radiation insult. In fact, several groups
have studied TGF- levels within patients receiving
radiation and have suggested that it is a marker for
radiation pneumonitis [20-26].

Microarray analysis of irradiated endothelial
cells has allowed for the identification of other po-
tential mediators involved in the inflammatory pro-
cess. We have identified two radiation-inducible cell
adhesion molecules that appear to be key players in
the development of radiation pneumonitis. These
two molecules are intercellular adhesion molecule 1
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(ICAM-1) and E-selectin [27]. Interestingly, knock-
out studies have shown that E-selectin deletion is
insufficient to modify radiation pneumonitis due
to redundancy with P-selectin [28]. ICAM-1, on the
other hand, has proven to be even more interest-
ing, as shown in Fig. 4.1. The production of ICAM-1
increases substantially immediately following ir-
radiation of mouse lung (four-fold within 2 days of
treatment). However, it is not until day 28 post-ir-
radiation that ICAM-1 production peaks (Fig. 4.1).
This late increase in ICAM-1 is reflective of the de-
layed nature of radiation fibrosis and pneumonitis.
It is felt that the ICAM-I production provides a place
of attachment for leukocytes that are recruited to
the vicinity that essentially provides a positive feed-
back loop.

It should be noted that studies using a pig model
have suggested less of a role for ICAM-1. Kasper et
al. have published data that shows a loss of ICAM-1
expression during the inflammatory phase and
purport that ICAM-1 is not expressed by alveolar
epithelial cells that are within fibrotic lesions [29].
Despite this alternative viewpoint, our extensive
studies using both ICAM-1 inhibitors and ICAM-1
knockout mice [30, 31] show that ICAM-1 expression
and function are critical players in radiation injury.
In addition, data from other organs support our
hypothesis of ICAM-I activation during radiation
injury. Specifically, ICAM-I up-regulation has been
demonstrated to have a dose response to radiation
at the blood-brain barrier [32], within irradiation
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Fig.4.1. Time course of ICAM-1 expression in irradiated
mouse lung. The fold-increase in ICAM-1 expression normal-
ized to pre-irradiation levels is plotted against the elapsed
time in days following irradiation with 14 Gy

rat colonic tissue [33], as well as in human head and
neck cancer patients [34].

Other laboratories have identified tissue hypoxia
as playing a central role in generating the inflamma-
tory process. Vujaskovic et al. have shown that ra-
diation can induce hypoxia that contributes to late
normal tissue injury. They contend that the hypoxia
following radiation results in progressive tissue dam-
age that perpetuates the production of reactive oxy-
gen species (ROS) that also helps produce cytokines.
They identified by immunohistochemistry the induc-
tion of VEGF, TGF-3, and CD-31 in the late respond-
ing rat lung tissue [35]. Moreover, Epperly et al. have
provided evidence showing a connection between
ROS and the adhesion molecules ICAM-Iand VCAM-
I. They showed that the addition of the ROS scavenger,
manganese superoxide dismutase, could attenuate
the expression of these molecules [36]. These stud-
ies add further support to an inflammatory-based
mechanism of radiation-induced lung injury.

4.2.3
Inflammation and Fibrosis

Current models of radiation pneumonitis tend to
separate the inflammatory process from the fibro-
sis process. It is suggested that the radiation trig-
gers cells to release inflammatory cytokines such
as TNF-a, IL-1, IL-6, and various other chemokines
that help recruit macrophages and lymphocytes to
the damaged area, which further enhances the pro-
duction of those cytokines [3,37]. Eventually, the
interplay between the alveolar epithelium, the endo-
thelium, recruited macrophages and lymphocytes,
as well as the fibroblasts and leukocytes triggers the
production of the fibrotic cytokines, namely basic fi-
broblast growth factor (bFGF), TGF-f3, and platelet-
derived growth factor (PDGF) [37, 38]. The complex
interaction among these chemical signalers leads to
fibroblast proliferation and collagen formation: in
essence, the fibrosis. Indeed, foci of inflammation
within areas of irradiated lung coincide with fibrotic
sites [39]. This connection between inflammation
and the fibrosis that leads to lung injury provides
some interesting targets for therapy that may abro-
gate the process (Table 4.1).

Studies by our lab have demonstrated that ICAM-
1 may be a critical player not only in the develop-
ment of pneumonitis but also in the production of
pulmonary fibrosis in response to radiation. Halla-
hanetal. have demonstrated that genetic targeting of
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Table 4.1. Table of implicated inflammatory regulators [1, 7,
37]

Proposed inflammatory regulators

PDGF  L-selectin Prostacyclin

bEGF  E-selectin Plasminogen activator
MCP-1 RANTES TNEF-a

IL-lo Angiotensin converting VEGF

enzyme (ACE)
IL-6 MIP-1aq, -1, and -2
TGF-f

Lymphotactin

Interferon inducible Eotaxin

protein-10 (IP-10)

ICAM-1 both attenuates the inflammatory response
to radiation within the lungs of mice and prevents
the fibrosis from occurring months after the radia-
tion [31]. ICAM-1 null mice are severely limited in
their ability to recruit inflammatory cells following
radiation treatment. We show in Figure 4.2 that the
mean number of LCA-positive cells is reduced below
untreated control levels when ICAM-1 /- mice are
compared with wild type. Interestingly, there is a re-
duction in alveolar septal wall thickness (Fig. 4.3),
amount of collagen type III deposition (Fig. 4.4), and
pulmonary stiffness that occurs 6-9 months after
ICAM-1 —/- are treated with radiation. Indeed, we
have shown that the incidence of respiratory distress
is lower in ICAM-1 -/- mice 12 months post-irradia-
tion (Fig. 4.5), demonstrating that lung injury can be
attenuated by blocking the ICAM-1 pathway.

One of the main upstream regulators of ICAM
and E-selectin is NF-kB. This transcription factor
is normally sequestered within the cytoplasm by its
inhibitor, IxB. However, when IxB is phosphory-
lated, NF-kB becomes released and translocates
into the nucleus in order to modulate gene expres-
sion. When the cis regulatory element of NF-«B is
deleted, ICAM and E-selectin promoters cannot
be induced [40]. There are several kinases that can
activate the NF-kB pathway, but the phosphati-
dylinositol-3 kinase (PI3K)/Akt pathway is a likely
candidate for radiation-induced activation. We
have clearly demonstrated that radiation induces
the activation of PI3K, which subsequently phos-
phorylates and activates Akt in a dose-dependent
manner [41-43]. Once stimulated, Akt can activate
transcription factors such as NF-k B, Forkhead, and
CREB, but also downregulate pro-apoptotic pro-
teins such as Bad and Caspase-9 [44-46]. PI3K, thus,
has become an attractive target for inhibition in the
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Fig.4.2. Attenuated radiation-induced pulmonary inflam-
mation in ICAM-1 -/- mice. Groups of 10 ICAM-1 -/- and
ICAM-1 +/+ mice were irradiated at the doses indicated. At
5 weeks post-irradiation, the animals were sacrificed, and
lungs were prepared for histologic staining for leukocyte-
common antigen (LCA). LCA positive cells were counted for
both the ICAM-1 -/- and ICAM-1 +/+ mice. The asterisk
indicates statistical significance. (Reprinted from [31] with
permission of Oxford University Press)
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Fig. 4.3. Alveolar wall thickness as a measure of lung fibrosis
in ICAM-1 -/- mice. Groups of 10 ICAM-1 -/- and ICAM-
1 +/+ mice were irradiated at the doses indicated. Those
animals that survived for 18 months post-irradiation were
sacrificed, and lungs were prepared for sectioning. Alveo-
lar septal wall thickness was measured for five sections in
each group. Fold increase in wall thickness normalized to
non-irradiated mice is shown. Asterisk indicates statistical
significance. (Reprinted from [31] with permission of Oxford
University Press)

context of radiation resistance. However, PI3K in-
hibition can also be applied to the prevention and
treatment of radiation-induced pneumonitis, as de-
scribed below.
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Fig. 4.4a-c. Collagen Il staining (brown) in irradiated lungs
of mice. Goat anti-mouse collagen III IgG (Chemicon) was
used to stain fibrosis in lungs of mice. Shown are sections
of lung (400x) 18 months post-irradiation for: a ICAM-1
+/+ (control) given 0 Gy; b ICAM-1 +/+ (16 Gy); ¢ ICAM-1
-/- (16 Gy). Magnification bars indicate 100 pm. (Reprinted
from [31] with permission of Oxford University Press)
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Fig. 4.5. Percentage of mice showing respiratory distress af-
ter thoracic irradiation. Groups of 10 ICAM-1 /- and ICAM-
1 +/+ mice were irradiated at the doses indicated. Those
animals were then observed for the onset of respiratory
distress over the course of 18 months post-irradiation. This
data is presented as percentage of mice in each group that
displayed respiratory distress. Asterisk indicates P=0.0036
(general linear model). (Reprinted from [31] with permission
of Oxford University Press)

4.3
Inhibitors of Radiation-Induced
Inflammation

Because of the intimate connection between inflam-
mation and fibrosis it is possible that targeting of
inflammatory mediators might provide attenuation
of the fibrotic process and reduce the possibility of
radiation pneumonitis. As described above, ICAM-1
is a protein that is clearly involved in radiation-in-
duced pulmonary injury and fibrosis in the mouse
model. Therefore, targeting the upstream regula-
tor, PI3K, can possibly reverse and/or prevent this
ICAM-1-mediated fibrosis. Several isoform-specific
inhibitors of PI3K have been developed, including
one that targets the p1103 isoform known to be ac-
tivated within the endothelium [42]. By treating en-
dothelial cells with this compound, the induction
of ICAM-1 can be eliminated following radiation,
as shown in Figure. 4.6.

Several promising agents are being investigated
to target various portions of the inflammation cas-
cade, as well as angiogenic and fibrinogenic cas-
cades. Table4.2 lists several of these, including
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statins, thalidomide, and amifostine. The pathways Table 4.2. Potential therapeutics for radiation induced lung
summary in Figure 4.7 shows our working model injury [1,7]

for radiation-induced lung injury. Clearly, there are .
R . Agent Proposed mechanism
several places that these drugs could impact signal

transduction. Pentoxifylline Anti-fibrotic
2504 Vitamin E ROS scavenger
Chinese herb 764-1 Surfactant inhibitor
200 Corticosteroids Anti-inflammatory
.§ Captopril IL-2 stimulation, ROS
§ 150 - scavenger, Anti-TGF-f3
._.% Amifostine (WR-2721) ROS scavenger
% 100+ Super oxide dismutase ROS scavenger
< Statins Chemokine inhibition
20 Keratinocyte growth factor Anti-apoptosis; mucosal
(KGF) protectant
0- control radiat  PI3Ki+Rad AktDN4+Rad  Fibroblast growth factor 4 Anti-apoptosis
(FGE-4)
Fig. 4.6. PI3K/Akt inhibition and ICAM-1 expression in en- Thalidomide P ——

dothelium. Endothelium was treated with either mock ir-
radiation (control) or 3 Gy irradiation either alone (radiat),
with 200 nM PI3K inhibitor pre-treatment (PI3Ki + Rad), or =~ Halofuginone Anti-fibrotic/anti-TGF-f
adenoviral dominant negative Akt (AktDN + Rad). Percent

cytokine inhibitor

ICAM-1 expression over the control is shown 1C489666 PISK inhibitor
Chemotherapy Radiation
VEGF
Z Angiogenesis
Cell injury Oxidative

stress

Fibrosis [« Colagen

Proliferation of release
endothelium T
Hypoxia
Type | pneumocyte Fibroblast
/ - omel pnm’ce) Endothelial cell damage \ activation
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Fig. 4.7. Model of radiation-induced lung injury
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4.4
Future Goals

Our studies involving ICAM-1 and radiation have
provided a model for testing potential therapeutics
in a preclinical setting. However, the translation to
the clinic requires additional work in our preclini-
cal model. Our published studies have involved the
use of radiation alone as the means of inducing lung
injury. However, it is rare that radiation is used as a
single modality for lung cancer in clinical practice.
More likely, chemotherapy is employed as a com-
bined modality approach that introduces additional
variables for the modeling of clinical radiation
pneumonitis within the mouse model. Our studies
need to be extended to include platinum-based che-
motherapy concurrent with radiation treatment to
further characterize the impact of ICAM-1 in terms
of lung injury.

As molecular and cellular biology techniques
have advanced, so too has our understanding of the
pathophysiology of radiation-induced lung injury.
Despite our scientific advances, many questions re-
main unanswered.
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Summary

Purpose: Previously we have reported that DNA
damage (micronuclei) observed in cells (fibro-
blasts) derived from the rat lung following irra-
diation is present in shielded regions of the lung
apex following irradiation of the lung base. The
present studies extend these observations to ex-
amine the effect of partial-volume irradiation of
the lung base.

Methods and materials: The lungs of Sprague-
Dawley rats were locally irradiated with 10 Gy
%0Co y-rays; 18 h later the lungs were removed
and divided into different quadrants before the
preparation of a cell suspension. DNA damage
was quantified in the lung cells using a micro-
nucleus assay.

Results: Following irradiation of the whole rat
lung, higher levels (10%-15%) of DNA damage
were observed in the lung base vs. the lung apex
and in the left lung vs. the right lung. Similar
left-right differences were observed following ir-
radiation of the lung base (70% of lung volume)
both in-field and out-of-field in the shielded re-
gions of the lung apex. Partial volume irradiation
of the left or right lung base demonstrated that
the extent of DNA damage in the shielded left or
right apex was ipsilateral and dependent on the
volume of the lung base irradiated.

Conclusions: Significant differences in early
DNA damage are observed in different regions
of the rat lung both in and out of the radiation
field. The extent of damage is highly dependent
on the volume and region of the lung that is ir-
radiated.
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Introduction Materials and Methods

The effect of irradiating different volumes of the
lung is complex and has been reported to depend
on both the volume and region of the lung irradi-
ated. In mice, irradiation of a volume in the apex of
the lung caused less functional deficit than irradia-
tion of a similar volume in the base of the lung [1,
2]. We have reported similar volume effects in rats
using an early endpoint involving the examination
of DNA damage (micronucleus formation) in cells
(fibroblasts) derived from different irradiated re-
gions of the lung [3, 4]. In these studies we found
that the left lung demonstrated more DNA damage
than the right lung following whole lung irradiation.
Weigman et al. [5] also observed difference in lung
response following irradiation of different regions of
rat lung (always 50% of the volume); they observed
changes in breathing rate only following irradia-
tion of the left lung. CT density changes were most
pronounced following irradiation of the left lung
and the mediastinum. The reasons for these regional
differences in response remain unclear but it has
been postulated that they are due either to different
numbers of functional sub-units in the base and
apex of the lung [6] or to the induction of indirect
effects associated with cytokine production induced
by the irradiation [4]. Studies in pig lung, using both
imaging and functional (breathing rate) endpoints,
also observed greater functional effects after irra-
diating a greater volume of lung, but did not report
regional differences [7, 8].

A surprising aspect of the regional effects ob-
served by ourselves [4] was that DNA damage is
found in cells from regions of the lung that are out
of the irradiation field and that this effect is observ-
able to a much greater extent in the apical region of
the lung following irradiation of the base than in the
base of the lung following irradiation of a similar vol-
ume of the apex. In this paper we describe an exten-
sion of these studies. We examined the effects of the
irradiation of different regions of the lung on DNA
damage detected in cells from regions both in and
out of the radiation field. We demonstrate that DNA
damage varies in different regions of the lung and is
dependent both on the volume and region of the lung
irradiated. Irradiation of partial volumes of the left
or right lung base cause different levels of damage in
out-of-field regions of the left and right quadrants of
the apex and base of the rat lung, respectively.

Female Sprague-Dawley rats weighing 180-200 g
were used in all the experiments. The animals were
housed in animal facilities accredited by the Cana-
dian Council on Animal Care and treated in accor-
dance with approved protocols. Radiation-induced
DNA damage was assessed using a well-character-
ized rat lung cell micronucleus assay [3]. Briefly,
lungs of experimental rats were removed aseptically
after perfusing them in situ with Hank’s Balanced
Salt Solution (HBSS; Sigma Chemical Co.). Following
partial volume irradiation of the lung base, a strip
of lung measuring 0.5 cm on either side of the ex-
pected field edge (superior/inferior) was removed
as described previously [4], the remaining lung was
divided into various regions and each lung piece was
processed for analysis of micronucleus formation
in the lung cells (primarily fibroblasts). The extent
of DNA damage in the cells of the irradiated and
shielded parts of the lungs was assessed by scoring
the number of micronuclei (MN) per 1000 binucle-
ate (BN) cells.

Detailed procedures for the whole lung or partial
lung irradiation are described in our previous paper
[4]. Briefly, a single dose of %°Co gamma radiation
(10 Gy) was delivered to the whole lung or to various
regions of the lung. Lead blocks measuring 10 cm
thick defined the irradiation field and shielded the
adjacent tissue. Superior/inferior or lateral align-
ment of the field edge was determined for each rat by
X-ray film localization using a portable diagnostic
X-ray machine prior to each irradiation. For the
whole lung irradiation, a field of 3 cm in length was
defined from the position of the insertion of the
second rib into the spine to below the dome of the
diaphragm. From CT images (see below) this was de-
termined to encompass the whole lung (98% +/- 3%
of the lung volume) [4]. Shielding blocks were placed
at 1.5 or 2.2 cm (superior/inferior) to shield or ex-
pose 30% upper/70% lung base or 70% upper/30%
lung apex, respectively. In addition to blocks placed
at 1.5 cm to shield the lung apex, extra lateral blocks
were separately placed to shield regions of the lung
base during partial irradiation of the left or right
lung base. The effect of shielding block placement
on the volume of lung irradiated was calculated us-
ing data from a series of axial computerized tomog-
raphy (CT) images (1 mm thick) taken over the total
lung region of seven rats (total of 16 complete scans),
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as described previously [4]. The relevant volumes
are indicated in the figures and text.

5.3
Results

The results presented in Figure 5.1 show the effects
of irradiation (10 Gy) of 30%, 70%, or 100% of the
volume of the lung on DNA damage observed in
different regions of the lung. Following irradiation
of the whole lung there is significantly greater DNA
damage observed in left lung than the right lung and
in the base than in the apex. This effect is exacer-
bated when 70% of the lung volume is irradiated; the
DNA damage in the irradiated lung base is similar
to that observed when the whole lung is irradiated,
but DNA damage in the irradiated lung apex is sig-
nificantly reduced. When the lung base is irradi-
ated, more DNA damage is observed in the left than
the right base (see Table 5.1), similar to the results
obtained following whole lung irradiation. When
30% of the lung volume is irradiated, the observed
damage in the irradiated region of the base or apex
is further reduced but is similar in both regions.
Examination of DNA damage in shielded regions
of the lungs following irradiation of 70% or 30% of
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Fig.5.1. DNA damage (micronuclei/1000 binucleate cells
- MN/1000BN) observed in rat lung cells following a dose
of 10 Gy given to different volumes of the lung base or lung
apex. Cells from different regions of the lung were analysed
(B, base; A, apex; L, left; R, right). The bars represent the
mean (+/- SE) from groups of between four and seven rats.
The hatched region at the bottom indicates the background
level of micronuclei in non-irradiated rat lung; this does not
vary for different regions of the lung, irrad, Irradiated

Table 5.1. DNA damage observed in different regions of the
lungs of three different rats following a dose of 10 Gy to the
lung base (70% of lung volume)

Lung Micronuclei/ 1000 binucleate cells
region
Left base Left apex Right base Right apex

Rat 1 1150 448 974 174

Rat 2 1017 433 952 246

Rat 3 956 377 884 293

Mean 1041 419 937 238

(SE) (57) (22) (27) (35)

lung volume showed a substantial level of damage
in the apex following irradiation of 70% volume in
the lung base, but there was only a small effect for
irradiation of 70% of the lung apex or 30% of the
lung apex or base.

In the above studies we varied the volume irradi-
ated by moving the lead shields in the superior/infe-
rior (head to tail) direction and irradiated regions
of both the left and right lung. Since there were dif-
ferent levels of DNA damage observed in the left and
right lungs, and the out-of-field effect was most pro-
nounced following irradiation of the lung base, we
examined the effect of irradiating different volumes
of the lung base using shields moved in the lateral
(left-right) direction, while maintaining shielding of
both apices. Results are shown in Figure 5.2 where
the insets show the position of the irradiation field.
The fields were not aligned to the spinal column
(SC) because CT analysis demonstrated regions of
the left and right lung lobes overlapping the mid-
line. This overlap could extend up to 4 mm on either
side, so the edge of the field was set at this position
and expanded to include increasing volumes of the
left or right base, as indicated in the inset figures.
DNA damage was examined in the shielded left and
right apices and in the irradiated left or right base.
The analysis of the left and right base was only per-
formed when the field included the complete base
region. Lung regions given irradiation to part of
their volume were not analysed. The results for the
irradiated bases show a lower level of damage in the
right base than the left base, as seen in the studies
described above. The damage observed out-of-field,
in the shielded apices, demonstrate an ipsilateral
effect of the irradiation to the base and again show
more damage if the left side is irradiated vs. the right
side. When a small region encompassing an 8 mm
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strip across the midline of the lung base was irradi-
ated, little or no damage above background (25 MN/
1000 BN) was observed in either apex.

Further studies were then carried out to examine
the effect of irradiating only the outer edges of the
left or right lung base, as illustrated in Figure 5.3.
Here the field was set to avoid irradiating any of the

contralateral base and the analyses were confined to
examining DNA damage in the shielded base or the
two shielded apices. Verylittle damage was observed
in any of three shielded regions, consistent with re-
sults shown in Figure 5.1 that out-of-field damage
appears to be minimal if only a small volume of the
lung is irradiated.

Fig.5.2. DNA damage (micronu- 1000
clei/1000 binucleate cells - MN/

1000 BN) observed in cells from dif- 1
ferent regions of rat lung following ir- 800
radiation (10 Gy) of different volumes

of the left or right lung base. The box in .
the insets indicates the region of lung
irradiated (irrad). Three different vol-
umes were irradiated as indicated by
the complete box (Total) or by the two
broken lines at -4 mm and -8 mm for
the left (Lt) lung and 4 mm and 8 mm
for the right (Rf) lung. Estimated irra- 1
diated volumes, as a percent of the total
lung volume, are indicated below each
different position. The right boundary
of the field for the left base irradiation
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5.4
Discussion

The assay used in these studies measures DNA dam-
age in individual cells and the irradiated or shielded
regions of the lung are processed separately. Thus
the differences in damage following irradiation of
different volumes are not due to volume effects in
the assay, as would be the case, for example, if a
functional endpoint such as changes in breathing
rate had been used. The results demonstrate a strong
volume effect for this early measure of radiation-
induced damage in the lung, both in terms of the
region irradiated and the region analysed. Dam-
age observed in-field is greater on the left side than
the right side and greater in the base than in the
apex. These results are in general agreement with
our previous report and with the work of others, as
discussed in Sect. 5.1 [1, 2, 4, 5, 7, 8].

Substantial out-of-field DNA damage is seen only
when the lung base is irradiated and it is greater in
the ipsilateral than in the contralateral apex. De-
tailed dosimetric analyses indicate that this regional
damage on the ipsilateral side is much greater than
what would be predicted by the out-of-field scat-
ter dose. Irradiation of the left base causes greater
damage than irradiation of the right base. The level
of out-of-field DNA damage observed also depends
strongly on the volume of the lung base that is ir-
radiated; when this volume is 30% or less, very little
out-of-field damage is observed. This very low level
of damage may be due to scattered radiation; the
dosimetric analyses demonstrate that levels of such
scatter are quite low. Since the superior/inferior field
edge was not altered during the irradiation of the
different volumes of the lung base, scattered radia-
tion is thus unlikely to explain the much greater
level of damage observed when a larger volume of
the lung base is irradiated.

We have suggested previously that the out-of-field
DNA damage observed when the lung base is irradi-
ated may reflect the action of an inflammatory re-
sponse mounted in an effort to protect and repair
the whole tissue. Since some of the DNA damage can
be prevented by treating the animals with superox-
ide dismutase (SOD) or the nitric oxide synthase
inhibitor L-nitro arginine methyl ester (L-NAME),
these findings suggest the possibility that inflam-
matory cells are activated to produce reactive oxy-
gen or nitroxyl species (ROS or RNS) that can cause
DNA damage [4]. It has been reported that activated

macrophages can be observed within 1 h of irradia-
tion in lung tissue of C57Bl mice [9]. Early changes
(within 6-24 h) in the level of the adhesion molecules
ICAM-1 and E-selectin in lung endothelial cells have
also been reported to occur following lung irradia-
tion (2 Gy and larger), thereby increasing the arrest
of inflammatory cells in the lung capillaries [10].
Mice knocked out for the ICAM-1 gene have been
reported to be more resistant to the development of
radiation-induced pneumonitis [10, 11]. The cells re-
sponsible for these various changes are believed to
be primarily activated macrophages/monocytes.

Activation of these cells most probably occurs
as a result of cytokine production in the lung fol-
lowing irradiation, which has been documented in
many studies over the last 10 years. The early work
of Rubin, Finkelstein and coworkers [12-15] dem-
onstrated changes in mRNA levels for a number of
inflammatory cytokines, in particular IL-1o., IL-1f,
TNF-o, and TGF-B. They demonstrated changes
within 1 day of irradiation (5 or 12.5 Gy) and found
that the changes occurred in a cyclic pattern over
the time period of the development of the symptoms
described above. They postulated that these waves
of cytokine expression preceded the development
of the symptoms of radiation-induced pneumonitis
and fibrosis. Others have confirmed that changes in
mRNA levels of these cytokines can occur at very
early times (within 1h) and after quite low doses
(~1 Gy), but the patterns of expression have not nec-
essarily agreed between different studies, suggest-
ing different patterns of response in different ex-
perimental systems [9, 16-20]. More recent studies
have implicated changes in a much wider range of
cytokines and chemokines following lung irradia-
tion, although the extent to which such changes are
a direct result of the radiation, as opposed to reac-
tive changes associated with the changed expression
of other cytokines and chemokines, remains to be
established [21].

The generation of ROS and RNS will likely occur
both in and out of the radiation field, thus we specu-
late that, while out-of-field damage will be caused
primarily by such radicals, in-field DNA damage
would be expected to be a combination of the di-
rect effects of radiation on the cells plus the indirect
effects of the ROS and RNS induced by the inflam-
matory response. The strong dependence of the out-
of-field damage on volume and region irradiated im-
plies that the extent of the inflammatory response
depends on the volume and region of the lung that is
irradiated. A greater inflammatory response is gen-
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erated if the base is irradiated, particularly if it is the
left base. This concept can explain why differences
in the amount of in-field damage are observed de-
pending on the volume and region irradiated. These
differences might reflect the different contributions
of the indirect effect of the induced inflammatory
response.

Regardless of the mechanism of the volume ef-
fects that we have demonstrated, such effects have
substantial implications for attempts to model nor-
mal tissue complication probabilities (NTCP) based
on dose-volume histograms (DVH). Our results and
those of others argue strongly that simple applica-
tion of DVH analysis without consideration of the
region of lung irradiated is likely to be problematic
for predicting lung complications following radio-
therapy. Recent clinical data published by Yorke et
al. [22] demonstrate trends in human lungs that are
consistent with our laboratory results in rodents.
Additional clinical data and more detailed analyses
of the complications arising when similar volumes
of different regions of the human lung are irradiated
should help to clarify this important issue.
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Summary

The recognition and assessment of normal tissue
injury is an important aspect of radiation oncol-
ogy practice and a critical endpoint in clinical
studies. One of the major challenges in the study
of radiation (RT)-induced normal tissue injury is
determining the appropriate endpoint. Patients’
symptoms have obvious clinical relevance; how-
ever, the scoring of symptoms is relatively subjec-
tive. Conversely, radiologic endpoints are poten-
tially quantifiable and are available for objective
study. Furthermore, radiologic evidence of sub-
clinical normal tissue injury is far more common
than are clinical symptoms, providing a larger
number of patients with identifiable injury for
study. We review herein radiologically-detected
normal tissue injury as it relates to the lung,
heart, brain, and salivary glands. The concepts
described are likely to be similar for other organs.
We conclude that:
(1) radiologically-defined normal tissue injury
in human patients may be related to long-
term, clinically meaningful injury, but fur-
ther study is needed to better quantify this
association;
radiologically-defined normal tissue injury
in human patients is manifest soon after (or
even during) RT and hence is a potential tool
to rapidly study potential mitigators of this
injury in humans; and
(3) additional work is needed to develop stand-
ards to quantitatively score radiologic injury.
Thus, advances in anatomic and functional
imaging afford unique opportunities to facili-
tate the study of radiation-associated normal
tissue injury.
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6.1
Introduction

One of the major challenges in the study of radiation
(RT)-induced normal tissue injury is determining the
appropriate endpoint. Patients’ symptoms have obvi-
ous clinical relevance. However, the scoring of symp-
toms is relatively subjective. Conversely, radiologic
endpoints are quantifiable and are readily available
for objective study. Furthermore, radiologic evidence
of subclinical normal tissue injury is far more com-
mon than are clinical symptoms, providing a larger
number of patients with identifiable injury for study.
The choice of endpoint is critical as it has a large im-
pact on the reported incidence of organ injury. Using
the lung as an example, Table 7.1 illustrates several of
the different available endpoints, divided based on
subjective vs. objective, and regional vs. global. In
this chapter, we will focus on the regional/objective
quadrant of Table 7.1 as it relates to the lung, heart,
brain, and salivary glands. The concepts described
are likely to be similar for other organs.

Table 6.1. Different types of endpoints that can be used to
study RT-induced lung injury, organized on the basis of clin-
ical vs. subclinical and regional vs. global assessments

Endpoints for RT-induced lung injury

Regional

Shortness of breath,
cough

Clinical

eIl Radiologic (computed  Pulmonary function
tomography, perfusion/ tests, exercise testing
ventilation scans)

6.2
Lung Injury

The frequency of detecting radiologic abnormali-
ties depends on the sensitivity of the radiographic
assessment used. The data from many studies are
summarized in Table 6.2 [1-5]. Increases in tissue
density, associated with acute inflammation or late
fibrosis, are typically seen on either chest radiograph
or computed tomography (CT) scan within several
months of RT [6]. CT is more sensitive than chest
radiography because it provides better three-dimen-
sional (3D) visualization of the lung. By 24 months,
most patients receiving moderate to high doses of
RT have radiologic evidence of lung fibrosis, often
manifested by lung contraction, plural thickening,
tenting of the diaphragm, and deviation of trachea
or mediastinum toward the irradiated region. The
incidence of radiographic change is related to dose
of RT [7] and, perhaps, the use/intensity of chemo-
therapy [8, 9].

Several investigators have related lung doses to
CT-defined lung injury [2, 6, 10]. Mah et al. pro-
spectively studied changes in CT density 6 months
or earlier following lung irradiation in a series of
54 patients [2]. They demonstrated a dose-response
relationship between the frequency of finding CT
evidence of lung injury and the estimated single
dose from the nominal standard dose model. That
particular study considered the frequency of a ra-
diologic abnormality, and not the severity of the ab-
normality.

Investigators at Duke and the Netherlands Can-
cer Institute (NKI) have formally studied this issue
using 3D image fusion techniques to relate changes

Table 6.2. The frequency of radiographic changes and symptoms following thoracic irradiation

Refer- Author No.
ence Year of

Disease

Follow-up

[2] MaH (1987) 54 Lung, breast, 6 months
Hodgkin’s
[5] RoTsTEIN (1990) 33 Breast 9 months
[4] PoLANSKY (1980) 37 Breast 0.7-10 years
[1] ALLEVENA 75 Hodgkin’s 3-10 years
(1992)

[3] MARKS (2000) 184  Lung, breast, 24 months

lymphoma

Assay Frequency of
imaging

abnormality (%)

Frequency of
symptomatic
cases (%)

Computed Tomography 36/54 (67%) 10/54 (19%)

Computed Tomography 24/33 (73%) 13/33 (39%)

Chest X-ray 16/37 (43%) 0/37 (0%)
Chest X-ray 12/75 (16%) 0/45 (0%)
Ventilation 0/45 (0%)

Perfusion 29/45 (64%)

Perfusion 186/230 (81%)  34/175 (19%)

Computed Tomography 162/259 (63%)
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between the pre- and post-RT images to the 3D dose
distribution. Using this approach, one can study the
dose-dependent nature of this regional injury since
different regions of the lung receive different doses
of RT (Fig. 6.1). At Duke, changes in local CT den-
sity were studied in 13 patients with lung cancer [6].
Marked increases in CT density were seen in lung
regions receiving >60 Gy, with variable/modest
changes seen at lower doses. The pre- and post-RT
CT images for a typical patient irradiated for lung
cancer are shown in Figure 6.2. The course of the RT

@ % Perfusion Reduction (Duke)

100 5 * % CT Density Increases (Duke) 5
+ % Perfusion Reduction (NKI)
801 o % Air-filled fraction changes (NKI) o @
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Fig.6.1. Dose-dependent reductions in regional SPECT
perfusion and ventilation, and increases in CT density in
humans. (Adapted from [50] with permission) (data from
Netherlands Cancer Institute, NKI, [13] and Duke [6,12])

beam is shown. In 25 patients who were irradiated
for malignant lymphoma at the NKI, Boersma and
colleagues observed a dose-dependent increase in
CT density 3-4 months post-RT, followed by only a
slight change at 18 months [10].

Nuclear medicine imaging provides a sensitive
means to assess regional lung function. Single pho-
ton emission computed tomography (SPECT) per-
fusion and ventilation scans provide a 3D map of
perfusion and ventilation. As is described above for
CT images, the pre- and post-RT SPECT images can
be compared, in the context of the 3D dose distri-
bution, to study the dose-dependent nature of this
regional injury. The pre- and post-RT SPECT perfu-
sion images from a patient irradiated for lung cancer
are shown in Figure 6.3. The isodose distribution is
included.

The study cited above from the Netherlands
Cancer Institute by Boersma et al. also considered
changes in regional SPECT perfusion and ventila-
tion 3 and 18 months post-RT in the same 25 pa-
tients with malignant lymphoma [10]. They reported
dose-dependent reductions in both ventilation and
perfusion at 3-4 months, followed by a 50%-60%
partial recovery at 18 months. In a similar study of
110 patients irradiated for breast cancer and lym-
phoma, Theuws et al. also reported dose-dependent
reductions in ventilation and regional perfusion at
3 months, followed by 10%-50% partial recovery

Fig. 6.2a,b. The pre- and 12-month post-RT CT images from a patient irradiated for lung cancer are shown in (a) and (b),
respectively. The beam paths are shown (anterior, posterior, oblique). There is increased CT density in the irradiated medial
left lung following RT
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at 18 months, without further change at 48 months
[11]. In the Netherlands data, perfusion appears to
be more sensitive than ventilation, and both are
more sensitive than CT. This appears to be best
appreciated in the modest dose range (~15-40 Gy)
when there often is no change seen in tissue density,
yet reductions in both ventilation and perfusion are
evident (Fig. 6.1). From Duke, Woel et al. reported
progressive, dose-dependent reductions in regional
perfusion 3-24 months post-RT, with most (80%)
of the ultimate damage manifest within 12 months
post-RT [12]. The progression of perfusion injury
over time occurred mostly within regions of the lung
exposed to >50 Gy. Recovery of regional perfusion
over time was not observed. This might be due to the
higher RT doses used in these lung cancer patients
vs. the lower doses reported in the breast and lym-
phoma patients reported from the NKI.

The Netherlands group compared the regional
dose-effect relation in 25 patients with lung cancer
(i.e.“unhealthylungs”) tothatseenin 81 patients with
breast cancer and lymphoma (i.e. “healthy lungs™)
[13]. They report that well-perfused lung regions of
lung within lung-cancer patients showed the same
dose-effect relationship as the healthy-lung in the
breast/lymphoma group. These results support the
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Fig. 6.3a—c. The pre- and 6-month post-RT transverse SPECT
perfusion images from a patient irradiated for lung cancer
are shown (above and below, respectively). The RT dose
distribution is also shown. The post-RT perfusion defect is
seen most prominently within regions of the lung receiv-
ing > 60 Gy. The dose-response curve for RT-induced re-
ductions in regional perfusion, from this patient’s SPECT
scans, is shown

concept that regional injury in a parallel-structured
organ such as the lung is relatively independent of
the physiologic state of other regions. In the poorly
perfused regions of the lung in the lung-cancer pa-
tients, reperfusion (likely due to tumor shrinkage)
was noted on the post-RT scan in 18 of 25 patients.

The changes in magnetic resonance imaging
(MRI) signal following radiation are not well de-
scribed. However, MRI may be more sensitive than
chest X-ray and possibly CT scans [14]. Yankelevitz
et al. evaluated the treatment response of ten con-
secutive patients with lung cancer by using MRI
before and after RT. They found that the irradiated
lung parenchyma had increased signal on both the
T1- and T2-weighted images as early as 17 days af-
ter the start of RT. The signal intensity continued to
increase over the first 6 months post-RT, but subse-
quently decreased.

What is the clinical relevance of radiologically-
detected regional lung injury? In an organ with a
parallel architecture like the lung, it is logical to
hypothesize that the sum of regional injuries (e.g.
the integrated response) will be equal to, or at least
related to, changes in whole organ function. Inves-
tigators at Duke and the NKI have demonstrated
that the integrated response in the lung is statisti-
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cally related to declines in pulmonary function tests
(P~0.002-0.24) [15, 16], though the correlation co-
efficients are suboptimal (r~0.20-0.70). The inte-
grated response is highly correlated with dosimetric
parameters (e.g., mean lung dose, percent of lung
receiving >20 Gy), and they are all related to the risk
of developing pulmonary symptoms [17-21].

6.3
Heart Injury

RT to the thorax may induce both early and late
cardiac effects if portions of the heart are included
in the radiation field. Breast cancer and Hodgkin’s
disease patients are particularly at risk for develop-
ing late myocardial damage, due to their longevity
and the frequent use of anthracycline-containing
chemotherapy. In general, one has to wait many
years to see these effects manifest clinically. Radio-
logic methods allow for the early detection of treat-
ment-associated dysfunction. The full spectrum of
therapy-associated heart injury is discussed else-
where in this book [22].

Seddonetal. performed SPECT myocardial perfu-
sion imaging in 24 patients with left-breast tumors,
and 12 control patients with right-breast tumors,
who had undergone RT at least 5 years previously
[23]. Myocardial perfusion defects were found in
17/24 (70.8%) of left-breast patients vs. 2/12 (16.7%)
of right-breast patients. Almost all myocardial de-
fects in left-breast patients were located in the car-
diac apex (the portion of heart thatis incidentally in-
cluded within the RT fields). Gyenes et al. conducted

a prospective study and performed Tc-99m Sesta-
mibi scintigraphy prior to and approximately 1 year
after left breast/chest wall RT in 12 patients [24]. Six
of 12 patients (50%) with some left ventricle within
the radiation field exhibited a new perfusion defect.
Again, the location of the defects corresponded with
the irradiated volume of the left ventricle. Interest-
ingly, neither electrocardiographic changes nor left
ventricular segmental wall motion abnormalities
were detected by echocardiography [25].

In a prospective study from Duke, new RT-as-
sociated perfusion defects were detected in 16/55
(29%) patients 6-12 months post-RT. The incidence
is related to the volume of left ventricle irradiated
with new defects occurring in approximately 10%-—
20% and 50%-60% of patients with <5% and >5%
of their left ventricle included within the RT fields,
respectively [26]. Furthermore, such perfusion de-
fects are associated with episodes of chest pain [27],
and wall motion abnormalities [28]. This literature
is summarized in the Table 6.3 [23-25, 29-31]. These
data suggest that radiologically-detected abnormal-
ities in regional function are clinically significant.
In the study by Marks [28], there were minimal, if
any reductions in ejection fraction associated with
these perfusion defects. This may be explained by
the smallirradiated volumes in most patients. Perfu-
sion defects need to involve relatively large fractions
of the heart to affect ejection fraction [32]. Further-
more, the increased risk for ischemic cardiac dis-
ease may be observed only in patients with known
cardiovascular risk factors [33, 34]. MRI has been
suggested as a sensitive means to assess myocardial
injury in patients with coronary artery disease [35].
This approach has not been applied to the study of
RT-induced cardiac disease.

Table 6.3. Summary of studies using myocardial perfusion scintigraphy to detect RT-induced cardiac injury in patients

irradiated for left breast cancer

No. of patients

Follw-up (years)

Rate of perfusion defects

Reference  Author (Year) Years of RT

[24] GYENES (1994) 1971-1976 37
[30] Hojris (2000) 1982-1990 16
[29] COWEN (1998) 1987-1993 17
[23] SEDDON (2002) 1987-1995 36
[25] GYENES (1996) 1993-1994 12
[31] MARKS (2005) 1998-2001 114

18.4 25% (5/20)
7.9 44% (4/9)
8.4 0% (0/17)
6.7 71% (17/24)®
1.1 50% (6/12)
2 42% (11/26)

2 Similar rate of perfusion defects (4/7) seen in unirradiated patients.
b Lower rate of perfusion defects (2/12) seen in patients irradiated for right-sided lesions.
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6.4
Brain Injury

The infiltrative nature of gliomas necessitates adju-
vant therapy following surgical tumor debulking.
Currently, radiation therapy is one of the few ef-
fective therapeutic options available. However, the
prognosis for a malignant glioma is poor, with 90%
of recurring tumors occurring in the primary tumor
bed. A significant factor contributing to this poor
prognosis has been the dose restrictions required
in routine external radiation due to the significant
complications of edema, radiation necrosis and
brain atrophy [36]. Methods, which utilize high dose
rate radiation in a limited treatment volume, include
stereotactic radiosurgery and brachytherapy.

There is significant overlap in the radiologic find-
ings seen in recurrent neoplasm and therapy-in-
duced abnormalities primarily due the alterations in
the blood-brain barrier that is present in both situ-
ations. The diagnostic modalities available, in vary-
ing levels of maturation in neuroimaging, include
CT, conventional MRI, perfusion (dynamic contrast
enhancement, DCE) MRI, magnetic resonance spec-
troscopy, diffusion weighted MRI, positron emis-
sion tomography (PET), and SPECT.

Mishima et al. compared CT and MRI in a pri-
mate model of radiation-induced brain injury [36].
They applied iridium-192 interstitial irradiation to
the brains of 14 normal monkeys and followed them
periodically over 6 months post-irradiation with CT
and MRI. MRI performed better than CT in their
study, revealing a focus of necrosis, with peripheral
ring enhancement and edema 1 week after therapy.
They reported transient improvement radiographi-
cally at 4 weeks, with worsening and persistence for
as long as 6 months.

To image functional changes, there has been ex-
tensive work performed using both SPECT and PET
nuclear medicine imaging techniques in evaluating
the effects of radiation therapy on brain tumors.

Fluorodeoxyglucose (FDG) uptake in a tumor
generally decreases in tumors responding to ther-
apy. FDG-PET scans are usually performed several
weeks after the completion of therapy to allow the
abatement of inflammatory components induced by
radiation [37]. Moreover, studies have documented
an increase in FDG uptake in brain tumors in the
hours after radiation therapy. It is postulated that
this increase in glucose metabolism may represent
an energy-dependent “acute rescue system” in tu-

mor cells or be due to the influx of inflammatory
cells. This upregulation in glucose utilization is also
thought to be secondary to the energy-dependent
radiation repair processes and enhanced apoptosis
[38, 39].

SPECT, using a variety of radiopharmaceuti-
cals such as 3-[123]] iodo-alpha-methyl- L-tyrosine
(IMT), thallium-201, and 99mTc-MIBI, has shown
varying degrees of success in differentiating between
recurrent tumor and radiation necrosis [40, 41]. Hein
et al. have shown that it may be possible to use dif-
fusion weighted magnetic resonance, by employing
the differences in the apparent diffusion co-efficient
of different morphologic features such as edema,
necrosis, and tumor tissue, to differentiate between
recurrent tumor and radiation necrosis [42].

Walecki et al. have observed changes in magnetic
resonancespectroscopywithoutconcomitantchanges
in the magnetic resonance images, presumably due to
the improved sensitivity of the former methodology
to detect the early metabolic effects of therapy [43].
Choline related ratios, as opposed to creatine, may
prove to be more specific for cell proliferation, indic-
ative of recurrent tumor. Thus, at the present time,
there is no single anatomic or functional imaging test
that can reliably sort out the effects of radiation on
tumor vs. the surrounding brain tissue.

6.5
Salivary Glands

Salivary glands may be injured by radiation from
external radiation therapy for head and neck tu-
mors, or from I-131 administrated for thyroid cancer
therapy. The management of differentiated thyroid
cancer often involves administration of a thera-
peutic (ablative) dose of radioactive iodine (I-131)
after sub-total thyroidectomy. The salivary paren-
chyma consequently undergoes dose-related dam-
age from the I-131 therapy. Alexander et al. stud-
ied 203 patients within 3 months of I-131 therapy
(100-200 mCi) and found that 67 patients (33%) had
symptoms of sialadenitis, often bilateral [44]. Pa-
tients were prophylactically administered sialogogic
agents, whose effects have not been studied in a
prospective fashion.

The objective evaluation of salivary gland func-
tion can be accomplished by measuring saliva pro-
duction and by dynamic scintigraphic examination
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using technetium-99m pertechnetate [45]. The latter
yields information related to the uptake, concentra-
tion, and the excretory phase of salivation. Thus, in-
formation regarding the effects of irradiation on the
different phases of gland activity can be obtained.
Scintigraphy results have a reasonable correlation
with salivary output measurements [46]. Scintig-
raphy, especially when combined with SPECT,
provides spatial information about the anatomical
gland volumes and their response to the variation of
doses within the gland, information that cannot be
provided by other methods [47].

There is a documented association between ra-
diation exposure dose and the risk of developing a
salivary gland tumor, both after external beam ra-
diation therapy to the head and neck region, as well
as after I-131 therapy for thyroid cancer [48]. A small
but statistically significant rise in salivary gland tu-
mors has been noted. Developments of pleomorphic
adenoma, Hodgkin’s lymphoma, and mucoepider-
moid carcinoma have been reported [44, 45, 48].
These secondary cancers are best imaged with CT
or MRIL.

MRI has also been used to quantify RT-induced
salivary gland injury. Zhang et al. noted a reduction
in MRI-defined apparent diffusion coefficient in pa-
tients with RT-induced dysfunction as assessed by
scintigraphy [49].

6.6
Clinical Relevance

The importance of subclinical radiologic regional
injury in scoring treatment-related side effects is
certainly questionable. The A of the SOMA/LENT
system reflects such analytic data, and hence ac-
knowledges it’s potential role in “scoring” late ef-
fects. The importance of the analytic component
needs to be taken in the context of the overall clini-
cal situation and competing risks. For example, in
patients irradiated for unresectable lung cancer, as-
ymptomatic lung injury should be of little concern
since the competing risk of disease-related morbid-
ity and death is high. Conversely, in patients irradi-
ated post-operatively for lung cancer or for breast
cancer, where the disease-specific survival is bet-
ter, subclinical injury of the lung or heart may be a
marker for subsequent clinical sequelae, and hence
may be relatively more important.

Historically, prospective studies involving late
effects, by definition, need to have relatively long
follow-up. This is expensive and often impractical.
Tremendous advances in imaging afford a unique
opportunity to detect and study treatment-induced
organ injury long before the toxicity is manifest
clinically. Agents that mitigate such injury can be
tested directly in human patients, and the radiologic
endpoints provide objective data within a relatively
short interval. Thus, radiologically-defined injury is
a potentially useful research tool in clinical oncol-
ogy. Prospective studies to develop and exploit these
tools should be conducted.

The approach described above assumes that such
radiologic injury is clinically-relevant. We believe
that it is. However, additional work is clearly needed
to better understand the relationship between sub-
clinical radiologic injury and clinically-relevant
events. This will require lengthy clinical trials in hu-
man patients. Large numbers of patients likely need
to be enrolled onto such studies in order to have an
ample number of patients evaluable at longer time
points. This work is difficult but possible. We believe
thatimportant questions in late-effects research can
be explored through the careful prospective and
systematic study of human patients.

Radiographic studies provide objective quantita-
tive dataregarding RT-induced normal tissue injury.
However, there are several challenges that remain.
There are presently no well-accepted standards to
how one evaluates a radiograph. If a degree of radio-
graphicinjuryis different within different regions of
an organ, does one report the average radiographic
abnormality, the maximum, etc.? Do we report the
absolute increase in lung density seen by CT, or do
we report it as percent change from baseline?

In many ways, the radiographic endpoints suf-
fer from the same potential ambiguities as do the
clinical endpoints (e.g., do we score the maximum
severity of the patient’s diarrhea, or the duration of
diarrhea?). To make this work fruitful, standards on
how to report such radiologic abnormalities need to
be developed.

6.7
Conclusions

e Radiologically-defined normal tissue injury in
human patients may be related to long-term
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clinically meaningful injury, but further study is
needed to better quantify this association.

e Radiologically-defined normal tissue injury in
human patients is manifest soon after (or even
during) RT and hence may be a powerful tool
for early detection of normal tissue injury, and
for study of potential mitigators of this injury in
humans.

e Additional work is needed to develop methods
and standards to quantitatively score radiologic
injury.
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Summary

Background and purpose: A solid body of evi-
dence demonstrates that therapeutic thoracic
radiotherapy can injure the cardiovascular sys-
tem. However, there is little consensus on how to
screen survivors who received this therapy. This
review intends to assess recent evidence on ra-
diotherapy-related cardiac injury with the goal of
formulating evidence-based guidelines.

Material and methods: A literature search using
Medline was performed in late 2004 to identify
publications on the cardiovascular effects of
thoracic radiation therapy (RT) that have been
published since 2001. This search revealed 104
citations. After reviewing the abstracts, 40 were
found to be irrelevant, and the remaining 59 ar-
ticles and five comments on these articles were
thoroughly reviewed.

Results: Recent publications confirmed the po-
tential cardiotoxicity of thoracic radiotherapy
in children and adults. These reports shed new
light on radiation-associated cardiomyopathy
and radiation-associated valvular disease, and
they help to distinguish the cardiac effects of ra-
diation in contrast to anthracyclines. The latest
studies have also explored the use of new screen-
ing methodologies, though the prognostic signifi-
cance of many of the abnormalities uncovered are
presently unclear.

Conclusions: Although no screening protocol
has been tested, recent evidence underscores the
importance of comprehensive and repetitive car-
diovascular screening of survivors treated with
thoracic irradiation that incidentally exposed key
cardiac structures to radiation.
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Introduction

Over the last 40 years, overwhelming evidence has
disproved the original assertion that the heart is
radiation resistant. Despite this evidence, little
consensus has developed about how to screen
long-term cancer survivors treated with thoracic
radiation. With a greater number of cancer patients
surviving due to advances in multi-agent chemo-
therapy and radiotherapy, the need for evidence-
based guidelines on how to screen these survivors
becomes more critical. The primary purpose of this
article is to discuss the recent literature on radia-
tion-associated cardiovascular disease (CVD) and
its implications for screening regimens of cancer
survivors treated with thoracic radiation therapy
(RT).

7.2
Methods

A literature search using Medline was performed
to identify publications on the cardiovascular ef-
fects of RT that had been published since a similar
review was written as a result of the last Late Ef-
fects of Normal Tissue Conference (LENT IV) [1].
The search strategy combined keyword searches
of CVD, radiation, and Hodgkin’s disease (HD) or
breast cancer. Results were limited to English lan-
guage articles and those published between 2001
and 2004. Focus was placed on HD and breast can-
cer because these are the most common cancers
treated successfully with thoracic irradiation and
thus there would be enough survivors to evalu-
ate its long-term cardiotoxic effects. This search
revealed 104 citations. More careful review of the
citations suggested that 40 were not relevant or
were not published in English, and five were letters
to the editor regarding published articles. Of the
remaining 59, 13 were large case series, case-con-
trol, or cohort studies (no intervention trials were
uncovered), and were thus considered for inclusion
into the study if they contributed new information
to the field.

7.3
Types of Cardiovascular Complications

The potential adverse effects of thoracic radiation on
the cardiovascular system are broad and are listed in
Table 7.1. Historically, the most common adverse ef-
fect was pericarditis, but with modern RT doses and
techniques the most common and feared adverse ef-
fectis the increased risk of fatal myocardial infarction.
Table 7.3 lists those factors that increase the risk of suf-
fering a radiation-associated cardiac complication.

7.3.1
Overall Mortality from Cardiovascular Disease
and Risk of Coronary Artery Disease

Multiple studies have demonstrated that HD sur-
vivors treated with mediastinal irradiation are at
increased risk of fatal CVD [2-7]. Relative risk es-
timates for survivors generally range between 2.2
and 7.2, compared to the age- and gender- matched
general population [2-7]. Absolute excess risk of fa-
tal CVD ranges from 11.9 to 48.9 per 10,000 patient
years depending upon patient characteristics [4].
This increased risk becomes statistically significant
5-10 years after radiotherapy, and is largely due to
fatal myocardial infarctions (MI) [4, 6]. Survivors
of childhood HD treated with older techniques of
RT appear to be at even higher relative risk [5, 8]. A
retrospective study from Stanford demonstrated that
HD survivors treated at <21 years of age between
1961 and 1991 suffered fatal MI 41.5 times more often
than the age-matched general population [5]. Deaths
occurred 3-22 years after therapy. These deaths were
limited to those exposed to >42 Gy of radiation. A
total of 71% of this cohort received >40 Gy. Although
it is uncommon to treat children today with doses
>30 Gy, it is unclear whether limiting exposure has
impacted the rate of fatal MI in HD survivors [7].
Women treated with older methods of adjuvant ir-
radiation after mastectomy for left-sided breast can-
cer have been shown to have an increased incidence
of fatal CVD [9-14]. Concern was raised by post-hoc
analyses showing that women who received adjuvant
RT had a higher rate of cardiac death than unirradi-
ated patients [9, 10, 15]. Tumor registry studies com-
paring cardiovascular-related mortality in women
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Table 7.1. Spectrum of radiation-induced cardiovascular disease. (Modified from [80] with permission)

Manifestation Comments

Pericarditis 1. During therapy - Associated with mediastinal tumor and some chemotherapy agents such
as cyclophosphamide [76]
2. Post-therapy - Acute effusion, chronic effusion, pericarditis, constrictive pericarditis. Seen
with high doses of RT and large volumes of heart within the RT field [76]
Myocardial fibrosis 1. Fibrosis secondary to microvasculature changes [76]

2. Frequently with normal left ventricular dimensions, ejection fraction and fractional short-
ening as measured by radionuclide scan or echocardiogram [77]

3. Progressive, restrictive cardiomyopathy with fibrosis may occur. This can lead to pulmo-
nary vascular disease and pulmonary hypertension [77]

4. Diastolic dysfunction may occur alone as well as with systolic dysfunction [77]

Coronary artery disease 1. The structural changes in the coronary arteries associated with radiation therapy are es-
sentially the same as those of ordinary atherosclerosis [76]

v W N

. Premature fibrosis may accelerate atherosclerosis [78, 79]

. Distribution of arteries affected tends to be anterior with anterior weighted RT [76]
. Lesions tend to be proximal and even ostial [78, 79]

. T Rates of silent ischemia (see autonomic effects) [54]

Valvular disease 1. Predominantly mitral valve and aortic valve [47]

2. T Regurgitation and stenosis with T time since therapy [47]
Conduction system/ 1. Complete or incomplete right bundle branch block is suggestive of right bundle branch
arrhythmia fibrosis [51]

2. Initial conduction abnormalities may progress to complete heart block and cause conges-
tive heart failure, requiring a pacemaker [51]
3. Complete heart block rarely occurs without other radiation-associated abnormalities of the

heart [51]

Autonomic dysfunction 1. Frequent cardiac dysfunction with tachycardia, loss of circadian rhythm and respiratory

phasic heart rate variability [54]
. Signs listed in #1 are similar to a denervated heart. This raises the question of whether

38

such changes in survivors are related to autonomic nervous system damage [54]

W

. ¥ Perception of anginal pain [54]

with left-sided vs. right-sided breast cancer raised
similar concerns about the cardiotoxicity of RT for
breast cancer [13, 14]. Relative risk estimates of fatal
MI after left-sided RT range as high as 2.2 compared
with women who were treated for right-sided breast
cancer [14]. Further evaluation has revealed that the
increased risk appears limited to those who received
thehighest dose-volumes of cardiac radiation (women
with left-sided malignancy whose irradiation fields
included the internal mammary nodes) [12, 16].

To our knowledge, only one study has evaluated
coronary heart disease clinical events in breast can-
cer survivors treated solely with modern techniques
after mastectomy. This randomized trial of post-
mastectomy RT by Hojris et al. [17] did not show a
significant difference in ischemic heart disease mor-
tality or morbidity from breast irradiation at a me-
dian follow-up of 10 years. Although the RT treated
and non-treated groups were not perfectly balanced

in terms of laterality of breast cancer, a sub-analysis
in only the patients with left-sided breast cancer re-
vealed no increased risk of ischemic heart disease or
acute myocardial infarction incidence. However, the
shorter median follow-up in this study, compared
with the studies looking at older techniques of RT,
may not have provided enough time to observe a
sufficient number of cardiac events attributable to
RT (i.e., excess events over the baseline high rate in
Western societies). This problem is compounded by
the fact that one would expect a slower rate of events,
because modern techniques decrease the heart’s
dose-volume of exposure. Thus more time would be
required to see the same absolute adverse effect.
Studies using clinical imaging of the heart under-
score the danger of prematurely concluding that the
newer methods of RT pose no risk to the heart. In-
vestigators from several institutions have evaluated
the heart in patients treated for breast cancer with
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cardiac perfusion imaging. Researchers at Duke
University have accumulated the largest series of
patients. Between 1998 and 2001, 114 patients with
left-sided breast cancer underwent pre- and serial
post-RT single photon emission computed tomog-
raphy (SPECT) gated cardiac perfusion scans. Stud-
ies published on this cohort of patients demonstrate
that: (1) RT to the left chest wall/breast using mod-
ern techniques causes perfusion defects in 50%-63%
of women 6-24 months post-RT [18]; (2) that the in-
cidence of perfusion defects is associated with the
volume of left ventricle irradiated; [3] that the perfu-
sion defects generally persist 3-5 years post-RT [19];
and (4) that the perfusion defects are associated with
abnormalities in regional wall motion [20], subtle
reductions in ejection fraction [20], and episodes of
chest pain [21]. These findings are consistent with
other smaller series [22-25]. Lind suggested that the
incidence of such perfusion defects was associated
with pre-treatment serum cholesterol [26]. The risk
of fatal CVD associated with adjuvant radiotherapy
after breast-conserving surgery (BCS) appears to
be much less than the risk following post-mastec-
tomy RT (PMRT) [27]. The risk following RT after
BCS may be lower because, in contrast to PMRT,
a substantial proportion of patients treated follow-
ing BCS do not receive regional node radiation. The
chiefindication for PMRT is involved axillary lymph
nodes. Thus, the regional nodes are almost always
irradiated in patients treated after mastectomy. In
contrast, many patients irradiated following BCS
do not have axillary node metastases. In these pa-
tients, only the breast is irradiated. (The breast and
regional nodes are generally irradiated following
BCS in node-positive patients.) When the regional
nodes are not treated, the volume of heart inciden-
tally irradiated is typically reduced. Whether any
increased risk is associated with adjuvant RT after
BCS has been the subject of three studies compar-
ing patients treated in this setting by laterality of
the cancer [28-30]. Only one revealed an increased
risk, and it was minimal [29]. This population-based
cohort study of patients treated between 1982 and
1987 in Ontario, Canada, demonstrated that the 1555
women with left-sided cancer had a 2.1 greater risk
(after age adjustment) of fatal MI than the 1451 with
right-sided malignancy, 8-14 years after diagnosis.
Absolute incidence was 2% versus 1%, respectively
[29]. The minimal absolute difference may be ex-
plained by the fact that <5% of the left ventricle is
generally exposed to radiation after breast conserv-
ing therapy.

The overall pattern of risk in the three survivor
populations (HD, breast cancer treated with RT af-
ter mastectomy, and breast cancer treated with RT
after lumpectomy) highlights the importance of ra-
diation dose and the volume of exposure to the heart
in determining the risk of future adverse cardiovas-
cular events.

7.3.2
Cardiomyopathy

The nature of cardiac dysfunction seen following RT
may differ in patients treated with RT alone com-
pared with patients who also received potentially
cardiotoxic chemotherapy (e.g., anthracyclines).
Because radiation causes fibrosis of the myocar-
dium, restrictive cardiomyopathy (Fig. 7.1), charac-
terized by diastolic dysfunction, predominates in
survivors treated with RT alone. In contrast, systolic
dysfunction usually dominates in survivors who also
received anthracyclines [31]. Although clinically
evident heart failure is rare in survivors treated with
radiotherapy alone, studies evaluating survivors
with imaging technologies show that subclinical
changes are common and may be progressive. The
concern is that these subclinical diastolic abnor-
malities may progress over the long-term to systolic
dysfunction, congestive heart failure or both.

One of the earliest studies using cardiac func-
tion imaging technology evaluated 21 asymptom-
atic adult survivors of HD treated prior to 1983 with
20-76 Gy (mean 35.9 Gy) of mediastinal RT without
chemotherapy. In this case series, 57% had an ab-
normal left and/or right ventricular ejection frac-
tion, 7-20 years after treatment (mean 14.1 years)
[32]. Constine et al. evaluated 50 HD survivors who
had been treated with modern radiotherapy tech-
niques to 18.5-47.5 Gy (mean 35.1 Gy) up to 30 years
previously (mean 9.1 years) [33]. On evaluation with
radionuclide ventriculography, 4% had an abnormal
left ventricular ejection fraction, and 16% had an ab-
normal peak filling rate, an indirect measure of dia-
stolic function. Adams et al. reported findings that
suggest a greater impact from diastolic dysfunction
than from systolic abnormalities, after radiother-
apy alone [34]. This investigation comprehensively
evaluated cardiac status in 48 long-term survivors
of childhood or young adolescent HD treated with
mantle irradiation (range, 27.0-51.7 Gy; median,
40 Gy). Only four patients had received anthracy-
clines. At a median 14.3 years after diagnosis, 12%
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Fig. 7.1a-d. Characteristics of the normal heart and the three main types of cardiomyopathy. a Normal.
b Dilated cardiomyopathy: Note the thin left ventricular (LV) walls and enlarged LV chamber, result-
ing in poor contraction of heart muscle (systolic dysfunction). ¢ Hypertrophic cardiomyopathy: not
related to the cardiotoxicity of cancer therapy. d Restrictive cardiomyopathy: note the normal to slightly
thickened LV walls and slightly decreased LV chamber size. These changes are caused by fibrosis which
stiffens the myocardium and results in poor chamber filling (diastolic dysfunction). (Reproduced from

[75] with permission)

had an abnormal measure of systolic function, but
three of these five patients had received an anthra-
cycline as well. In contrast, 37.2% had an abnormal
measure of LV mass and/or end diastolic dimension.
Both reduced LV mass and reduced end diastolic
dimension are suggestive of restrictive cardiomy-
opathy. In addition, the E/A ratio (a measure of peak
early filling to peak late filling of the left ventricle
that serves as a screening measurement for diastolic

dysfunction) was measured in 37 patients. Twelve
(32%) had probable abnormal E/A ratios between
1.5 and 2.0, and 8 (22%) had a definite abnormal
ratio >2.0. These studies demonstrate that the type
and prevalence of dysfunction varies depending
upon treatment, length of follow-up, and method of
screening. They also illustrate that radiation-associ-
ated cardiomyopathy is more likely to be restrictive
in nature and thus affect diastolic function rather
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than systolic, though systolic function can also be
impacted with very high radiation doses and long
follow-up.

Many survivors of HD and breast cancer have re-
ceived both thoracic radiation and anthracyclines.
As early as the 1970s, reports [35-37] suggested that
radiation to the heart in conjunction with anthracy-
clinesisassociated with greater cardiac toxicity than
either modality in isolation [38]. Radiation injures
the endothelium of myocardial capillariesleading to
ischemia and ultimately myocardial fibrosis. Doxo-
rubicin principally damages myocytes directly; its
ultimate result is primarily systolic dysfunction.
Studies evaluating long-term survivors of childhood
cancer [39], young adulthood HD [34, 40] and breast
cancer [41] have confirmed that combined therapy
affects cardiac morbidity and mortality more sig-
nificantly than either alone.

7.3.3
Valvular Disease

Prospective studies of HD survivors treated with
>30 Gy of mediastinal RT, published before 2000, re-
port a frequency of pathologic (greater than grade 1)
left-sided valvular regurgitation ranging between
16%-40% [42-45]. Only in the largest (n=116) was
a comparison with a control group provided. In this
study by Lund et al., which screened 90% of the eli-
gible HD survivors treated between 1980 and 1988
with RT techniques no longer in use, 31% of patients
had pathologic left-sided regurgitation 5-13 years
after therapy [45]. No pathological left-sided regur-
gitation was observed in the comparison group of
40 healthy volunteers. However, it was not clear how
well the control group matched the survivors.

Two recent studies have compared the prevalence
of valvular abnormalities in HD survivors treated
with RT versus the frequency in age- and gender-
matched controls from the general population based
ondata from the Framingham Heart Study. In the se-
ries by Adams et al. (previously discussed) in which
comprehensive cardiac screening was performed
in 48 survivors of HD treated with mediastinal RT,
42.6% had at least one significant valve abnormal-
ity [34]. Heidenreich et al. have performed the larg-
est study to date of 294 asymptomatic HD survivors
treated 2 to > 20 years previously [46]. They demon-
strated that survivors treated with a mean mantle
dose 0of 43 Gy had a several-fold increased risk of any
significant valvular disease compared with the gen-

eral population of a similar age. The most striking
increase was the 34-fold higher risk of aortic regur-
gitation >grade 2 (an absolute incidence of 26.1%)
[46]. This study also illustrated that the frequency of
significant aortic regurgitation, aortic stenosis, and
mitral regurgitation each increased with longer fol-
low-up. Although a decrease in the radiation expo-
sure to the heart likely occurred as techniques im-
proved, this finding adds to the significant previous
data suggesting that radiation-associated valvular
disease is progressive [1, 47].

In summary, valvular insufficiency is more fre-
quent than stenosis, but the latter more often has he-
modynamic significance requiring intervention [47].
These studies also suggest that a threshold dose for
valvular regurgitation exists at approximately 30 Gy
of mediastinal radiation when patients are evalu-
ated 15 years after therapy. In terms of clinical sig-
nificance, many of the valvular abnormalities that
have been reported would lead to recommendations
for endocarditis prophylaxis. In fact, Heidenreich et
al. report that patients in their study who had sur-
vived >10 years, only four survivors would need to
be screened to uncover one who would be eligible for
endocarditis prophylaxis [46]. Furthermore, arecent
study by Hull et al. indicates an eight-fold increase
in the risk of valve repair surgeries in HD survivors
compared with the general population [48].

Only one uncontrolled study has evaluated valvu-
lar disease in breast cancer survivors. The frequency
and severity of valvular abnormalities was low and
probably no different than in untreated women of
the same age [49]. The risk of radiation-associated
valvular disease in breast cancer survivors requires
additional investigation, although the risk is prob-
ably much less than in HD patients treated with RT.

7.3.4
Conduction Abnormalities

Radiation may cause fibrosis of the conduction
pathways of the cardiac system, potentially leading
to life threatening arrhythmias and/or conduction
defects years after therapy. Numerous case reports
and case series have demonstrated the various con-
duction abnormalities and conduction defects as-
sociated with mediastinal RT, including atrioven-
tricular nodal bradycardia, all levels of heart block,
including complete heart block [50, 51] and sick si-
nus syndrome [51, 52]. These are different from the
frequent, asymptomatic, nonspecific, and transient
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repolarization abnormalities seen shortly after ir-
radiation [53].

Few prospective studies, however, have looked
at the frequency of conduction defects in long-term
survivors. In a study of 134 childhood cancer survi-
vorsatamean of 5 years after treatment with anthra-
cyclines and/or mediastinal irradiation, ventricu-
lar tachycardia was significantly greater in those
treated with chest RT, irrespective of anthracycline
treatment, than in a group of historical controls [53].
The frequency of prolonged QT interval was 12.5%
in those treated with chest irradiation alone, 11% in
those treated with anthracycline alone, and 18.9%
in those treated with both. In the comprehensive
cardiac screening study performed by Adams et al.,
74.5% of the HD survivors treated with mediastinal
radiotherapy had a conduction defect or arrhythmia
[34]. An RSR prime pattern in the right precordial
leads was the most common defect, occurring in
>50% of survivors; it indicates a conduction delay
in the right anterior bundle, the most anterior struc-
ture of the intracardiac conduction system. Two
other survivors had complete right-bundle-branch
block. These results suggest that the most anterior
structures of the intracardiac conduction system are
most at risk for fibrosis from mediastinal RT.

Results of 24-h electrocardiogram from the
Adams et al. study suggested a high rate of auto-
nomic dysfunction, with 31% of survivors having
sustained tachycardia and 57% having a monoto-
nous heart rate [34]. A concern is that autonomic
nervous system dysfunction could lead to the de-
creased perception of anginal chest pain, and this
has been reported in some HD survivors previously
treated with mediastinal RT [54].

The frequency of serious conduction abnormali-
ties in survivors of adult cancer treated with chest
irradiation appears to be low. A study of 69 breast
cancer survivors treated with adjuvant radiotherapy
found the incidence of conduction/rhythm abnor-
malities to be increased above baseline at 6 months
and at 10years post-treatment [55]. Although
changes occurred more often in those with left-sided
malignancy, none of the abnormalities compro-
mised function, nor was the frequency of ischemic
changes on exercise stress testing different from the
expected rate in healthy women of the same age.

Symptoms from conduction abnormalities range
from palpitations to syncope to sudden death, but
are uncommon. Conduction defects, which produce
symptoms, rarely occur without some other radia-
tion-induced cardiac injury [50].

7.3.5
Pericarditis

Although pericarditis was historically one of the
most common cardiac complications of mediastinal
irradiation, it rarely occurs after the modern tech-
niques and lower total doses used currently. At one
center, the incidence of pericarditis decreased from
20% to 2.5% with changes in methods of RT in the
1970s [56]. Signs and symptoms of pericarditis are
the same as in the general population.

7.4
Indirect Effects on the Cardiovascular
System

Depending on dosage and targeting, thoracic RT can
affect other structures in the neck and chest, which
the heart depends upon to function properly (Ta-
ble 7.2). Radiation-associated fibrosis of the lungs,
skeletal muscle damage, and scoliosis due to radia-
tion can affect cardiopulmonary function [1]. One
study of 92 HD survivors treated with RT +/- chemo-
therapy from 1980 to 1988 demonstrated that those
with pulmonary function testing abnormalities were
three times more likely to report fatigue on a stan-
dardized instrument than those without abnormali-
ties [57]. Radiation can cause stenosis and fibrosis of
the carotid arteries, the aorta, and the branch pul-
monary arteries [58]. Clinical presentations include
transient ischemic attacks, stroke, carotid bruit,
vertebrobasilar insufficiency, and upper- or lower-

Table 7.2. Indirect effects of mediastinal radiation on the car-
diovascular system. (Modified from [80] with permission)

Manifestation Comments

Mediastinal { Success of cardiovascular surgery
fibrosis [71]
Lung fibrosis Chronic, restrictive and can be pro-

gressive [60]

Scoliosis and ¥ { Cardiovascular and lung function
skeletal muscle [60]

Thyroid Usually hypothyroid [81]
Affects cardiovascular function and

lipid profile. May cause pericarditis

Thoracic duct
fibrosis

Chylothorax-late onset and extremely
rare [59]
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extremity insufficiency. The very rare diagnosis of a
chylothorax due to thoracic duct fibrosis should be
considered in patients with symptoms of late onset
heart failure and unexplained pericardial effusion
[59]. Thyroid dysfunction after mantle irradiation is
common and can occur anytime after therapy [60].
Hypothyroidism may lead to obesity and dyslipid-
emia, both risk factors for coronary heart disease.
Hypothyroidism can also cause decreased ventricu-
lar contractility, ventricular diastolic dysfunction,
arrhythmias, congestive heart failure, and chronic
pericardial effusion that can lead to symptoms and,
rarely, tamponade [60]. Early recognition and treat-
ment of subclinical hypothyroidism is key because,
once cardiovascular dysfunction occurs, it may not
resolve even after the patient’s hypothyroidism is
treated appropriately.

7.5
Screening and Diagnosis

Although no screening regimens have been rigor-
ously tested, the recent literature reinforces the no-
tion that screening should involve multiple testing
modalitiesand occur repeatedly over time (Table 7.4)

[61]. Serial screening is needed because the course
of cardiac disease progression is unknown but is
probably progressive and may vary between indi-
viduals. In addition, early detection and appropri-
ate treatment of cardiac abnormalities may prevent
or minimize morbidity and mortality. Screening is
also performed more frequently in children because
the irradiated heart may not have a normal hyper-
trophic response to keep pace with the demands
of a growing body. For a similar reason, women
who received mediastinal radiotherapy ought to be
referred to a cardiologist at the time (or contempla-
tion) of pregnancy for serial screening throughout
pregnancy [62].

The wide range of possible cardiac abnormali-
ties associated with thoracic RT suggests the po-
tential usefulness of multiple screening modalities
(Table 7.3). Those at highest risk for cardiovascular
abnormalities are childhood cancer survivors, HD
survivors treated with outdated techniques expos-
ing large volumes of the heart to >35 Gy, and sur-
vivors treated with an anthracycline. These sur-
vivors, as well as others with characteristics that
suggest higher risk (Table 7.4), should be screened
regularly for myocardial dysfunction and coro-
nary heart disease. Other survivors treated with
chest radiotherapy may also benefit from increased
attention.

Table 7.3. Risk factors for the different manifestations of radiation-induced heart disease. (Modified from [80] with

permission)

Risk factor Pericarditis

Total dose: (>30-35 Gy) [47, 76, 82] X
Fraction Size: (>2.0 Gy/day) [76] X
Volume of heart exposed [76] X

X

Anterior weighting of AP/PA radiation
fields [4, 76]

Tumor adjacent to heart [76] X
Younger age at exposure [5, 76, 83] -

Increased time since exposure (latency) -
[4, 46, 47, 51, 84]

Type of radiation source [76] X

Use of adjuvant cardiotoxic chemotherapy -
[76, 85]

Co-existing classical CHD risk factors -
[76, 82]

CM CAD Arrhythmia

X

X
X
X

Valvular disease All causes CD

X X X X
X Likely Likely X
X Likely Likely X
X Likely Likely X
X Likely Likely X
X X X X
X Likely Likely X
_ X X X
X = = X

CM, cardiomyophathy; CAD, coronary artery disease; CD, cardiac death; -, no known association; Likely, unknown but
likely association; X, associations of specific risk factors with specific presentation.
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Table 7.4. Evaluation and treatment of patients at risk for late effects of thoracic radiotherapy. (Modified from [60] with

permission)
Late effects Treatment®
Pericarditis >35 Gy
Cardiomyopathy >35 Gy or
(myocardial disease) >25 Gy and
anthracycline
Coronary heart >30 Gy
disease
Valvular disease >30 Gy

Arrhythmia

Signs and symptoms

Fatigue, dyspnea on exer-
tion, chest pain, cyanosis,
ascites, peripheral edema,
hypotension, friction rub,
muffled heart sounds,
venous distension, pulses
paradoxus, Kussmaul’s
sign

Fatigue, cough, dyspnea
on exertion, peripheral
edema, hypertension,
tachypnea, rales, tachy-
cardia, murmur, extra
heart sounds, hepatomeg-
aly, syncope, palpitations

Chest pain, dyspnea,
diaphoresis, hypotension,
pallor, nausea, arrhyth-
mia

Cough, weakness, dys-
pnea on exertion, new
murmur, rales, peripheral
edema or any other sign
of congestive heart failure

Palpitations, light-head-
edness, syncope

Screening and
diagnostic tests

Electrocardiogram
Chest X-ray
Echocardiogram

Echocardiogram and/
or radionuclide ven-
triculography

- Evaluate diastolic
and systolic function

Exercise or dobuta-
mine stress test with
radionuclide perfusion
imaging, or echocar-
diography (frequency
depends on risk factor
profile and symptoms)

Echocardiogram
Cardiac catheteriza-
tion

Electrocardiogram and
24-h ECG Evaluation
for other abnormalities

Management and inter-
vention

Pericardiocentesis
Pericardiectomy

Education regarding risks
of: alcohol, isometric ex-
ercise, smoking and other
drug use, pregnancy, and
anesthesia

Afterload reducers, beta-
blocker, antiarrhythmics,
diuretics, digoxin
Cardiac transplant

Risk factor modifications
including diet and condi-
tioning regimens
Cardiac medications and
lipid lowering agents
Coronary artery bypass
graft or angioplasty
Ampicillin prophylaxis for
dental or surgical proce-
dures

Replacement of valve

Pacemaker

2Cumulative radiation exposure of the mediastinum at this level or higher clearly indicates increased risk for the specific
complication and thus the need to screen for it; however, the complication may also occur at lower doses.

Allsurvivorsof cancer treated with thoracicradio-
therapy should be monitored on an ongoing basis for
coronary heart disease risk factors such as obesity,
hypertension, dyslipidemias, and diabetes because
of the large public health burden of coronary heart
disease and the availability of effective preventive
measures. Screening should start soon after comple-
tion of therapy regardless of the patient’s age, given
that fatal myocardial infarctions have even occurred
in survivors during childhood. Screening should
continue throughout the patient’s life, since the del-
eterious effects of incidental cardiac irradiation may
not manifest for many years. The revised National

Cholesterol Education Panel recommendations
provide a well thought out minimum of care that
should be provided for the screening and treatment
of dyslipidemias [63]. Radiation exposure should be
counted as a risk factor, along with those listed in
the guidelines, in determining the LDL-cholesterol
goal of therapy. Children and women of childbear-
ing potential with abnormal lipid levels should be
referred to a specialist who regularly treats such pa-
tients because the teratogenicity and the long-term
safety of the most commonly used drugs have not
been well studied in children. All survivors should
be educated about the cardiotoxic risks of their
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treatments, and, when appropriate, about the need
for lifelong monitoring of heart function.

Serial echocardiography and radionuclide ven-
triculography, also called radionuclide angiography,
are useful for following myocardial function. Both
are reliable methods of measuring left ventricular
systolic performance. Echocardiography is non-in-
vasive and is able to assess the anatomic structures
of the heart such as the pericardium, and ventricular
walls and valves. Diastolic function can and should
be indirectly measured by Doppler echocardiog-
raphy. Unfortunately, echocardiography is of poor
quality in many adults because of body habitus and
bone density. Radionuclide imaging may therefore
be necessary for repeated quantitative analysis of
systolic function in certain patients. However, dia-
stolic function is difficult to measure with the radio-
nuclide technology found in many hospitals. This is
of particular concern in those treated with thoracic
RT because diastolic dysfunction is more likely to
occur than systolic dysfunction. It should also be
noted that the ejection fraction measured with echo-
cardiography and the ejection fraction on RNA are
not directly convertible [64]. Myocardial function
should therefore be assessed with echocardiography
with or without radionuclide studies, depending on
the quality of the former in a particular patient.

Exercise or pharmacologic (e.g., dobutamine)
stress testing augments the diagnosis of ischemic
heart disease and cardiac dysfunction compared
with rest-only studies. Radionuclide myocardial
perfusion scanning during exercise has 90% sensi-
tivity and specificity in the general population to de-
tect ischemic heart disease. However, the sensitivity
and specificity of this test in irradiated patients has
not been well studied. Radionuclide myocardial per-
fusion scanning appears to detect radiation-induced
microvascular damage in the myocardium [18, 65],
but the ability of perfusion scanning to distinguish
microvascular abnormalities from coronary heart
disease in this population is unclear. However, the
detection of microvascular damage may identify
those who are at highest risk for heart failure and
death, although this requires further study [20, 21].

Maximal oxygen consumption, a variable that
can be measured during exercise stress testing, has
been shown to have prognostic significance in pa-
tients with cardiomyopathy [66]. Reports by Adams
and others have documented that maximal oxygen
consumption is surprisingly low in many patients
with prior mediastinal irradiation, including those
who did not have symptoms of cardiac dysfunction

[34, 39]. Adams et al. also found that of all the mea-
sures of cardiac status analyzed, maximal oxygen
consumption was the only one to be highly corre-
lated with the physical component of quality of life
on the SF36 [34]. Pulmonary function tests were not
performed, so it is unclear to what extent pulmonary
dysfunction, which has been shown to be correlated
with quality of life in HD survivors treated with me-
diastinal RT [57], caused decreased maximal oxygen
consumption.

Although screening for electrical conduction ab-
normalities and rhythm disturbances may in theory
be reasonable because they can remain silent until
fatal, it is not clear that these abnormalities occur
frequently enough to warrant screening all survi-
vors who received mediastinal RT. Furthermore,
the prognostic value of the various non-specific
conduction abnormalities observed in this popula-
tion remains unknown. Nevertheless, there is clear
value in repeatedly screening survivors with con-
gestive heart failure. In these patients, a 24-h ECG
can detect silent arrhythmia that could be treated
with a pacemaker and thus reduce mortality [67].
Invasive procedures are not necessary for screening
purposes. Cardiac catheterization and angiography
are appropriate, however, for diagnostic purposes to
evaluate heart failure and angina.

7.6
Management

The treatment of radiation-associated CVD dif-
fers little from the procedures used in the general
population with the same disease. Unfortunately,
much less is known about the treatment of heart
failure due to the diastolic dysfunction associated
with restrictive cardiomyopathy than the more com-
mon systolic dysfunction seen with dilated cardio-
myopathy. Careful, early, invasive assessment of
hemodynamics, followed by aggressive, tailored,
pharmacologic therapy and early heart transplan-
tation has been beneficial [68]. However, before
transplantation is considered, all reversible factors
should be treated and the medical regimen should
be optimized. Surgical interventions for coronary
heart disease and valvular disease are generally suc-
cessful in irradiated patients unless extensive me-
diastinal fibrosis is present (primarily a concern in
patients treated to high RT doses or using large doses
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per fraction). Thus, there are multiple extra precau-
tions that should be considered when performing
surgery in the survivor treated with thoracic irra-
diation [69-74].

In conclusion, radiotherapy that includes the
heartin the treatment field can lead to a broad range
of cardiac complications, many of which appear to
be progressive. Over the last few years our apprecia-
tion of the cardiovascular late effects of thoracic RT
has grown, particularly in demonstrating the preva-
lence of significant valvular defects in survivors and
early evidence demonstrating widespread perfusion
defects in such patients. The prevalence of these
cardiac abnormalities has strengthened the case for
periodic screening with multiple testing modalities.
Although radiation-induced heart disease is treated
similarly to heart disease in the general population,
special precautions should be taken because of the
changes radiation causes to the heart and other
structures in the chest.

Acknowledgements

This work was supported by the National Institutes
of Health (CA-79060, HL-070830), the Wilmot Can-
cer Research Fellowship of the James P. Wilmot
Foundation, and the Department of Defense
(BC010663 and DAMD 179818071).

References

1.Adams M]J, Lipshultz SE, Schwartz C (2003) Radiation-
associated cardiovascular disease: manifestations and
management. Semin Radiat Oncol 13:346-356

2.Lee CK, Aeppli D, Nierengarten ME (2000) The need for
long-term surveillance for patients treated with curative
radiotherapy for Hodgkin’s disease: University of Min-
nesota experience. Int ] Radiat Oncol Biol Phys 48:169-
179

3.Mauch P, Kalish LA, Marcus KC (1995) Long-term sur-
vival in Hodgkin’s disease: relative impact of mortality,
second tumors, infection and cardiovascular disease.
Cancer ] Scientific Am 1:33-42

4.Hancock SL, Tucker MA, Hoppe RT (1993) Factors affect-
ing late mortality from heart disease after treatment for
Hodgkin’s disease. JAMA 270:1949-1955

5.Hancock SL, Donaldson SS, Hoppe RT (1993) Cardiac dis-
ease following treatment of Hodgkin’s disease in children
and adolescents. ] Clin Oncol 11:1208-1215

6.Reinders JG, Heijmen BJ, Olofsen-van Acht M] (1999)
Ischemic heart disease after mantlefield irradiation for
Hodgkin’s disease in long-term follow-up. Radiother On-
col 51:35-42

7.Boivin J-F, Hutchison G, Lubin J (1992) Coronary artery
disease mortality in patients treated for Hodgkin’s dis-
ease. Cancer 69:1241-1247
8.Aleman BM, van den Belt-Dusebout AW, Klokman W]
(2003) Long-term cause-specific mortality of patients
treated for Hodgkin’s disease. J Clin Oncol 21:3431-3439
9.Jones JM, Ribeiro GG (1989) Mortality pattern over
34 years of breast cancer patients in a clinical trial of
post-operative radiotherapy. Clin Radiol 40:204-208
10. Cuzick ], Stewart H, Rutqvist L (1994) Cause-specific mor-
tality in long-term survivors of breast cancer who partici-
pated in trials of radiotherapy. J Clin Oncol 12:447-453
11. Early Breast Cancer Trialists’ Collaborative Group (1990)
Treatment of early breast cancer, vol. 1, worldwide evi-
dence, 1985-1990. Oxford University, Oxford
12.Rutqvist LE, Lax I, Fornander T (1992) Cardiovascular
mortality in a randomized trial of adjuvant radiation
therapy versus surgery alone in primary breast cancer.
Int ] Radiat Oncol Biol Phys 22:887-896
13. Rutqvist LE, Johansson H (1990) Mortality by laterality of
the primary tumor among 55,000 breast cancer patients
from the Swedish center registry. Br ] Cancer 61:866-868
14.Paszat LF, Mackillop WJ, Groome PA (1998) Mortality
from myocardial infarction after adjuvant radiotherapy
for breast cancer in the surveillance, epidemiology, and
end-results cancer registries. J Clin Oncol 16:2625-2631
15. Cuzick J, Stewart H, Peto R (1987) Overview of rand-
omized trials of postoperative adjuvant radiotherapy in
breast cancer. Cancer Treat Reports 71:15-29
16. Gyenes G, Rutqvist LE, Liedberg A (1998) Long-term car-
diac morbidity and mortality in a randomized trial of
pre- and post-operative radiation therapy versus surgery
alone in primary breast cancer. Radiother Oncol 48:185-
190
17. Hojris I, Overgaard M, Christensen JJ (1999) Morbidity
and mortality of ischaemic heart disease in high-risk
breast-cancer patients after adjuvant postmastectomy
systemic treatment with or without radiotherapy: analy-
sis of DBCG 82b and 82c randomized trials. Radiother-
apy Committee of the Danish Breast Cancer Cooperative
Group. Lancet 354:1425-1430
18. Hardenbergh PH, Munley MT, Bentel GC (2001) Cardiac
perfusion changes in patients treated for breast cancer
with radiation therapy and doxorubicin: preliminary re-
sults. Int ] Radiat Oncol Biol Phys 49:1023-1028
19.Yu X, Zhou S, Kahn D (2004) Persistence of radiation
(RT)-induced cardiac perfusion defects 3-5 years post
RT (abstract). J Clin Oncol (Meeting Abstracts) 22:33b
20.Marks LB, Prosnitz RG, Hardenberg PH (2002) Func-
tional consequences of radiation (RT)-induced perfusion
changes in patients with left-sided breast cancer. Program
and abstracts of the American Society for Therapeutic
Radiology and Oncology 44th Annual Meeting; October
6-10; New Orleans, Louisiana. Abstract 1
21.Yu X, Prosnitz RR, Zhou S (2003) Symptomatic cardiac
events following radiation therapy for left-sided breast
cancer: possible association with radiation therapy-in-
duced changes in regional perfusion. Clin Breast Cancer
4:193-197
22.Gyenes G, Fornander T, Carlens P (1994) Morbidity of
ischemic heart disease in early breast cancer 15-20 years
after adjuvant radiotherapy. Int ] Radiat Oncol Biol Phys
28:1235-1241




58

M. J. Adams et al.

23.Cowen D, Gonzague-Casabianca L, Brenot-Rossi I (1907)
Thallium-201 perfusion scintigraphy in the evaluation of
late myocardial damage in left-sided breast cancer. Int J
Radiat Oncol Biol Phys 41:809-815

24.Hojris I, Sand NP, Andersen ] (2000) Myocardial per-
fusion imaging in breast cancer patients treated with or
without post-mastectomy radiotherapy. Radiother Oncol
55:163-172

25.Seddon B, Cook A, Gothard L (2002) Detection of defects
in myocardial perfusion imaging in patients with early
breast cancer treated with radiotherapy. Radiother Oncol
64:53-63

26.Lind PA, Pagnanelli R, Marks LB (2003) Myocardial per-
fusion changes in patients irradiated for left-sided breast
cancer and correlation with coronary artery distribution.
Int ] Radiat Oncol Biol Phys 55:914-920

27.Rutqvist LE, Liedberg A, Hammar N (1998) Myocardial
infarction among women with early-stage breast cancer
treated with conservative surgery and breast irradiation.
Int J Radiat Oncol Biol Phys 40:359-363

28.Nixon AJ, Manola J, Gelman R (1998) No long term in-
crease in cardiac related mortality after breast-conserv-
ing surgery and radiation therapy using modern tech-
niques. J Clin Oncol 16:1374-1379

29.Paszat LF, Mackillop W], Groome PA (1999) Mortality
from myocardial infarction following postlumpectomy
radiotherapy for breast cancer: population-based study
in Ontario, Canada. Int ] Radiat Oncol Biol Phys 43:755-
762

30.Vallis KA, Pintilie M, Chong N (2002) Assessment of
coronary heart disease morbidity and mortality after
radiation therapy for early breast cancer. J Clin Oncol
20:1036-1042

31. Tolba KA, Deliargyris EN (1999) Cardiotoxicity of cancer
therapy. Cancer Invest 17:408-422

32.Burns R]J, Bar Shlomo BZ, Druck MN (1983) Detection of
radiation cardiomyopathy by gated radionuclide angiog-
raphy. Am J Med 74:297-301

33. Constine LS, Schwartz RG, Savage D (1997) Cardiac func-
tion, perfusion, and morbidity in irradiated long-term
survivors of Hodgkin‘s disease. Int J Radiat Oncol Biol
Phys 39:897-906

34.Adams M]J, Lipsitz SR, Colan SD (2004) Cardiovascular
status inlong-term survivors of Hodgkin‘s disease treated
with chest radiotherapy. J Clin Oncol 22:3139-3148

35.Billingham ME, Bristow MR, Glatstein E (1977) Adri-
amycin cardiotoxicity: endomyocardial biopsy evidence
of enhancement by irradiation. Am J Surg Pathol 1:17-
23

36.Merrill J, Geco FA, Zimber H (1975) Adriamycin and ra-
diation: synergistic cardiotoxicity (abstract). Ann Intern
Med 82:122-123

37.Kinsella TJ, Ahmann DL, Giuliani ER (1979) Adriamycin
toxicity in stage IV breast cancer: possible enhancement
with prior left chest radiation therapy. Int ] Radiat Oncol
Biol Phys 5:1979-2002

38.Fajardo LF, Eltringham JR, Stewart JR (1976) Combined
cardiotoxicity of adriamycin and x-radiation. Lab Invest
34:86-96

39.Pihkala ], Happonen JM, Virtanen K (1995) Cardiopul-
monary evaluation of exercise tolerance after chest ir-
radiation and anticancer chemotherapy in children and
adolescents. Pediatrics 95:722-726

40.Leonard GT, Green DM, Spangenthal EL (2000) Cardiac
mortality and morbidity after treatment for Hodgkin dis-
ease during childhood and adolescence (abstract). Pedi-
atr Res 47:46A

41. Shapiro CL, Hardenbergh PH, Gelman R (1998) Cardiac
effects of adjuvant doxorubicin and radiation therapy in
breast cancer patients. ] Clin Oncol 16:3493-3501

42.Glanzmann C, Huguenin P, Lutolf UM (1994) Cardiac le-
sions after mediastinal radiation for Hodgkin’s disease.
Radiother Oncol 30:43-54

43.Kreuser ED, Voller H, Behles C (1993) Evaluation of late
cardiotoxicity with pulsed Doppler echocardiography
in patients treated for Hodgkin’s disease. Br ] Haematol
84:615-622

44.Gustavsson A, Eskilsson J, Landberg T (1990) Late cardiac
effects after mantle radiation in patients with Hodgkin’s
disease. Ann Oncol 1:355-363

45.Lund MB, Thlen H, Voss BM (1996) Increased risk of
heart valve regurgitation after mediastinal radiation for
Hodgkin’s disease: an echocardiographic study. Heart
75:591-595

46.Heidenreich PA, Hancock SL, Lee BK (2003) Asympto-
matic cardiac disease following mediastinal irradiation.
J Am Coll Cardiol 42:743-749

47. Carlson RG, Mayfield W, Normann S (1991) Radiation-as-
sociated valvular disease. Chest 99:538-545

48.Hull MC, Morris CG, Pepine CJ (2003) Valvular dysfunc-
tion and carotid, subclavian, and coronary artery disease
in survivors of hodgkin lymphoma treated with radiation
therapy. JAMA 290:2831-2837

49. Gustavsson A, Bendahl PO, Cwikiel M (1999) No serious
late cardiac effects after adjuvant radiotherapy following
mastectomy in premenopausal women with early breast
cancer. Int ] Radiat Oncol Biol Phys 43:745-754

50.0rzan F, Brusca A, Gaita F (1993) Associated cardiac le-
sions in patients with radiation-induced complete heart
block. Int J Cardiol 39:151-156

51. Slama MS, Le Guludec D, Sebag C (1991) Complete atrio-
ventricular block following mediastinal irradiation: a re-
port of six cases. PACE 14:1112-1118

52.Pohjola-Sintonen S, Totterman KJ, Kupari M (1990) Sick
sinus syndrome as a complication of mediastinal radia-
tion therapy. Cancer 65:2494-2496

53.Larsen RL, Jakacki RI, Vetter VL (1992) Electrocardio-
graphic changes and arrhythmias after cancer therapy
in children and young adults. Am J Cardiol 70:73-77

54.Hancock SL (1998) Cardiac toxicity after cancer therapy.
Research issues in Cancer Survivorship Meeting, 3 Mar.,
National Cancer Institute, Bethesda, Maryland

55.Strender LE, Lindahl J, Larsson LE (1986) Incidence of
heart disease and functional significance of changes in
electrocardiogram 10 years after radiotherapy for breast
cancer. Cancer 57:929-934

56.Carmel R], Kaplan HS (1976) Mantle irradiation in Hodg-
kin’s disease. Cancer 37:2813-2815

57. Knobel H, Havard L], Brit LM (2001) Late medical compli-
cations and fatigue in Hodgkin’s disease survivors. ] Clin
Oncol 19:3226-3233

58.Warda M, Khan A, Massumi A (1983) Radiation-induced
valvular dysfunction. ] Am Coll Cardiol 2:180-185

59. Van Renterghem D, Hamers ], De Shryver A (1985) Chy-
lothorax after mantle irradiation for Hodgkin’s disease.
Respiration 48:188-189




Screening for Cardiovascular Disease in Survivors of Thoracic Radiation

59

60.Constine LS (1999) Late effects of cancer treatment.

In: Halperin EC, Constine LS, Tarbell NJ, Kun LE (eds)

Pediatric radiation oncology. Lippincott, Williams and

Wilkins, New York, pp 457-537

.Landier W, Bhatia S, Eshelman DA (2004) Development

of risk-based guidelines for pediatric cancer survivors:

the Children’s Oncology Group Long-Term Follow-Up

Guidelines from the Children’s Oncology Group Late Ef-

fects Committee and Nursing Discipline. J Clin Oncol

22:4979-4990

62.Levitt GA, Jenney MEM (1998) The reproductive system
after childhood cancer. Br ] Obstet Gynaecol 105:946-953

63.Expert Panel on Detection Evaluation and Treatment of
High Blood Cholesterol In Adults (2001) Executive sum-
mary of the third report of the National Cholesterol Edu-
cation Program. JAMA 285:2486-2497

64.Bellenger NG, Burgess MI, Ray SG (2000) Comparison of
left ventricular ejection fraction and volumes in heart
failure by echocardiography, radionuclide ventriculog-
raphy and cardiovascular magnetic resonance. Are they
interchangeable? Eur Heart ] 21:1387-1396

65.Pierga JY, Maunoury C, Valette H (1993) Follow-up thal-
lium-201 scintigraphy after mantle field radiotherapy for
Hodgkin’s disease. Int ] Radiat Oncol Biol Phys 25:871-
876

66.Mancini DM, Eisen H, Kussmaul W (1991) Value of peak
exercise oxygen consumption for the optimal timing
of cardiac transplantation in ambulatory patients with
heart failure. Circulation 83:778-786

67. Patel AR, Konstam MA (2001) Assessment of the patient
with heart failure. In: Crawford MH, DiMarco JP (eds)
Cardiology. Mosby, London, 5.2.1-10

68.Stevenson LW (1996) Selection and management of can-
didates for heart transplantation. [Review] [54 refs]. Curr
Opin Cardiol 11:166-173, 1996

69.Handa N, McGregor CG, Danielson GK (1999) Coronary
artery bypass grafting in patients with previous me-
diastinal radiation therapy. J Thorac Cardiovasc Surg
117:1136-1142

70.Handa N, McGregor CG, Danielson GK (2001) Valvular
heart operation in patients with previous mediastinal
radiation therapy. Ann Thorac Surg 71:1880-1884

71.Hicks GL Jr (1992) Coronary artery operation in ra-
diation-associated atherosclerosis: long-term follow-up.
Ann Thorac Surg 53:670-674

6

—

72.Gharagozloo F, Clements I, Mullany C (1992) Use of the
internal mammary artery for myocardial revasculariza-
tion in a patient with radiation-induced coronary artery
disease. Mayo Clin Proc 67:1081-1084

73.van Son JA, Noyez L, van Asten W (1992) Use of inter-
nal mammary artery in myocardial revascularization
after mediastinal irradiation. ] Thorac Cardiovasc Surg
104:1539-1544

74.Reber D, Birnbaum DE, Tollenaere P (1995) Heart diseases
following mediastinal irradiation: surgical management.
Eur J of Cardiothorac Surg 9:202-205

75.Cotran RM, Kumar V, Robbins SL (1994) Robbins path-
ologic basis of disease, 5th ed. Harcourt Brace, Lon-
don

76.Stewart JR, Fajardo LF, Gillette SM (1995) Radiation in-
jury to the heart. Int J Radiat Oncol Biol Phys 31:1205-
1211

77. Lipshultz SE, Sallan SE (1993) Cardiovascular abnormali-
ties in long-term survivors of childhood malignancy.
J Clin Oncol 11:1199-1203

78.Brosius FC, Waller BF, Roberts WC (1981) Radiation heart
disease. Analysis of 16 young (aged 15-33 years) necropsy
patients who received over 3,500 rads to the heart. Am J
Med 70:519-530

79. Veinot JP, Edwards WD (1996) Pathology of radiation-
induced heart disease: a surgical and autopsy study of 27
cases. Hum Pathol 27:766-773

80.Adams M], Constine LS, Lipshultz SE (2001) Radiation.
In: Crawford MH, DiMarco JP (eds) Cardiology. Mosby,
London, pp 8.15.1-8

81. Polikar R, Burger AG, Scherrer U (1993) The thyroid and
the heart. Circulation 87:1435-1441

82.Glanzmann C, Kaufmann P, Jenni R (1998) Cardiac risk
after mediastinal irradiation for Hodgkin‘s disease. Ra-
diother Oncol 46:51-62

83.Lipshultz SE, Lipsitz SR, Mone SM (1995) Female sex and
drug dose as risk factors for late cardiotoxic effects of
doxorubicin therapy for childhood cancer. New Engl ]
Med 332:1738-1743

84.Perrault DJ, Levy M, Herman JD (1985) Echocardio-
graphic abnormalities following cardiac radiation. J Clin
Oncol 3:546-551

85.Cameron EH, Lipshultz SE, Tarbell NJ (1998) Cardiovas-
cular disease in long-term survivors of pediatric Hodg-
kin’s disease. Prog Pediatr Cardiol 8:139-144




Hypoxia-Mediated Chronic Normal Tissue Injury:

A New Paradigm and Potential Strategies for

Intervention

MITCHELL STEVEN ANSCHER and ZELJKO VUJASKOVIC

CONTENTS
—

8.1 Introduction 6]
8.2  Hypoxia and Tissue Injury 61

8.3  The Hypoxia Paradigm of Chronic Radiation
Injury 62

8.4  Potential Therapeutic Approaches 63
8.5  Conclusion 65

References 65

8.1
Introduction

As the number of cancer survivors increases, the
issue of long-term toxicity from treatment becomes
increasingly important. The mechanisms responsi-
ble for sustaining the injured phenotype in normal
tissues long after treatment has ended are currently
under intense study. Recently, it has been demon-
strated that the development and maintenance of
chronic normal tissue hypoxia may be an impor-
tant contributor to late normal tissue injury after
radiation therapy. A new paradigm for late normal
tissue injury, centered on chronic hypoxia, has been
proposed (Fig. 8.1). This paradigm offers the oppor-
tunity for the development of new therapies directed
against specific components of this injury pathway.
Herein, we will discuss this new model, as well as
possible avenues for intervention that arise from it.
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Summary

The tolerance of normal tissues to irradiation
remains the major limitation to the use of ion-
izing radiation in the treatment of many malig-
nancies. Recent progress in understanding the
mechanisms underlying the development of late
injury following cancer treatment points toward
chronic hypoxia and oxidative stress as an impor-
tant contributor to this problem. In this chapter,
the authors review the evidence to support this
new paradigm of late normal tissue injury and
discuss potential approaches to the prevention
and treatment of this condition.

8.2
Hypoxia and Tissue Injury

Tissue hypoxia is a major regulatory signal for
wound healing and tissue remodeling [16, 21]. Vas-
cular damage from tissue injury often results in re-
gions of low oxygen tension (hypoxia). Such hypoxic
areas, which may be transient or chronic, are preva-
lent in malignant tumors [61], dermal wounds [2],
atheromatous plaques [57], and in diabetic retinopa-
thy [25]. Hypoxia also induces changes in membrane
lipid composition, probably through the production
of reactive oxygen species [12, 43]. These oxidants
appear to arise from several processes, including
superoxide leakage from mitochondrial respiration
[10] and macrophage NADPH oxidase. Macrophages
may also be attracted to hypoxic tissue and acti-
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Fig.8.1. Paradigm of hypoxia-
mediated chronic lung injury.
Initial tissue damage from ra-
diation is generated by the direct
action of reactive oxygen species
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(ROS) on DNA. This effect causes
tissue injury including epithelial
and endothelial cell damage,
with an increase in vascular
permeability, edema, and fibrin
accumulation in the extracel-
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flammation. These macrophages are able to release a number of cytokines and ROS. Both vascular changes as well as an
increase in oxygen consumption (due to macrophage activation) contribute to the development of hypoxia. Hypoxia further
stimulates production of ROS, and profibrogenic and proangiogenic cytokines. This response to hypoxia perpetuates tissue
damage leading to fibrosis via TGFf} production and stimulates angiogenesis through VEGF production. While attempting
to respond to the proliferative stimulus of VEGF, endothelial cells die as a result of previously accumulated radiation dam-
age. Thus, hypoxia continuously perpetuates a non-healing tissue response leading to chronic radiation injury. This injury
pathway offers numerous potential targets for therapeutic intervention

vated by products of hypoxic tissue injury [19, 27,
50]. In addition, hypoxia stimulates the release of
proinflammatory, profibrotic, and proangiogenic
cytokines by a variety of cells involved in tissue
repair [40, 45, 53], leading to increased vascular per-
meability, leukocyte migration, collagen deposition,
and angiogenesis [26, 56, 67]. Hypoxia also upregu-
lates several transcription factors, including p53,
and triggers p53-dependent apoptosis [24, 59].

8.3
The Hypoxia Paradigm of Chronic
Radiation Injury

The biological effects of ionizing radiation begin with
the radiolysis of water leading to the generation of
reactive oxygen species (ROS), such as superoxide
(0,-), hydrogen peroxide (H,0,), and the hydroxyl
radical (OH-) [51]. These ROS damage tissue directly
through interaction with DNA, as well as via cytokine
induction and activation [3, 14, 52, 54]. The targets of
ROS-mediated injury include the endothelial cell, re-

sulting in increased permeability, edema, and fibrin
accumulation in the extracellular matrix [34]. Tissue
injury leads to an inflammatory response including
accumulation and activation of macrophages [58].
The majority of macrophages appear to be derived
from circulating monocytes that enter the injured tis-
sue in response to inflammatory signaling [28]. These
macrophages in turn release a number of cytokines
and ROS [17,49]. The presence of activated macro-
phages also leads to increased oxygen consumption
in the tissues. Thus, a state of decreased oxygen de-
livery, due to vascular damage, and increased oxygen
consumption, by activated macrophages, develops in
the injured tissue leading to hypoxia [34, 62] (Fig. 8.2).
This hypoxic state further stimulates production of
ROS (Fig.8.3), proinflammatory, profibrotic, and
proangiogenic cytokines [22,23,31,32,56], which
perpetuates tissue damage leading to fibrosis via
transforming growth factor 3 (TGFf) production [8].
In an attempt to respond to the proliferative stimulus
from vascular endothelial growth factor (VEGF), en-
dothelial cells damaged from prior radiation-induced
injury die, further decreasing perfusion to the injured
tissue. Thus, hypoxia continuously perpetuates a non-
healing response leading to chronic radiation injury.
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Fig. 8.2a-e. Evidence for the presence of hypoxic regions in normal lung following a single dose of 28 Gy to the right
hemithorax in Fisher rats. Masson trichrome stain demonstrates very little fibrous tissue development at 6 weeks after ir-
radiation (a), but widespread fibrosis is evident in irradiated lung by 6 months (b). Similarly, intravenous injection of the
hypoxia marker pimonidazole indicates little hypoxia at 6 weeks after irradiation (c), but widespread hypoxia is evident in
irradiated lung at 6 months (d). A higher power view (e) demonstrates that hypoxia is evident primarily in endothelial cells

(E) and macrophages (M). IIP, type-II pneumocyte. Each black bar is 100 pm

Control
Fig. 8.3. Demonstration of the presence of re-
active oxygen species (ROS) in irradiated lung
tissue using the technique of electron spin
resonance (ESR) 13 weeks after single-dose
Irradiated

irradiation. The thick black arrow indicates
the presence of ROS. The peaks denoted by the
thin arrows represent artifact

Potential Therapeutic Approaches

The hypoxia paradigm of chronic radiation injury
diagrammed in Figure 8.1 offers several potential
targets for intervention. As noted above, sustained
overproduction of ROS appears to be one important
component of late normal tissue injury. One of the
more promising approaches to reducing the impact
of this oxidative stress resulting from radiation ex-

Detection of ROS by ESR (13 weeks after RT)

P P N YA NI WP WA

posure is through the superoxide dismutase (SOD)
pathway. The SODs are a family of metalloprotein
enzymes that play an important role in protection
from oxidative damage. They function by catalyzing
the conversion of superoxide to hydrogen peroxide
and oxygen [51]. Hydrogen peroxide is further re-
duced by catalase and/or glutathione peroxidase to
water and oxygen [47, 60]. It exists naturally in three
forms: mitochondrial, cytoplasmic, and extracellu-
lar. Several different approaches have been used to
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test the efficacy of SOD as a radioprotector. Kang
et al. have demonstrated, using a mouse model en-
gineered to constitutively overexpress extracellular
SOD, a significant reduction in the expression of the
profibrogenic cytokine TGF{ with a corresponding
decrease in pulmonary fibrosis [29]. The transgenic
animals also had a significantly lower breathing fre-
quency compared with irradiated controls. Using
exogenously administered SOD, either in the form
of gene therapy [18] or an SOD mimetic compound
[63], others have also demonstrated significant pul-
monary radioprotection in experimental animal
models. In humans, SOD has been shown to reverse
late soft tissue fibrosis in a prospective randomized
trial [13]. While SOD has not been tried in humans
for the treatment or prevention of radiation-in-
duced lung injury, this approach seems promising.
The other major free radical scavenger, which has
been tested in humans, is amifostine. Several small
randomized trials have demonstrated significant
pulmonary radioprotection for this drug [33]. More
recently, a larger randomized study from the Radia-
tion Therapy Oncology Group (RTOG) failed to find
a protective effect in the lung for amifostine [64].
The design of this RTOG study has been criticized
in that the radiation was given twice per day, and
yet amifostine, which has a short half-life, was only
given once per day. Thus, despite the presence of
convincing animal data, the question of the effi-
cacy of amifostine as a pulmonary radioprotector
remains unresolved.

Sincenumerous cytokinesareimportantinthein-
flammatory and fibrotic response that develops after
radiation exposure, targeting one or more of these
cytokines is a logical approach to the prevention
and treatment of radiation injury. Possible strategies
could include the use of agents that are specifically
targeted against a single cytokine, or agents that are
non-specific and may exert an effect via interfering
with the actions of multiple cytokines involved in
the injury process. The profibrotic cytokine TGF{3
has been shown to be critical to the production of
excess connective tissue in a number of fibrosing
conditions, including after exposure to radiation
[1,9, 11]. TGER is secreted in a biologically inactive
form and, once activated [36, 41], TGF# binds to its
type-II transmembrane receptor as the first step in
the initiation of its signaling pathway [37]. In ani-
mal models of radiation injury, soluble forms of this
type-II receptor have been administered via a gene
therapy approach and have been shown to be effec-
tive in reducing both radiation-induced intestinal

and pulmonary injury [44, 48, 66]. Similarly, block-
ing the TGF{3 signaling pathway, in this case by using
mice that are deficient in the Smad 3 component of
the pathway, has also been shown to protect against
radiation-induced soft tissue fibrosis [20]. Thus, anti-
TGEFR therapy appears to be a promising approach to
the prevention of radiation-induced injury. Whether
this cytokine can be targeted to reverse established
injury remains to be determined.

A second strategy for targeting cytokines to
prevent radiation-induced normal tissue injury
is through the use of agents that non-specifically
inhibit the actions of more than one cytokine.
Many drugs have an effect on cytokine pathways,
and, since these pathways are involved in mul-
tiple pathologic processes, some of these agents
are being investigated as potential radioprotectors.
Among the commercially available drugs currently
under investigation in the clinic are thalidomide
and the 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) reductase inhibitors (statins). Tha-
lidomide and its analogs, the selective cytokine
inhibitory drugs, affect the production of several
cytokines involved in the development of normal
tissue injury after radiation therapy, including tu-
mor necrosis factor o (TNFa), vascular endothelial
growth factor (VEGF), basic fibroblast growth fac-
tor (bFGF), and several of the interleukins (IL), but
it is likely that the effect of thalidomide on these
cytokines varies depending on the clinical circum-
stances in which it is used (reviewed in [38]). The
drug has been shown to be active against advanced
non-small-cell lung cancer (NSCLC) [39]. Although
no preclinical data exist demonstrating normal tis-
sue radioprotection, given its efficacy against this
disease and its broad anticytokine activity profile,
thalidomide is currently undergoing phaseI test-
ing to assess its ability to modulate radiation-in-
duced lung injury.

The statins are among the most widely prescribed
drugs in the US. In addition to their lipid lowering
properties, these agents promote vascular throm-
boresistance [55] and affect immunity, inflamma-
tion, intracellular signaling pathways, and oxidative
stress, which influences cell migration and prolif-
eration independent of effects on plasma lipids [6,
7,30, 42, 46]. Because of their vascular protective
properties, statins are currently in clinical trials
in Europe to assess whether they can reduce the
incidence of large vessel injury and stroke follow-
ing head and neck irradiation. These agents have
also been recently demonstrated to protect against
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the development of late radiation-induced lung in-
jury in a murine model [65], probably through a
mechanism that involves reduction in recruitment
of macrophages and lymphocytes to the site of in-
jury. A clinical trial of simvastatin as a pulmonary
radioprotectant is under development through the
International Atomic Energy Agency. Thus, statins
may prove to be useful in protecting against radia-
tion injury in numerous tissues. Whether they can
reverse established injury is not known.

Finally, most approaches to radiation protection
have focused on events taking place in the stromal
compartment. This philosophy has evolved, in part,
because until recently there was little that could be
done to protect irradiated epithelium. With the de-
velopment of recombinant growth factors, it is now
possible to pharmacologically stimulate epithelial
proliferation; this approach has been shown to be
effective in the treatment of acute mucosal reactions
resulting from irradiation for head and neck cancer
[15]. Recently, recombinant human keratinocyte
growth factor (thuKGF) has been shown to protect
against late radiation-induced pulmonary injury in
an animal model, in part via downregulation of the
TGF3-mediated fibrosis pathway [35]. These results
suggest that epithelial-stromal signaling interac-
tions may play an important role in the develop-
ment and prevention of late radiation-induced nor-
mal tissue injury [4, 5]. KGF has not yet been tested
in humans to determine whether it can prevent late
radiation injury.

8.5
Conclusion

In summary, chronic oxidative stress leading to nor-
mal tissue hypoxia appears to be an important factor
in the development of chronic injury after exposure
to radiation therapy. Multiple targets along this in-
jury pathway may be susceptible to disruption, with
a consequential reduction in the severity of injury.
New agents are under development, and commer-
cially available drugs are currently entering clinical
trials to determine their efficacy in preventing ra-
diation injury. More work is needed to develop drugs
that can reverse established late damage. Thus, in
the near future, clinicians should have more options
for treating long-term side effects in the ever-ex-
panding population of cancer survivors.
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9.1
Introduction

Inexorable progression is the traditional view of
late normal tissue radiation injury [1]. Symptomatic
treatments may be used, but, until recently, effective
treatment or mitigation of normal tissue radiation
injury was not possible. Recent studies in multiple
models show that this is no longer the case [2-4]. The
involvement of the renin-angiotensin system (RAS)
in the normal tissue response to irradiation is of
particular interest, because antagonists of the RAS
are effective in mitigation and treatment of many
normal tissue radiation injuries (Table 9.1).
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Summary

The renin-angiotensin system, local or systemic,
plays a key role in normal tissue radiation injury.
Angiotensin converting enzyme (ACE) inhibitors,
which act to attenuate the conversion of angioten-
sin I to angiotensin II, are beneficial in mitigating
experimental renal, lung, or brain normal tissue
radiation injury. The benefit of ACE inhibitors
and angiotensin IT blockers has been particu-
larly well documented in experimental radiation
nephropathy, for either mitigation or treatment.
The mechanism for this benefit remains incom-
pletely understood. In particular, control of hy-
pertension, proteinuria, or radiation-induced cell
proliferation alone does not appear to determine
the benefit of ACE inhibitors or angiotensin II
blockers. Nonetheless, the significant experimen-
tal benefit of those agents fully justifies their use
in human radiation nephropathy. Clinical trials
using ACE inhibitors are underway in subjects
undergoing radiation-based bone marrow trans-
plantation and also in subjects undergoing cura-
tive radiotherapy for lung cancer.

9.2
The Renin-Angiotensin System

RAS was long understood as an endocrine pathway
that had a central role in the physiology of the kid-
neys and blood circulation (Fig. 9.1). In a classical
negative feedback loop, a fall in arterial blood pres-
sure leads to renin release by the kidneys, and renin
cleaves angiotensinogen to angiotensin I, which is
then converted by angiotensin converting enzyme
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Table 9.1. Suppression of the RAS and radiation injuries

Reference Drug

[31] Captopril (ACE inhibitor)
[32] Captopril

[33] Other ACE inhibitors
[34] Captopril

[35] Captopril

[10] Captopril

[11] Other ACE inhibitors
[36] ACE inhibitors

[18] L-158809 (AT, blocker)
[37] L-158809 (AT, blocker)
[16] High dietary salt

[27] Losartan (AT, blocker)
[38] PD-123319 (AT, blocker)
[23] Ramipril (ACE inhibitor)

Schedule, endpoint, and system

Mitigation of acute renal injury (pig)
Mitigation of pulmonary dysfunction (rat)
Mitigation of pulmonary dysfunction (rat)
Mitigation of acute and late skin damage (rat)
Treatment of chronic renal injury (rat)
Mitigation of chronic renal injury (rat)
Mitigation of chronic renal injury (rat)
Treatment of renal injury after BMT (human)
Mitigation and treatment of chronic renal injury (rat)
Mitigation of chronic lung injury (rat)
Mitigation of chronic renal injury (rat)
Treatment of chronic renal injury (human)
Mitigation of chronic renal injury (rat)

Mitigation of optic neuropathy (rat)

Rise in

blood pressure

Fig. 9.1. A simplified version of the endo-
crine renin-angiotensin system (RAS).
The conversion of angiotensinogen by
renin is shown as mediated by a fall in
blood pressure. The resulting production
of angiotensin I (A;) leads to production
of angiotensinII (A[;), via angiotensin
converting enzyme (ACE), and Aj; acts
to increase the blood pressure, thus
turning off the initial stimulus

Vasoconstriction

(ACE) to angiotensin II (A;), an octapeptide vaso-
constrictor. This raises the blood pressure, which
turns off the stimulus to renin release. A, also stim-
ulates aldosterone secretion by the adrenal glands,
and that mineralocorticoid acts on kidneys to pro-
mote salt retention, which in turn assists in raising
the blood pressure.

This simple system is in reality much more com-
plex (Fig. 9.2). There are non-ACE pathways for an-
giotensin synthesis, there are atleast two types of Ay

Aldosterone action

’ Artery

Liver

Drop in Angiotensinogen

blood pressure

Renin

Angiotensin |

ACE

Lung

G—

Angiotensin Il (All)

receptor, and some tissues have entire RAS within
them (so-called paracrine systems). All the compo-
nents of the RAS, from renin to A, receptors, for in-
stance, are present in heart and kidneys [5].
AstheRAShasbecomebetter known, pharmaceu-
ticals have been developed that act on it. One of the
earliest, teprotide, was isolated from snake venom
almost 40 years ago [6]. From this was derived the
drug captopril, which inhibits ACE, thereby antago-
nizing the RAS. Captopril and its congeners, such as
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Fig.9.2. A more detailed diagram of

the RAS. The addition of conversion Bradykinin
pathways other than renin and ACE
are shown, as is part of the bradykinin \
pathway. The presence of two types of .
Ay receptors is also shown, along with Inactive

1 > peptides

their antagonists. It is likely that there
are additional types of Aj; receptor.
The paracrine (tissue-localized) RAS
adds additional complexity, which is
not shown

Receptor Type 1 (AT,)
vasoconstriction
hypertensive
proliferative
renal sodium recention

enalapril and lisinopril, are in common clinical use
today for treatment of hypertension, renal disease,
and heart failure. It is likely that their benefits de-
pend on both the control of blood pressure and on
antagonism of the RAS (endocrine and paracrine).

In the case of diabetic renal disease, so-called
diabetic nephropathy, captopril and other ACE in-
hibitors were shown to be effective in treatment of
patients with established renal disease in the early
1990s [7]. More recently, the focus has shifted to-
wards earlier intervention, before loss of kidney
function. There are similar distinctions in the ap-
proach to radiation injuries (Fig. 9.3).

Use of ACE inhibitors and A[; blockers in treat-
ment and mitigation of normal tissue radiation in-
juries are summarized on Table 9.1. Clearly, these
agents are effective in more than one tissue and in
more than one animal species. That effect is, how-
ever, not totally generalizable, because ACE inhibi-
tors are not effective in mitigating gastrointestinal
[8] or bone marrow injury in rats [9]. Nonetheless,
the weight of the data have overturned the tradi-
tional view that normal tissue radiation injuries are
untreatable.

9.3
The Case of Radiation Nephropathy

We have investigated the mechanism of action
whereby ACE inhibitors and A-blockers mitigate
and treat radiation nephropathy. These might in-
clude the antihypertensive action of these drugs,

(Losartan, L-158809) ==z

Angiotensinogen
Renin
Non-renin
Angiotensinl ~ <+—— non-ACE
ACE Inhibitors " pathways
(e.g., Captopril) l ACE
Angiotensin Il (All) <——
AT, blocker AT, blocker

X (PD-123319)

Receptor Type 2 (AT,)
vasodilation
hypotensive

proliferative/anti-proliferative??
anti-apoptotic/pro-fibrogenic??

“Other” antihypertensives
No drugs

08
Captopril (low dose)

» Enalapril

Fraction Developing Renal Failure

04
Captopril (high dose)
02F
0.0 AT, Blocker
e Drug therapy >
0 20 20 60 30

Weeks after Irradiation

Fig. 9.3. Effect of antihypertensive therapies on the develop-
ment of experimental radiation nephropathy. Actuarial in-
cidence curves of the development of renal failure are shown
for rats that received 17 Gy (in six fractions) plus BMT and
were treated with: high and low dose captopril, enalapril, an
Ay type-1 receptor antagonist (L-158,809), or various other
antihypertensives that act by mechanisms not directly re-
lated to A activity

their effect on urinary protein, their effect on renal
cell proliferation, or their blockade of radiation-ac-
tivated RAS.

We use a total-body irradiation (TBI) model to es-
tablish radiation nephropathy. Barrier-maintained
rats undergo 17 Gy TBI in six equal fractions over
3 days, followed by bone marrow transplantation
(BMT) from a syngeneic litter mate [10]. Renal failure
is the major normal tissue toxicity in this model. It is
marked by proteinuria, hypertension, and azotemia.
We have used multiple antihypertensive agents in
attempts to mitigate and treat radiation nephropa-
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thy in this model. Anti-hypertensive drugs that do
not act on the RAS are ineffective at slowing the
progression to renal failure, as shown in Figure 9.3.
On the other hand, captopril and its non-thiol con-
gener, enalapril, significantly slow progression in
this model [11]. It is worth noting that the beneficial
effect of low-dose captopril occurs without blunting
the proteinuria in this model. Thus, the benefits of
ACE inhibitors in radiation nephropathy appear to
occur independently of controlling proteinuria, and
antihypertensives that do not interact with the RAS
do not protect against radiation nephropathy. What
is also noteworthy is that the benefits of captopril in
this model occur at a dose which is compatible with
human doses used in the clinic, when factored per
body surface area.

In addition, captopril does not have to be pres-
ent at the time of irradiation to exert a long-term
beneficial effect in experimental radiation ne-
phropathy. We showed that one could delay the
start of captopril therapy until 25 days after TBI
and still achieve excellent long-term benefits, i.e.,
mitigation of radiation nephropathy [12]. These
data show that captopril is not acting as a classical
radioprotector.

Because Ay, is a growth promoter for kidney cells
[13] we tested the hypothesis that the beneficial ef-
fects of ACE inhibitors or A} blockers was dependent
on their anti-proliferative action. Renal epithelial
cell proliferation is well documented in radiation
nephropathy and could play a mechanistic role [14].
Using our 17-Gy TBI-BMT model, we tested this hy-
pothesis by quantifying renal cellular proliferation
using immunohistochemistry for proliferating cell
nuclear antigen (PCNA). Continuous use of the Ay
blocker, L-158,809, from the time of irradiation on-
ward, significantly reduced tubular epithelial prolif-
eration to below that of rats receiving only radiation
(Fig. 9.4) [15]. However, subsequent studies using the
same model do not support the tubular cell prolif-
eration hypothesis. In these studies, we showed that
a high-salt diet, appropriately timed, had a long-
term beneficial effect in radiation nephropathy and
that this coincided with suppression of the RAS [16].
We then tested whether a high-salt diet exerted this
beneficial effect via a reduction in renal tubular cell
proliferation; it did not (JE Moulder and EP Cohen,
unpublished observation).

The involvement of the RAS in radiation ne-
phropathy has been further tested by analysis of its
components. Serum renin does not change during
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Fig.9.4. Time course of proliferation
rates, as assessed by PCNA labeling, of
renal tubular and glomerular cells in
rats given 17 Gy (in six fractions) alone
(solid circles) or 17 Gy (in six fractions)
plus an A, type-1 receptor antagonist,
L-158,809 (open circles), compared with
unirradiated controls (open squares).

The data are shown as medians with

0 10 20
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20%-80% ranges. (Reproduced from
[15] with permission)
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the first 6 weeks after irradiation and is below nor-
mal at 17 weeks after 17 Gy TBI [17]. During the 3- to
9-week interval after TBI, when ACE inhibitors and
A blockers are most effective [18, 19], neither whole
blood A, nor intrarenal A levels are different from
those of age-matched, unirradiated rats [17]. During
that same interval, there appears to be no change in
saturable renal A receptor binding (Fig. 9.5). Thus,
the beneficial effect of ACE inhibitors and A} block-
ers in radiation nephropathy appears to occur in the
setting of a normally active RAS.
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Fig. 9.5. Time course of Aj; binding in kidney microsomes
obtained from irradiated (17 Gy in six fractions) and control
rats. Microsomes obtained from irradiated rats (solid circles)
did not have different A}; binding compared to that of unir-
radiated control rats (open circles), specifically during the
interval in which ACE inhibitors and A, type-1 antagonists
are effective in attenuating long-term injury

It has been proposed that the benefit of block-
ade of the angiotensin type-I (AT,) receptor derives
from the unopposed action of A;; on the angiotensin
type-2 (AT,) receptor [20]. We tested this and found
the opposite effect - addition of the AT, antago-
nist enhanced the beneficial effect of AT, blockade
(Fig. 9.6). Studies of AT, and AT, receptors have not
shown their upregulation in irradiated kidney (JE
Moulder and EP Cohen, unpublished observation).

9.4
Non-renal Tissues

Attenuation of radiation pneumopathy by captopril
and other ACE inhibitors was shown by Ward et
al. [21, 22] over 10 years ago. These were studies in
which drug was started prior to the time of irradia-
tion and continued indefinitely. Therapy studies of
radiation pneumopathy, using drug starting when
there is established injury, have not been done.

A recent study by Kim et al. [23] showed signifi-
cant attenuation of radiation-induced optic neu-
ropathy, as measured anatomically and by visual
evoked potentials (Fig. 9.7). Again, this is a mitiga-
tion, not a treatment study.

9.5
Clinical Implications

We have linked chronic renal failure after BMT
to the TBI that is often given as part of the pre-
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Fig. 9.6. Effect of A;; antagonists on the develop- 0.6
ment of experimental radiation nephropathy. Ac-
tuarial incidence curves of the development of re-
nal failure are shown. The type-1 or the type-2 A
(PD123319) antagonists were used until 12 weeks
after 17 Gy irradiation plus BMT. The A;; type-1
antagonist significantly delayed the development
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Fig.9.7. Beneficial effect of the ACE inhibitor ramipril on
experimental radiation neuropathy. A significant delay in
the visual evoked potential tested at 6 months after irradia-
tion occurs in rats undergoing 30 Gy irradiation of the optic
nerves, and this delay is significantly shortened in rats that
received ramipril in the drinking water starting at 2 weeks
after irradiation. (Data from [23])

BMT chemo-irradiation conditioning [24]. We have
called this syndrome BMT nephropathy. The use of
ACE inhibitors and angiotensin blockers in patients
with chronic renal failure of any cause is well ac-
cepted in clinical nephrology [25]. Combining the
laboratory data with the nephrological principles
provides compelling justification for use of ACE
inhibitors or angiotensin antagonists in subjects
with BMT nephropathy or classical radiation ne-
phropathy. We thus recommend their use [26]. In
one case of radiation nephropathy occurring after
kidney transplantation, we showed clear-cut arrest
of loss of function by use of an angiotensin an-
tagonist [27]. Others have shown similar beneficial
effects with ACE inhibitors in therapy of BMT ne-
phropathy [28].

The ensemble of clinical and pre-clinical data on
ACE inhibitors has justified their use in a mitigation
trial in subjects undergoing TBI-based BMT. We are
comparing captopril to placebo in adults and chil-
dren undergoing TBI-based BMT at our center. The
protocol of this study is schematized in Figure 9.8.
We have enrolled almost 60 subjects since 1998, and
interim safety analyses have not shown adverse ef-
fects on survival or disease relapse rates. In a par-
allel cohort, consisting of the 85 subjects who were
eligible for this study, but declined to participate in
it, we have defined the occurrence of chronic renal
failure and the BMT nephropathy syndrome. These

subjects received 14 Gy TBI (in nine fractions) with
30% renal shielding. Seven subjects developed
chronic renal failure of which four have the BMT
nephropathy syndrome. In the entire group, the me-
dian baseline serum creatinine was initially 0.8 mg/
dl and this rose to 1 mg/dl at 1 year (p=0.005). In a
historical cohort of 32 subjects who had undergone
BMT between 1985 and 1989, and received 14 Gy TBI
without renal shielding, there were ten cases of BMT
nephropathy and the median serum creatinine for
this cohort rose from 0.8 mg/dl at baseline to 1.3 mg/
dl at 1 year (p=0.0002). Thus, there appears to be a
greater rise in serum creatinine and a greater occur-
rence of BMT nephropathy in the unshielded cohort.
These data confirm our previous report of the ben-
efit of partial renal shielding on BMT nephropathy,
and they provide further support for the notion that
BMT nephropathy is a form of radiation nephropa-
thy [29].

The clinical and laboratory data on ACE inhibi-
tors for radiation nephropathy, and the laboratory
data on their use in radiation pneumopathy have
prompted the Radiation Therapy Oncology Group
(RTOG) to launch a phase-II trial of captopril to re-
duce normal lung injury in subjects undergoing ra-
diation therapy for lung cancer (RTOG - 0123 [30]).
In this study, it will be tested whether late radiation
lung toxicity (pneumopathy) will be significantly re-
duced by the use of captopril compared to no drug.
The maximum dose of captopril to be used is 50 mg
thrice daily, which is a usual therapeutic dose. This
study is underway, and has enrolled 77 patients to
date.

9.6
Conclusions

It is now reasonable to affirm that at least some
normal tissue radiation injuries are treatable and
some may be mitigated. In the case of lung, brain,
and kidney, these benefits are achieved with ACE
inhibitors and/or A receptor blockers, which sug-
gests an important role for the RAS for these three
tissues. Nonetheless, radiation-induced activation
of the RAS has not been found. That may suggest
that normal activity of this system is deleterious
in the irradiated subject, or that its antagonists
have an alternative (as yet undiscovered) mode of
action.
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Fig. 9.8 Schema of the ongoing study of captopril to prevent chronic renal failure after BMT in adults
and children undergoing TBI-based BMT at our center
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10.1
Introduction

The use of radiation has such an established place
in the practice of medicine, both for the diagnosis
of multiple ailments and for the therapy of cancer,
that it would be difficult to imagine modern medi-
cine without X-rays. Each year worldwide, 2 billion
diagnostic X-ray procedures are performed, while
5.5 million patients receive radiotherapy. With so
many individuals exposed to an agent that is a
known and proven human carcinogen, it is prudent
to ask if there is a price tag.

It has been estimated that 10% of all patients pre-
senting at major cancer centers in the US do so with
a second malignancy. Second cancers arise from:
(a) continued lifestyle, (b) genetic susceptibility, or
they are (c) treatment-related. It is difficult to per-
suadeindividualsto change theirlife-style,and while
individuals with a known genetic disorder may have
an alarmingly high risk for second and even third
malignancies, they account for a relatively small
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Summary

Radiation has an established place in the diagno-
sis and therapy of cancer. About 10% of patients
presenting with cancer at major centers have a sec-
ond malignancy. Most are a result of genetic pre-
disposition or continued lifestyle, but some are
treatment-related. For example, in patients treated
for prostate cancer, about 1 in 70 develop a radia-
tion-induced cancer by 10 years post therapy. Most
second cancers are carcinomas arising in organs
close to or remote from the treatment site. There
is also an incidence of sarcomas within or close to
the treatment volume, in the high dose region. The
absolute risk is small, but the relative risk is high
for these tumors. Animal studies show that the
risk of a radiation-induced sarcoma approaches
100% following high doses in animals followed for
a lifetime. This suggests that the reason for the low
sarcoma risk in patients receiving radiotherapy for
prostate cancer is their short life expectancy.

Innovations such as intensity modulated ra-
diotherapy (IMRT), while improving local tumor
control and reducing early morbidity, are likely
to increase the incidence of second cancers due
to additional leakage radiation during protracted
treatments. Protons may alleviate the problem,
but only if scanning beams are available.

fraction of human cancers. Here, we direct attention
to radiation-induced second malignancies.

There are many single-institution studies in the
literature involving radiotherapy for a variety of sites
that conclude that there was no increase in second
malignancies, although a more accurate assessment
would have been that the studies had limited statistical
power to detect a relatively small increased incidence
of second malignancies induced by the treatment [6].
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Most radiation oncologists who see a limited
number of patients with any given type of tumor
do not see second malignancies as a serious prob-
lem. There are the well-known exceptions, such as
the significant incidence of breast cancer in young
women receiving radiotherapy for Hodgkin’s lym-
phoma [1, 7, 9], where the effect is too large to be
missed. However, in most instances, it is difficult
to get a reliable estimate for the incidence of second
cancers following radiotherapy because a truly ap-
propriate control group is not available. The two
principal exceptions are carcinoma of the cervix in
women and carcinoma of the prostate in men, since
in both of these examples surgery and radiotherapy
are alternative choices, and so the patients treated
with surgery constitute the ideal control.

In the year 2000, through a collaborative project
with the Radiation Epidemiological Branch of the
National Cancer Institute, we completed the largest
ever study of second malignancies in patients treated
for prostate cancer. Data regarding the rate of inci-
dence from the Surveillance, Epidemiology, and End
Results (SEER) Program cancer registry (1973-1993)
[2] were used to compare directly second malig-
nancy risks in 51,584 men with prostate carcinoma
who received radiotherapy (3549 of whom developed
second malignancies) with 70,539 men who under-
went surgery without radiotherapy (5055 of whom
developed second malignancies). Data were strati-
fied by latency periods, age at diagnosis, and site of
the second malignancy.

Radiotherapy for prostate carcinoma was associ-
ated with a small, statistically significant increase in
the risk of solid tumors relative to treatment with
surgery. Among patients who survived for >5 years,
the increased relative risk reached 15%, and was
34% for patients surviving >1 years (Fig. 10.1). The
pattern of excess second malignancies among men
treated with radiotherapy was consistent with radio-
biologic principles in terms of site, dose, and latency.
In absolute terms, 1 in 70 patients who received ra-
diotherapy for prostate cancer will develop a second
malignancy if they survive for 10 years following
treatment.

A closer look at this study of prostate cancer pa-
tients reveals some interesting biologic insights.
Analyzing the solid tumors site by site, there were
significant radiation-associated increases in bladder
carcinoma, rectal carcinoma, and lung carcinoma,
as well as sarcomas in or near the treatment field.
The distribution of second cancers is also shown in
Fig. 10.1. It is interesting to note that the increase in
relative risk for carcinoma of the lung, which was
exposed to a relatively low dose (about 0.5 Gy), is of
the same order as that for carcinomas of the bladder,
rectum, and colon, all of which were subject to much
higher doses (typically more than 5 Gy).

Although the larger number of radiation-associ-
ated malignancies clearly are carcinomas, as in the
Japanese A-bomb survivors, the largest increase in
relative risk is for in-field sarcomas, where it reaches
over 200% at 10 years. This is a category of malig-
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nancy not observed in excess in the A-bomb sur-
vivors. In this, as in the majority of other studies,
radiation-induced sarcomas occur only in heavily
irradiated sites, close to the treatment volume. These
observations most likely reflect a different mecha-
nism for the induction of sarcomas compared with
carcinomas. Carcinomas arise in tissues where, even
in the adult, cells are turning over and/or are under
hormonal control. By contrast, the target cells for
sarcoma typically are dormant cells and large doses
are needed to produce sufficient tissue damage to
stimulate cellular proliferation. The sarcoma data
in prostate patients appear to follow this pattern,
with significant radiation-associated risks being ob-
served for sites in and close to the treatment volume
but not for more distant sites, which received lower
doses.

The most probable reason that so few sarcomas
were observed in the prostate patients is that most
lived for such a short time after radiation therapy.
A comparison with animal data is enlightening.
A study at the National Institute of Health in the US
involved irradiating Beagle dogs with large single
doses in order to determine the tolerance of various
organs in preparation for a program of intraopera-
tive radiation therapy (IORT) [5]. An unexpected
observation was that 25% of the dogs that received
25 Gy or more developed an in-field sarcoma with a
latency of 3.6 years. This was an incidental observa-
tion, and not the purpose of the study. Dr. A. van der
Kogel has irradiated a large number of rats in the
study of radiation effects on the spinal cord. It was
again an incidental observation that 50% of the ani-
mals who received 50 Gy developed a sarcoma, while
20% of those exposed to 20 Gy developed a sarcoma
(A. van der Kogel, personal communication). Two
decades ago, Herman Suit studied the incidence of
radiation-induced sarcoma in defined flora and spe-
cific pathogen free mice, which had a life expectancy
0f 900-1000 days [8]. He showed that 50% of the ani-
mals developed a sarcoma by 480 days after a dose
of 6.5-7.5 Gy, and 85% of the animals developed a
sarcoma by 800 days. In comparing the animal data
with the human experience, thelatency periods must
be thought of relative to the life span of the animals,
i.e., the animals were observed for a much longer pe-
riod post-irradiation relative to their life than were
the radiotherapy patients, as illustrated in Fig. 10.2.
The conclusion is that the incidence of sarcomas in
heavily exposed tissues approaches 100% if a suffi-
ciently long period is available for study following
radiation.

90 Mice 70Gy 4

70
60
50 Rat 50Gy m
40 Mice 70Gy A

30
D .

20 ogs >25Gy ® Rat 20Gy

<20Gye®

ol ~Human 70Gy . ] i .
10 20 30 40 50 60 70 80 90

50Gy 36Gy
A A

% Induced Sarcoma

% Life span

Development of sarcomas with time after irradiation

Fig. 10.2. Percent radiation-induced sarcomas as a function
of time after irradiation, expressed as a percentage of normal
life-span, for humans, dogs, rats, and mice. The number of
sarcomas is also dependent on the radiation dose, but, in
particular, it increases with time. The fact that radiation-
induced sarcomas are rare in radiotherapy patients reflects
the fact that most patients do not live for a large fraction of
their life span after treatment

10.2
The Impact of IMRT on the Incidence of
Radiation-Induced Second Cancers

The move from three-dimensional conformed ra-
diotherapy (3D-CRT) to intensity-modulated radia-
tion therapy (IMRT) involves more treatment fields.
The dose-volume histograms (Fig. 10.3) show that,
as a consequence, a larger volume of normal tis-
sue is exposed to lower doses in the case of IMRT
compared with 3D-CRT. In addition, the number
of monitor units is increased by a factor of 2-3,
increasing the total body exposure due to leakage
radiation from the accelerator head. Both factors
will tend to increase the risk of second cancers.
Before an estimate can be made of the consequences
of these two factors, we must arrive at a dose-re-
sponse relationship for radiation-induced cancer.
For single whole-body exposures, the relationship
between mortality from solid tumors among the
A-bomb survivors is consistent with linearity up
to about 2.5 Sv. There is considerable uncertainty
concerning the shape of the dose-response relation-
ship for higher doses in the context of radiotherapy,
where limited volumes of tissue receive doses of
20, 30, to even 70 Gy, while a much larger volume
receives a lower dose because it is exposed to only
some of the treatment fields.

Several possibilities can be entertained. First, it
might be expected that the risk of inducing cancer
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Fig. 10.3. Dose-volume histograms for two typical treatment
plans for prostate cancer; a four-field conformal plan and a
nine-field plan using intensity modulation. (From [4])

would fall off sharply at higher doses due to cell
killing, on the grounds that dead cells cannot give
rise to a malignancy. However, none of the dose-re-
sponse curves for radiation-induced cancer in hu-
mans have this shape. It must be regarded, there-
fore, as an extreme possibility. The other extreme
possibility, suggested by the data from some human
studies, is that the risk of solid tumors shows a level-
ing off at 4-8 Gy with no decline thereafter. An in-
termediate case is represented by women who have
been treated with radiation for cervical cancer and
have an increased risk of developing leukemia, but
the dose-response relationship is complex: the risk
increases with doses up to about 4 Gy and decreases
slowly at higher doses.

Figure 10.4 shows data for excess relative risk
over a wide range of doses for three types of human
cancers. The low-dose data came from the A-bomb
survivors, and the high-dose data came from radio-
therapy patients. It is quite evident that excess rela-
tive risk is not a linear function of dose, but rather it
tends to plateau after rising steeply with dose up to
about 5 Gy. These data imply that there is compara-
tively little change in relative risk from 5 to 50 Gy, so
that in this range it is the volume of normal tissue
exposed that dominates the magnitude of the risk.

A simple way to compare 3D-CRT and IMRT is
to assume, as a first approximation, that the cancer
risk associated with irradiating part of the trunk is
directly proportional to the volume irradiated. By
a comparison of dose volume histograms for 3D-
CRT and IMRT, it was estimated that IMRT might
increase the risk of radiation-induced carcinomas
by perhaps 0.5% [4].
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Fig. 10.4. Excess relative risk as a function of dose for three
types of radiation-induced human solid cancers. The low-
dose data came from the A-bomb survivors, while the high-
dose data refer to radiotherapy patients. (Data compiled by
Dr. Elaine Ron)

Delivery of a specified dose to the isocenter from
a modulated field, delivered by either dynamic
IMRT or the step and shoot method of IMRT, will,
in general, require the accelerator to be energized
for longer (hence more monitor units are needed)
compared with delivering the same dose from an
unmodulated field [10]. Some years ago, we made
measurements of scattered and leakage radiation us-
ing an anthropomorphic “Randoman” phantom [3].
We used ionization chambers to measure the dose
to a breast while a four-field technique was used to
deliver a dose of 70 Gy to the cervix. Using a 6-MV
LINAC, the breast dose was 0.25 Gy, while, with a 20-
MV LINAC, the dose consisted of 0.5 Gy of X-rays
plus a photoneutron component of about 1 cGy. We
need only consider the data for the 6-MV LINAC,
since higher energies are not usually used for IMRT.
The breast dose of 0.25 Gy translates into a risk of
radiation-induced cancer of about 0.5%, using a risk
estimate of 2%. It is a sobering thought that, when
a patient lies on the treatment couch under a mod-
ern Linac, in addition to the dose directed at the tu-
mour, they receive a total body dose due to leakage
radiation that equals the average dose received by
the survivors of Hiroshima and Nagasaki. The total
extra cancer risk posed by IMRT is the sum of that
due to the extra volume of normal tissue exposed,
(0.5%) and the total body dose due to extra leakage
resulting from a doubling of the number of monitor
units (0.5%); in other words, the change to IMRT re-
sults in about a doubling of the incidence of second
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cancers observed compared with more conventional
radiation therapy.

10.3
Protons

Protons offer the possibility of reducing the volume
of normal tissue involved, which one might expect
to reduce the risk of second malignancies. However,
for facilities where passive modulation is used (i.e.,
scattering foils), the total body neutron dose is likely
to more than negate the gains from dose distribu-
tion. The use of a scanning beam greatly reduces the
production of neutrons and in this situation the full
potential advantage of protons can be realized.

10.4
The Bottom Line

In Western countries, rather more than half of all
cancer patients receive radiotherapy at some stage
in the management of their disease. Because of the
latent period between exposures to radiation and
the appearance of a radiation-induced cancer, stud-
ies show that the incidence of second malignancies
following radiotherapy increases with time after
treatment. In older patients that survive 10 years,
about 1.5% will develop a radiation-induced second
cancer. This percentage is likely to be approximately
doubled by new sophisticated techniques, such as
IMRT, which deliver a higher curative dose to the
primary cancer, but result in more radiation to ad-
jacent organs and to the whole body.

Second cancers become an increasing problem as
treatment techniques improve, since patients must
survive the first cancer in order to develop a sec-

ond. It also becomes more of a problem as younger
patients become candidates for radiotherapy. Pro-
tons may alleviate the problem, but only if scanning
beams are available.
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Summary

Sophisticated planningsystemsnowreadilyprovide
the treatment planner with an increasing number
of competing treatment plans. There is, however,
no generally accepted method to compare and rank
these competing treatment plans. A “realistic” ap-
proach utilizing decision analysis tools to rank
treatment plans based on quality adjusted life years
(QALY) expectancy was developed. The decision
analysis methods were applied to the concept of
uncomplicated tumor control probability (UTCP).
The expected outcome for an anticipated course of
radiation was described as a series of probabilities:
alive, free of disease without complication; alive
with disease; alive with complication, etc. For each
of these states of health, a utility can be assigned
based on published work or empirical estimates.
The total QALYs for a particular treatment plan
represent the product of duration-weighted states
ofhealth. The formalism for UTCP was generalized
to incorporate the total QALY (UTCP,;y) for a
particular treatment. This approach was applied
to compare competing treatment plans for a pa-
tient receiving high-dose external beam irradia-
tion for unresectable non-small cell lung cancer.
The plan ranking based on the traditional UTCP
and QALY-weighted UTCP (UTCP,y) values was
different. The QALY-weighted UTCP better re-
flects the importance of tumor control over mild
complication, by giving less weight to the latter.
This was confirmed by applying the method to
clinical data from 201 lung cancer patients, 39 of
whom developed radiation-induced pneumonitis
(RP). The construct presented represents a poten-
tial improvement in the current methods used to
compare competing treatment plans. Formulas
presented are straightforward and can be readily
incorporated into treatment planning systems.
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111
Introduction

Modern radiotherapy treatment planning systems
provide an increasing number of competing treat-
ment plans. For most clinical situations, a number
of treatment plans will achieve a specific set of dose/
volume objectives. The decision to select a particular
plan for treatment is generally made by a radiation
oncologist based on training and clinical experi-
ence. The criteria applied are often poorly-defined,
qualitative, and largely based on clinical judgment,
tradition, and familiarity.

Mathematical algorithms and dose-response
models, based on statistical theories such as the tu-
mor control probability (TCP) model and the nor-
mal tissue complication probability (NTCP) model,
have been developed to better objectively quantify
this decision process. While such models have been
incorporated into planning systems to compare
treatment plans, there is still, however, no generally
accepted method to score and rank these compet-
ing treatment plans. The concept of “uncomplicated
tumor control probability” (UTCP) has been used
previously [1-4].
UTCP=TCP (I-NTCP) (1L.1)

However, this approach weights a complication
equal to a tumor relapse and ignores severity/grades
of complications, which is certainly not clinically re-
alistic. For example, mild lung fibrosis is not nearly
as important as transverse myelitis. Furthermore,
a study by Langer et al. [5] reported that this score
function should not be used to draw conclusions on
treatment techniques without statements of errors in
the TCP and NTCP values. A number of studies sug-
gested the use of weighting coefficients in the UTCP
score function to allow for differences in tissue im-
portanceand the use of critical elements architecture
for calculating NTCPs [6, 7]. However, uncertainty
in tissue weighting introduces additional errors/un-
certainties in plan ranking with UTCP. It is often up
to the treatment planner to weigh those elements ac-
cording to personal priorities using a complex mix
of emotion and logic. These concerns/shortcomings
have limited the broad application of the UTCP con-
cept in the plan-evaluation process. Thus, we do not
presently have a rationale and/or objective/quantita-
tive method to incorporate normal tissue concerns
into the radiation treatment planning process.

The concepts of decision analysis tools and qual-
ity adjusted life years (QALY) have been used to
compare different medical interventions [8-11]. De-
cision analysis tools may provide a more realistic
approach to rank treatment plans based on QALY
expectancy. We herein expand the UTCP formalism
to include the concept of QALY using decision anal-
ysis methods to better quantify the treatment plan
selection process. This approach is first applied to a
case example, comparing four competing plans for
a patient with unresectable non-small-cell lung can-
cer, and then to a set of 201 patients who were treated
for lung cancer with external-beam radiotherapy, 39
of whom developed radiation-induced pneumonitis
(RP).

11.2
Methods

11.21
Theory

The expected outcome for an anticipated course of
radiation can be described as a series of probabilities
for different states of health: alive, free of disease
without complication; alive with disease; alive with
complication, etc. For each of these states of health,
a “utility value” can be assigned, based on published
work or empirical estimates, (e.g., 0= death; 1 =alive
and normal; 0.8 =alive, but short of breath on oxy-
gen). The utility value quantifies the relative quality
of life for each state of health. For example, 20 days
on oxygen may be considered worth 15 days alive
without a complication.

This approach can be used to calculate a QALY-
adjusted probability of non-complication in normal
tissue, (I-NTCP) g4,y For instance, the NTCP,y
for a single organ represents the product of utility-
duration-weighted states of health (i.e., grades of
toxicity).

(I-NTCP) gpry=
[1-Duration, - (1-Utility,) - NTCP, ] -
[1-Duration,- (1-Utility,) - NTCP,] - (11.2)
Substituting Eq.11.2 in 11.1, the conventional
UTCP formalism of a treatment plan can be gener-
alized by incorporating the QALY information as
follows:
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UTCP 1y = TCP (1-NTCP) 1 (11.3)
N
UTCP ;4= TCP gu- Duration;- (1-Utility;)- NTCP)]
Duration factor < Utility factor

where the index i indicates that the calculation
is performed for all states of health in a complica-
tion (i.e., all grades of a complication). The duration
factor is calculated by the ratio of the average dura-
tion of each state of health (i.e., complication grade)
relative to the average patient life expectancy (dura-
tion/life-expectancy). The utility factor quantifies
the relative quality of life for each state of health in
complication. Note that Eq. 11.3 can be used for all
critical structures at risk for complications.

The formalism above represents the classic UTCP
formula, with utility-weighted, duration-weighted,
and probability-weighted values for states of health
in complications. The values can be derived from
true patient-rated quality of life information, when
available. This formalism can be readily expanded
to the full QALY approach by incorporating health-
state transition probabilities estimated from the
literature and applying a Markov stochastic system
approach.

11.2.2
Treatment Plan Evaluation

11.2.21
Comparing Lung Plans for a Single Patient

Several competing treatment plans, consisting of one
traditional three-dimensional conformal radiother-
apy (3DCRT) plan and three intensity-modulated
radiotherapy (IMRT) plans, were generated from
a patient that we treated with high-dose external
beam irradiation for unresectable non-small-cell
lung cancer. The structures of interest, such as gross
target volume, clinical target volume, and normal
structures were defined and segmented on multiple
CT images.

The competing plans were generated using PLUNC
treatment planning software (Plan UNC, University
of North Carolina), all using 15-MV photons [12].
The 3DCRT plan used anterior-posterior opposed
fields to 46 Gy with oblique off-cord “axial” boost
fields. The boost field orientation was selected to
provide acceptable coverage to the gross disease,
yet minimize dose to the lung. The IMRT plans were
generated with the goal of further sparing the criti-

cal structures beyond that achieved with the 3SDCRT
plan.

The different IMRT treatment plans resulted from
the use of slightly different dose-volume optimiza-
tion constraints. A uniform set of six coplanar fields
was used for all IMRT plans. A dose prescription of
78 Gy to the 95% isodose line, which covers the target
volume, was used for the 3DCRT and IMRT plans.
Minimum and maximum doses of 98% and 103%
relative to the prescription dose were used as the tar-
get dose-volume constraints. As a starting point, the
critical structures’ dose-volume constraints for the
lung plans were defined based on the data of Emami
et al. [13] and Burman et al. [14], respectively. The
dose-volume constraints for critical structures are
listed in Table 11.1. For each plan, TCP, NTCP, the
traditional UTCP (Eq.11.1), and utility-duration
weighted UTCP (UTCPq,;y) (Eq. 11.3) values were
computed. The grade distribution, utility, and du-
ration factors, as well as the life expectancy values
used, were the same as in the multi-patient study
which is discussed in Sect. 11.2.2.2.

The TCP model used in this work is based on
the principles of the linear-quadratic model of cell
survival [15]. In the TCP model, a value of 0.35 Gy!
was used for the mean radiosensitivity of a cell
population (a,.,,)- The standard deviation (o),
or level of inter-patient variability of radiosensitiv-
ity, was set to 0.08 Gy!. A clonogenic cell density of
1.5 million/cc was assumed. The effective doubling
time for tumor clonogens (T,¢) of 5 days was used
in the lung plans. The overall elapsed time (T) of
39 days, over the course of radiotherapy treatment,

Table 11.1. The dose-volume constraints used for critical
structures in the lung IMRT plans

Dose-volume constraints

Structure Dose (Gy) Volume (%)
Lungs 20 30

35 15
Heart 30 100

40 66

45 0
Esophagus 50 100

60 33

80 0
Spinal cord 45 0
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was used. The time between the first treatment and
when tumor proliferation begins (kick-off time, T})
was set to 0.

The NTCP model parameters used in this study
are based on the work of Burman et al. [14]: the vol-
ume dependence (n), NTCP versus dose slope (m),
and the dose-to-reference volume leading to 50%
complication (TDs;). The NTCP values for these pa-
tients were calculated using the following parameter
values: TD,,=30.5 Gy, m=0.3 and n=1. These pa-
rameter values were similar to the ones used in the
multi-institutional study by Kwa et al. [16]. The ex-
act models including the cell kinetics and other pa-
rameter values used to compute the TCP and NTCP,
respectively, are not critical to the results, although
the same values must be applied in each model for
valid comparison. Similar results would be obtained
with alternative models.

11.2.2.2
Comparing Lung Treatment Plans from a Group of
Patients

Dose-volume histograms from 201 lung cancer
patients treated with external-beam radiotherapy
at Duke University Medical Center between 1991
and 1999 [17] were compared and ranked using the
UTCP and UTCP,;y methods. Of the 201 patients
39 developed RP. For more details on patient demo-
graphics, dosimetry, and planning techniques, etc.,
the reader is referred to Hernando et al [17]. Based
on the clinical outcome data of these lung cancer
patients, we estimated that patients with pneu-
monitis would have a grade distribution of 10.3%,
69.2%, and 20.5% for grade 1, 2, and 3, respectively
(grade 1=shortness of breath, grade 2 =initiation
or increase in steroids; grade 3 =initiation of oxy-
gen; and grade 4 =ventilation or death) [17]. Utility
values of 0.9, 0.8, and 0.3 were assigned for grade 1,
grade 2, and grade 3 pneumonitis with an average
duration of 1 month, 4 months, and 18 months,
respectively. An average patient life expectancy
of 20 months was used. The values were assigned
based on our clinical experience [18, 19]. The ex-
act selected values are not critical to illustrate the
concept.

For each plan, the TCP, NTCP, UTCP, and
UTCPqy,y values were computed. The lung
NTCPg,;y adjusted for the overall rate of pneumo-
nitis was calculated and used in Eq. 11.3, whichis an
overall lung NTCP score computed as the product of
utility-duration weighted grades of pneumonitis.

11.3
Results and Discussion

Figure 11.1 shows the transverse dose distribu-
tions of the 3DCRT plan and one of the IMRT plans
(IMRT-2) for the single patient study. Table 11.2
and Figure 11.2 show TCP, lung NTCP, UTCP, and
UTCP g,y values for the 3D plan and the three IMRT
plans. The 3DCRT plan has the highest TCP and the
highest lung NTCP values, resulting in the lowest
UTCP value. Compared with the 3DCRT plan, the
IMRT plans were better in sparing the lung at the
expense of losing some target coverage. The IMRT-2
plan has the lowest TCP and the lowest lung NTCP
values that resulted in the lowest UTCP value among
the IMRT plans. The conventional UTCP formal-
ism scored IMRT-1 as the best plan. The UTCPq,;y
scoring ranks the 3DCRT plan as the best plan, re-
flecting the fact that it has the highest TCP. The
spread of UTCP values is 1.7%, whereas the spread
of UTCP,;y values is 5.0%, which is closer to the
TCP spread of 6.0%.

The “classic” UTCP formula gives equal weight to
the TCP and NTCP, which is reflected in the flatness
of the UTCP curve in Figure 11.2. Since the different
plans are designed to all be at the top of the typical
bell-shaped UTCP curve, the variationin UTCP from
one plan to another is small. However, it is generally
accepted that since local tumor control is required
to sustain life, it is always more important than non-
life threatening mild normal tissue complication.
Therefore, it is crucial to weight the NTCP by a factor
that tends to decrease its importance, and more so
for non-severe grades of complications than for very
severe grades of complication. The probability for a
severe complication is generally much smaller than
for a lower grade of the complication, so they rarely
play a role, but it is crucial that they be taken into
account. This is illustrated in the case example: the
3DCRT plan has the highest TCP value; therefore, as
complications are mild (mostly grade 2), it should be
ranked highly, which is achieved by the UTCPq,;y
scoring, but not the UTCP scoring.

Figure 11.3 shows the TCP, NTCP, UTCP, and
UTCPq,y data for 163 out of 201 patients treated
with external beam radiotherapy. Figure 11.4 depicts
the UTCP and UTCP,;y values for the patients with
RP differentiated by complication grade. For the
purpose of clarity of Figure 11.3, we kept only the
163 patients for whom the TCP was greater than 0.9;
33 out of these 163 patients developed RP. The fig-
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Fig. 11.1a,b. Percent relative isodose distributions for the 3DCRT plan (a) and IMRT-2 plan (b). The dose distributions show
that the IMRT-2 plan is more conformal than the 3DCRT plan at the cost of slightly losing target coverage. Unlike the UTCP
plan values, the UTCP,y values, which incorporate clinically realistic quality of life data, suggest that the UTCP, y for-

malism provides better differentiation between plans

Table 11.2. Tumor control probability (TCP) for the gross tu-
mor volume, and normal tissue control probability (NTCP),
for the lung of the 3DCRT and IMRT lung plans. Uncom-
plicated tumor control probability (UTCP) and pneumonitis
QALY-weighted UTCP (UTCP,;y) values for lung plans

TCP NTCP UTCP

UTCP, 1y weighted
for pneumonitis

3DCRT 90.8 6.8 84.6 89.8
IMRT-1 89.9 4.2 86.1 89.3
IMRT-2 85.4 0.6 84.9 85.3
IMRT-3 87.7 27 85.8 87.4

ure shows that although the TCP values for all these
patients were close to 1, the NTCP varied signifi-
cantly. Consequently, the UTCP also varied signifi-
cantly, reaching values of 0.5. Results in Figure 11.3
were ordered by decreasing UTCP. However, TCP
and UTCP,;y were not monotonous functions of
UTCP, explaining the noisy shape of their respective
curve. The data in Figures 11.3 and 11.4 show that
using UTCP,;y scoring, the mild complications’
importance was downplayed significantly, with all
UTCP,;y values above 0.83, thereby providing a
more clinically realistic method for plan scoring.
Note that a very small group of patients developed
grade 3 pneumonitis and that no patient developed
grade 4 pneumonitis, which is reflected in the high
value of the UTCPy,,y for all patients.

The traditional UTCP bell curve is shown in
Figure 11.5. Theoretically, the best plan would be at
the top of the curve. The effect of introducing the
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Fig. 11.2. TCP, 1-NTCP, UTCP, and UTCP,y values for the
3DCRT and the three IMRT plans. The spread of UTCP g,y
values of 5.0% is close to the TCP spread of 6.0%

weighting in the UTCP,;y formalism is to modify
this shape. The clinically relevant part of the curve
is at its maximum or near the maximum. This hap-
pens at a higher dose for UTCP,;y than for UTCP,
reflecting the fact that tumor control is more im-
portant than complication avoidance (i.e., the worst
complication is uncontrolled tumor).

The usefulness of the UTCP,;y formalism de-
pends on the incorporation of true patient-rated
quality of life information and on the accuracy of
the utility, complication grade duration, TCP, and
NTCP values. The utility and duration values used
in this work were estimated based on clinical expe-
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Fig. 11.3. TCP, NTCP, UTCP and UTCPq,y values for 163
lung cancer patients treated with external beam radiother-
apy sorted in decreasing order of UTCP. Mild complications’
importance is reduced with the UTCP,;y approach
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Fig. 11.4. UTCPq,;y and UTCP distributions for different
grades of pneumonitis observed in the 33 patients who devel-
oped the complication. Both distributions have been sorted
independently in decreasing order

rience. Additional work is needed to better define
these values. Large prospective studies are needed to
better define the incidence of acute and late normal
tissue risks. The utility values, and hence quality of
life during times when experiencing a toxicity, need
to be determined. The UTCP,y approach affords a
useful method to more rationally incorporate nor-
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Fig. 11.5. Effect of the weight factors on the typical bell-
shaped curve of UTCP as a function of delivered dose. The
weight factors used to produce this curve are the ones used
in the present study

mal tissue risks into the planning process. The tra-
ditional UTCP method, that equally weights a com-
plication with a tumor recurrence is not logical.

The examples shown in this article are intended
only to present the mathematical and physical for-
mulation of the UTCP,;y concept as well as its
application. It can be readily expanded to include
multiple organs. For example, the UTCPq,y ap-
proach can take into account the possibility that a
patient develops several toxicities, each with their
respective utility factors. However, this approach is
not ideal. For example, it does not address the fact
that the occurrences of different grades of the same
complication are mutually exclusive of each other,
i.e., one patient can not develop several grades of the
same toxicity at the same time. No system will be
able to definitively address all of the possible com-
binations of complications. However, if one can in-
clude most of the clinically important ones that im-
pact quality of life or delivery of treatment and then
summarize and assign the summary score among
clinically important relative risk categories, this
may provide enough utility in order to make choices
among treatment options. Moreover, the ability to
classify plans into different risk categories (low, me-
dium, high, or extreme risk) may be clinically more
relevant, especially when the dosimetric differences
between plans are small.
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It is important to stress that at the present stage
the UTCP,;y concept should not be considered as a
validated clinical model. The concept needs further
development and refinements for clinical applica-
tions, such as radiotherapy treatments combined
with chemotherapy.

11.4
Conclusions

A method utilizing decision analysis tools to rank
treatment plans based on QALY expectancy was
developed. The construct represents a potential im-
provement in the current methods used to compare
competing treatment plans. The approach incorpo-
rates the probability of complication, the duration
of particular states of health associated with the
complication, as well as utilities for the time that the
patient must spend in these altered states of health.
Formulas presented are straightforward and can be
readily incorporated into treatment planning sys-
tems.
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Summary

Cancer-related fatigue (CRF) is widely recognized
as the most distressing adverse effect experienced
by cancer patients. We report on a large prospec-
tive survey conducted in part to characterize CRF
severity in relation to depression and shortness
of breath and to compare symptom severity in
radiation and chemotherapy patients and over
time. Careful characterization of CRF will aid in
the development of effective methods to manage
this disabling symptom.

A total of 776 patients completed a symptom
inventory questionnaire before, during, and 6
months after the initiation of chemotherapy and/
or radiation. Results were assessed by ANOVA,
ANCOVA, and paired ¢-tests (o.=0.05).

Fatigue was the most severe symptom in both
therapy groups and 25% higher in women than
men. The patterns over time for all three symp-
toms were similar (lowest at pre-treatment,
significantly increased during treatment, and
decreased at post-treatment, but remained sig-
nificantly higher than pretreatment levels). For
all symptoms and times, symptom severity was
significantly greater in chemotherapy than radia-
tion patients. This difference was confirmed in a
breast cancer patient population.

We concluded that fatigue is the worst symp-
tom in both therapy groups and worse for women
than men. Overall, symptom severity was worse
in chemotherapy than radiation patients and
followed a distinct pattern over time. Symptom
severity at 6 months post treatment remained
elevated compared with baseline. These results
suggest that treatment type and gender may be
helpful in predicting and possibly managing the
cluster of symptoms including CRF, depression,
and shortness of breath.
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Introduction

Fatigue is widely recognized as the most distressing
of the multiple adverse effects experienced by pa-
tients with cancer before, during, and after receiving
radiation therapy and/or chemotherapy [1-8]. Our
research group has conducted two large prospec-
tive surveys of patients about to begin treatment for
cancer, in part to help characterize CRF.

The first of these surveys [9] characterized the
frequency, severity, course, and potential corre-
lates of fatigue experienced by 372 patients with a
variety of cancer diagnoses who were receiving ra-
diation therapy without concurrent chemotherapy.
These patients rated the presence and severity of
each symptom on an 11-point scale of a symptom
inventory (SI) once a week for 5 weeks. The results
confirm that fatigue increases over time of treat-
ment and that cancer type correlates with fatigue
severity. At baseline (before treatment), 57% of the
patients indicated they were fatigued. The percent-
age of the patient sample reporting fatigue signifi-
cantly increased to 76% at week 3 (p<0.001) and
then rose slightly to 78% at week 5. The mean se-
verity of fatigue also increased significantly from a
level of 1.9 at baseline to 2.6 at week 5 (37% increase;
p<0.001). The proportion of patients who rated their
fatigue as >4 also rose significantly (p <0.001), from
22% at baseline to 30% at week 5. The type of can-
cer accounted for 6.6%-9.5% of the variance in the
severity of the fatigue at the five assessment times
and was also a predictor of the symptom severity.
From baseline to the fifth week of treatment, the fre-
quency of fatigue increased for patients with pros-
tate cancer (42%-71%), breast cancer (57%-77%),
head and neck cancer (64%-93%), alimentary car-
cinoma (78%-87%), cancer of the nervous system
(74%-85%), and lung cancer (78%-93%). After con-
trolling for cancer type, neither gender nor age was
predictive of fatigue severity at any time point.

The second prospective survey, reported herein,
uses the same SI tool in a large population of cancer
patients to compare the severity of fatigue to that of
the related symptoms of depression and shortness
of breath. In addition, symptom severity in patients
receiving radiation therapy is compared with that in
patients receiving chemotherapy. Thirdly, symptom
severity is examined not only prior to and during
therapy, but also 6 months following the conclu-
sion of treatments. The objective of this study is

to further characterize CRF in an effort to identify
variables that would help in predicting and possibly
managing CRF.

12.2
Methods and Materials

12.2.1
Patients and Design

Data were collected as part of a longitudinal study,
funded by the National Cancer Institute (NCI), to
assess the informational needs of cancer patients
undergoing chemotherapy or radiation therapy. Sev-
eral other articles have been published on different
aspects of these data to date [10-12]. Participants
were outpatients recruited from 17 private medi-
cal oncology practices throughout the US who were
grantees of the NCI’s Community Clinical Oncology
Program (CCOP) and were members of the Univer-
sity of Rochester Cancer Center (URCC) CCOP Re-
search Base between January 30, 2001 and Septem-
ber 13, 2002. Patients with diagnoses of breast, lung,
prostate, hematologic, gastrointestinal, or head and
neck malignancies were accrued to the study prior
to their first treatment. Those who had prior chemo-
therapy or radiation therapy were not eligible, but
those with prior surgery were eligible to enroll in
the study. Demographic data, clinical diagnosis, and
other pertinent patient information were obtained
from the patients’ medical records. All patients pro-
vided written informed consent prior to data collec-
tion, and the study was approved by the University of
Rochester Human Research Subjects Review Board
and the Internal Review Boards of the CCOPs.

12.2.2
Measures

Symptoms were assessed with the URCC symptom
inventory (SI). This SI was modified from a clinical
symptom checklist developed at the M.D. Anderson
Cancer Center [13]. The SI is used by the patient to
rate the presence and severity of each symptom on
an 1ll-point horizontal scale ranging from 0 (not
present) to 10 (as bad as you can imagine). The 12
symptoms that were assessed were fatigue, hair
loss, difficulty concentrating, memory loss, nau-
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sea, hot flashes, depression, skin problems, sleep Table 12.1. Demographic and clinical characteristics at baseline by
disturbances, pain, weight loss, skin problems, and ~ therapy type

shortness of breath. The SI is a useful, one-page
questionnaire that is relatively simple to complete.
Symptom severity was assessed before initiation
of chemotherapy/radiation, during treatment, and  pge
6 months after the completion of treatment.

Characteristic Chemotherapy Radiation

alone n=289 alone n=290

Mean (SD), (years) 58.1 (12.5) 65.3 (11.2)>®>  57.1 (13.3)®
Range (years) 20-85 27-88 29-92
12.2.3 Sex
Statistical Analyses Male 75 (26%)* 144 (50%)*® 49 (25%)°
Pre-treatment symptom severity levels were com-  Female 214 (74%) 146 (50%) 148 (75%)

pared to levels both during treatment and post-  Race
treatment using paired t-tests. Comparisons be-
tween/among subgroups of patients were made using
t-test for independent samples and/or ANOVA, as
appropriate. Additional analyses used analysis of = Other 5 (2%) 2 (1%) 5 (3%)
co-variance (ANCOVA), controlling for age and type

White 274 (95%) 270 (93%) 184 (93%)
Black 10 (3%) 18 (6%) 8 (4%)

o Education
of treatment. The level of significance for all tests
0, 0, 0
was set at o= 0.05. Some College 163 (56%) 172 (59%) 107 (54%)
High School or 126 (44%) 118 (41%) 90 (46%)
less

Marital status

12.3 Married 211 (73%) 210 (72%) 141 (72%)
Results Not married 78 (27%) 80 (28%) 56 (29%)
Karnofsky Performance Status
12.3.1 o Mean (SD) 924 (10.0° 950 (897  93.5(9.0)
Research Participants
Range 60-100 60-100 60-100

Data from a total of 776 patients with a Karnosky per- ~ Primary cancer site
formance index of at least 60 who completed a base-

Alimentary Tract 42 (14%) 2 (1%) 11 (6%)
line SI and at least one subsequent SI assessment were
analyzed. The demographic and clinical characteris- Breast 153 (53%) 122 (42%) 125 (63%)
tics of the study population are shown by treatment  Genitourinary 13 (4%) 125 (43%) 5 (2%)
type in Table 12.1. Overall, most patients were Cauca- Tract
sian, more than half had some college education, and Gynecologic 19 (7%) 14 (5%) 7 (4%)
mqst were mz?rried. An equal percentage (37%) .Of 'the Tl 34 (12%) 7 2%) 8 (4%)
patients received chemotherapy alone or radiation
therapy alone, 25% of the study population received %18 20 &%) 157 (E) &9 (k)
both types of treatments. More than half (65%) of the Other 1 (0%) 7 (2%) 8 (4%)
evaluable patients were female who were, on average,  p..vious surgery 231 (80%)° 204 (70%)* 145 (74%)

more than 8 years younger (mean, 58 years; range,
22-88 years) than the male patients (mean, 66 years;
range, 20-92 years). The mean age of the patients who ~ Fatigue 2.7 (2.3 1.9 (2.3)* 2.7 27)°
received radiation alone (65 years) was significantly  pepression 2.3 (2.5)° 1.6 (2.4) 2.4 (2.6)°
higher (p<0.05) than that of patients who received
chemotherapyalone (58 years). Approximately 50% of
the patients had breast cancer, about 20% had cancer
of the genitourinary tract (typically prostate cancer), P There was a significant difference between these groups (p<0.05).
and about 10% had lung cancer. The radiation alone

Symptom severity, mean (SD)

Shortness of 1.2 (2.0) 0.9 (1.7)° 1.4 (2.3)°
Breath




94

G. R. Morrow et al.

group had a higher proportion of genitourinary tract
cancer patients (43%) than the chemotherapy group
(7%). Because the symptom severity data for the
three symptoms analyzed (i.e., fatigue, depression,
and shortness of breath) did not significantly differ
between the chemotherapy alone (without radiation
therapy) group and the chemotherapy with radiation
therapy group at any time point for any symptom, we
collapsed the data across these two treatment groups
for clinical clarity. This combination yielded a group
of 486 patients (63%) that is hereafter referred to as
the chemotherapy group.

12.3.2
Severity of Symptoms

The severity over time of three health-related charac-
teristics from the SI (fatigue, depression, shortness of
breath) in patients receiving chemotherapyand those
receiving radiation alone is shown in Figure 12.1.
Several patterns are evident in these results.

12.3.2.1
Severity Over Time by Treatment Type

The severity patterns over time for all three symptoms
forboth therapy groups were similar; thatis, symptom
severity was lowest at the pre-treatment assessment,
increased and peaked during treatment, and then de-
creased at post-treatment for both treatment groups
(Fig. 12.1). As reported in Table 12.2, chemotherapy
patients reported a statistically significant increase in
the mean severity of fatigue from 2.74 at baseline to
6.82 during treatment (p <0.001). Fatigue levels from
this high point then dropped significantly following
treatment to a mean of 3.84 (p<0.001). Similarly,
fatigue increased significantly in patients receiving
only radiation therapy from a baseline mean of 1.93
to a during treatment peak of 4.21 (p<0.001) and
then dropped significantly to a mean of 2.98 follow-
ing treatment (p<0.001). The severity of depression
followed a similar pattern of significantly increasing
during treatment, regardless of treatment type, and
then significantly decreasing from these peak levels
following treatment (all, p <0.01). Shortness of breath
alsoincreased significantly during treatments in both
treatment groups (both, p<0.001). The decrease in
this symptom following treatment, however, was sig-
nificant only in the patients receiving chemotherapy
(p<0.01) and not in patients receiving radiation treat-
ments alone (p <0.50).

—@— Chemotherapy with/without radiation (n = 388)
—o— Radiation alone (n = 256)

10 -
Fatigue at its worst

Severity score

10 -
Depression at its worst

=

~

Severity score

./\

21 D///o\o

10 4
Shortness of breath at its worst

(=

-

Severity score

2 p

o—

0 T T T

Pre-Treatment During Treatment Post-Treatment

Fig. 12.1. Fatigue and associated symptoms over time in pa-
tients receiving chemotherapy and/or radiation treatments

12.3.2.2
Symptom Severity Remained Above Baseline After
Therapy

Although the levels of symptom severity decreased
by the post-treatment assessment, most remained
significantly elevated compared with pre-treatment
levels. This pattern was evident among both groups
of patients, with one exception. Patients receiving ra-
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Table 12.2. Comparison of mean (SE) symptom severity between radiation and chemother-

apy patients
Symptom by assessment Period Chemotherapy Radiation p-Value
n = 357 n =238 of t-test
Fatigue
Baseline 2.59 (0.13) 1.80 (0.14) (.000)
During treatment 6.70 (0.13) 4.16 (0.19) (.000)
Post treatment 3.81 (0.15) 2.97 (0.18) (.000)
Depression
Baseline 2.33 (0.13) 1.61 (0.15) (.000)
During treatment 4.17 (0.16) 2.29 (0.19) (.000)
Post treatment 2.64 (0.16) 1.81 (0.17) (.000)
Shortness of breath
Baseline 1.08 (0.11) 0.76 (0.10) (.041)
During treatment 3.01 (0.16) 1.54 (0.15) (.000)
Post treatment 1.86 (0.13) 1.44 (0.15) (.034)

diation alone reported an average level of depression
post-treatment that was not significantly different
from that at baseline. Paired t-tests confirmed that,
aside from this exception, the increases in symptom
severity from pre-treatment to the post-treatment
period were statistically significant (all, p<0.05).
Hence, although symptom severity improved sig-
nificantly after therapy, average levels of severity
at 6 months post-treatment remained significantly
worse than that before treatment.

12.3.2.3
Chemotherapy Patients Reported More Severe
Symptoms than Those Receiving Radiation Alone

For all three symptoms in Figure 12.1, patients who
received chemotherapy reported greater severity
of symptoms than patients who received radiation
alone at all assessment points. Multiple independent
t-tests comparing the two groups across each symp-
tom and at each time period (pre-treatment, during
treatment, and post-treatment) showed these differ-
ences to all be significant (p <0.05; Table 12.2).

12.3.2.4
Patients Rated Fatigue As More Severe than Other
Symptoms

Symptom severity was rated higher for fatigue than
the other symptoms both during and following treat-

ments for both therapy types. For patients receiving
radiation therapy, the average severity of fatigue was
4.16 during treatments and 2.97 following therapy.
The next most severe symptom at both treatment
times was depression with rating of 2.29 and 1.81
for the during and post periods, respectively. The
pattern was similar for patients receiving chemo-
therapy with the average severity of fatigue being
6.7 during treatments and 3.81 following therapy.
The next most severe symptom at both treatment
times for these patients was still depression with
ratings of 4.17 and 2.64 for the during and post pe-
riods, respectively. Another indication that fatigue
was the most problematic symptom was the degree
of change from baseline. On average (both patient
therapy groups combined), the severity of fatigue
increased 139% from pre-treatment to the assess-
ment during treatment, whereas the average severity
of the other symptoms increased 90% during the
same time period.

12.3.3
Results for Radiation Alone Patients

12.3.3.1
No Differences in Fatigue Based on Age

Independent t-tests showed no significant differ-
ence in levels of fatigue based on age, at any time
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point studied, using a median split at 67 years old
(Fig. 12.2).

12.3.3.2
Differences in Fatigue Based on Gender

Independent t-tests showed significant differences
in levels of fatigue based on gender in patients re-
ceiving radiation treatments (Fig. 12.3). The level
of fatigue among women was statistically higher
(p<0.05) than for men at baseline (2.14 and 1.48,
respectively), during treatment (4.65 and 3.68, re-
spectively), and following treatment (3.17 and 2.78,
respectively), with the average level of fatigue across
all three assessment times being 25% higher for
women than for men.

12.3.3.3
Additional Subset Analyses

Subset analyses were conducted using only the 374
female breast cancer patients, the largest homog-
enous group of patients in the sample, to add clar-
ity by controlling for gender and disease type in
the fatigue severity comparisons. Women in both
the chemotherapy and radiation therapy groups re-
ported significant (p <0.001) increases from baseline
to during treatment (2.43 to 6.97 and 2.26 to 4.54,
respectively) in the severity of fatigue (Fig. 12.4). In
addition, the difference in fatigue severity between
the two therapy groups at the during treatment as-
sessment was statistically significant (6.97 vs. 4.54,
p<0.001). No significant differences in the severity
of fatigue between the chemotherapy and the radia-
tion groups were noted at baseline or post-treatment.
These findings were further supported by three tests
using one-way ANOVA, controlling for patient age,
which showed a significant difference between the
two groups during treatment (p <0.001), but not at
baseline or post-treatment (both, p>0.30).

12.4
Discussion

The SIresults of this large, multicenter study of can-
cer patients receiving either chemotherapy or radia-
tion therapy alone provide further characterization
of the debilitating, prevalent side effects of cancer
and its treatment. Overall, the results indicate that

Severity score
w

14 —&— Below median age of 67 (N =114)
—0— At or above median age of 67 (N = 124)

0 T . .
Pre-Treatment During Treatment Post-Treatment

Fig.12.2. Fatigue patterns over time in patients receiving
radiation therapy by age

N
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w e
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Pre-Treatment During Treatment Post-Treatment

Fig. 12.3. Fatigue patterns over time in patients receiving
radiation therapy by gender
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Fig. 12.4. Fatigue patterns over time in breast cancer patients
by treatment type
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the severity of fatigue is higher than that of depres-
sion and shortness of breath in both patient therapy
groupsatall times studied and higher in women than
men. However, the pattern of fatigue severity over
time is similar to that of the other symptoms in each
therapy group (Fig. 12.1) and in men and women
(Fig. 12.3). Although the time course of symptom
severity is similar between therapy groups, there
is a significantly greater overall severity of each of
the three symptoms studied as reported by patients
in the chemotherapy group compared with that re-
ported by patients receiving radiation therapy alone
(Fig. 12.1).

The observation that fatigue was rated as the
most severe in our large patient sample parallels the
abundant literature describing CRF as the most dis-
tressing symptom of cancer and its treatment [1-3,
5-8, 14, 15]. Depression was rated as the next most
severe symptom by the two therapy groups. Depres-
sion is also common and disruptive in cancer pa-
tients [16-18]. Shortness of breath was the least se-
vere of the three symptoms. Symptom severity for
each symptom and each therapy group was lowest at
the pre-treatment assessment, peaked during ther-
apy, and decreased towards pre-treatment severity
at 6 months post-treatment. A similar pattern of fa-
tigue severity over time was also noted in both men
and women receiving radiation therapy (Fig. 12.3).

The difference noted at baseline between the two
therapy groups in symptom severity may be due
in part to the substantially higher proportion of
genitourinary tract cancer patients in the radiation
alone group (43%) compared with the chemotherapy
group (7%). Indeed, when gender and cancer type
are controlled, there is no baseline difference be-
tween therapy groups for the symptom of fatigue
(Fig. 12.4).

Although symptom severity improved signifi-
cantly 6 months after therapy, post-treatment symp-
tom severity remained significantly worse than pre-
treatment levels for each symptom in each therapy
group, with the exception of depression in radiation
therapy patients. Results in the literature regarding
symptom severity post treatment vary depending
on multiple factors, including the symptom, study
population, therapy regimen, assessment technique,
etc. For example, in contrast to our findings, fatigue
severity was reported to return to baseline within 3
months following radiation therapy in breast can-
cer patients [19] and following chemotherapy in pa-
tients with a variety of cancer types [20]. However,
our results are similar to several studies [21-23], in-

cluding that of Ahlberg et al. [1] who reported that
increases in fatigue, loss of appetite, nausea/vomit-
ing, and diarrhea persisted for 2-3 weeks post ra-
diation therapy in patients with uterine cancer. The
lingering effect of cancer therapy on patient fatigue,
depression, and shortness of breath emphasizes the
persistent suffering of cancer patient and the need to
determine therapeutic management of debilitating
side effects of treatment that may have an impact on
patient compliance and survival [24].

Further analysis of the fatigue symptom in the
radiation therapy group revealed that there were no
differences based on age, but that women reported a
25% greater severity of this symptom than did men.
As with many of the side effects of cancer-treatment-
related side effects, the literature contains inconsis-
tent results with regard to gender differences [25].
The presence or absence of gender differences in
symptomatology related to cancer therapy depends
on the typical variables of cancer type and stage,
treatment type and duration, assessment technique,
etc. This inconsistency confirms the need for in-
dividualized treatment of patients and further re-
search in these complex symptoms.

Finally, our results show a clear distinction in
severity of all symptoms between the two therapy
groups. The overall severity of each of the three
symptoms studied was reported as greater by pa-
tientsin the chemotherapy group than those patients
receiving radiation therapy alone. This significant
distinction between symptom severities in the two
therapy groups was noted in the entire, heteroge-
neous patient population (Fig. 12.1, Table 12.2) and
verified for fatigue in the gender-, treatment type-,
and disease type-controlled population of breast
cancer patients receiving radiation (Fig. 12.4). Vari-
ations in symptom severity based on type of chemo-
therapy have been noted previously for fatigue [26,
27]. In a recent report on CRF in patients receiving
chemotherapy and radiation, the authors discuss
the results of five studies in which CRF was assessed
in patients with a variety of cancer diagnoses [20].
In this report, CRF due to chemotherapy reached
a peak 2-5days after each chemotherapy session,
remained elevated the week after each cycle of che-
motherapy, and never returned to baseline. CRF due
to radiation gradually accumulated over the course
of the treatment but returned to near baseline val-
ues within 5 days of completing treatment. These
results are similar to ours for fatigue, depression,
and shortness of breath following chemotherapy,
but differ from ours in the radiation therapy group.
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These differences contribute to the conclusion that
there are still inconsistencies in the characterization
CRF and other cancer-treatment-related symptoms
that need to be clarified.

In summary, the results of our study have the
advantages of being from a prospective survey of a
large patient population and that trends in a hetero-
geneous population (Fig. 12.1) were verified in an
analysis that was controlled for cancer and treatment
types (Fig. 12.4). We were able to show that fatigue
is the worst of the symptoms studied in all therapy
groups and worse for women than men. In addition,
symptom severity was worse in patients receiving
chemotherapy than those receiving radiation ther-
apy. Finally, symptom severity followed a distinct
and consistent pattern prior to, during therapy, and
6 months following the conclusion of both types of
therapy. These results suggest that treatment type
and gender may be helpful in predicting and pos-
sibly managing the cluster of symptoms including
CRF, depression, and shortness of breath.
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Summary

Philosophically, the TNM Cancer Classification is
based on the premise that all malignant tumors
have a similar life cycle. Cancers originate in a
normal tissue, then spread regionally into lymph
nodes and then to systematic distant sites hema-
togenously. In a parallel fashion, the conceptual
design of a normal tissue TNM classification is
based on a similarity of normal tissue injury fol-
lowing multimodal cancer treatment which is of-
ten greatest in the structure/organ of cancer ori-
gin and decreases in neighboring normal tissues.

There may be a generalized or systemic toxicity.

~T = The normal Tissue, anatomic structure, or-
gan in which the cancer arose and spreads
initially.

NN = Neighboring or surrounding normal tissues
or organs, viscera that are not involved by
the tumor but in the regional nodal drain-
age zone.

yM =SysteMic effects that are generalized and in-
clude hematologic, hepatic toxicity, weight
loss.

Longitudinal progression of an adverse effect
can be designated numerically as the area un-
der the curve of the “effect-time” course and be-
comes the operational taxonomic unit (OTU), i.e.,
the grade assigned is according to the criteria in
CTCAE v3.0 or LENT/SOMA, or RTOG/EORTC
which is 1+ Mild, 2+ Moderate, 3+ Severe, and 4+
life threatening. The translation of acute/late ef-
fect as subscripts to T and N allows for scoring
of toxic effects over time of follow-up.
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13.1
Introduction and Overview: Genesis and
Evolution

Although dramaticimprovements in cancer survival
statistics have occurred over the past five decades
and are well documented in the literature, the same
has not been true for detailing the unwanted inci-
dental adverse effects following multimodal cancer
treatment. The dramatic gains in 5-year survival has
been compiled by cancer site in a SEER tabulation
marking the passing of 50% level for all cancers at
the turn of this century [1]. At issue and unresolved
is the price for the success and how to best mea-
sure and grade these adverse toxicity effects which
persist and progress over time, detracting from the
cancer survivor’s quality of life.

The need for a grading system to assess treat-
ment toxicities lagged behind the TNM classifica-
tion of cancers. It was in the 1980s, because of the
increasing number of clinical trials sponsored by
the National Cancer Institute (NCI) and the Euro-
pean Organisation for Research on Treatment of
Cancer (EORTC), that a consolidation of numerous
individual approaches by each specialty was initi-
ated. The genesis of acute toxicity scoring versus late
effect grading originated in a bipolar fashion. The
NCI Cancer Therapy Evaluation Program (CTEP)
recognized the need to uniformly score the toxic
acute and subacute effects of chemotherapy. The
Common Toxicity Criteria (CTC), first published in
1983, were concerned with the physiologic and func-
tional endpoints, many of which are transitory and
reversible [2].Then, version 2.0 attempted to incor-

porate the acute effects of other modalities such as
radiation and expanded 13 to 22 organ systems and
the number of criteria incremented from 18 to 260
(Table 13.1) [3].

The radiation oncology profession has tradition-
allybeen concerned with reportinglate effects of can-
cer treatment and the Radiation Therapy Oncology
Group (RTOG), in conjunction with EORTC, intro-
duced both the “acute” and the “late” radiation mor-
bidity scoring criteria simultaneously [4]. A series of
NCI sponsored workshops led to the introduction of
a more comprehensive system entitled: LENT ~ late
effects normal tissue and SOMA criteria, represent-
ing subjective symptoms, objective findings and
management features. The ‘A’ referred to analytic
quantifiable parameters in the laboratory or imag-
ing. With acceptance and joint publications on both
sides of the Atlantic, RTOG/EORTC hoped to stan-
dardize reporting of late effects [5, 6]. Some of the
guiding thoughts to reduce interobserver variabil-
ity was to replace the commonly used four grades of
1+ mild, 2+ moderate, 3+ severe, 4+ life threatening
with better descriptors with corresponding terms as
occasional, intermittent, persistent and refractory,
respectively, when referring to the expression of
symptoms and signs, i.e., pain. Longitudinal clini-
cal trials emphasizing correlation of symptoms and
signs of toxicity with metrics and interventions are
future goals [7].

The most recent collaboration sponsored by all
modalities has resulted in a more comprehensive
CTC v3.0, which includes more late effects criteria
and is inclusive of all modalities [8, 9]. However, the
merging of late effect and acute effect criteria, al-
though more comprehensive with 510 criteria, when

Table 13.1. The evolution of toxicity grading systems (1979-1998)

System No. of criteria No. of organs Modality Phase
WHO (1979) 28 9 Chemo Acute
CTC (1983) 18 13 Chemo Acute
RTOG/EORTC-Acute (1984) 14 13 RT Acute
RTOG/EORTC-Late (1984) 68 17 RT Late
LENT/SOMA (1995) 140 13 RT Late
CTC v2.0 (1998) 152 22 RT Late
CTCAE v3.0 (2003) 260 22 All® Acute
370 All All Acute and late

WHO, World Health Organization; Chemo, chemotherapy; RT, radiation therapy.

2Limited pediatric and surgical criteria
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specifying anatomic sites or other subclassifications,
raises the number to 900 adverse effect criteria for
grading. The need for a simplified summary toxic-
ity methodology and a global adverse effect score,
inclusive of multiple organ systems, has yet to be de-
fined, and is essential for outcome reporting.

13.2
The Biologic Basis for Combining Acute and
Late Criteria

The most prominent feature of CTCAE v3.0 is the
merging of early and late effects criteria into a single
uniform document and the development of criteria
applicable to all modalities. The research support for
the concept of a “biologic continuum” is based upon
the original paradigm by Rubin and Casarett [10] in
which the clinical radiation pathophysiologic course
of events incorporating the a dynamic sequence of
cellular events and tissue specific effects began at
the moment of radiation exposure. The schema il-
lustrated radiation effects, both the clinical and sub-
clinical events, in each organ system, but noted that,
dependingonits cell population and tissue organiza-
tion, would express radiation syndromes differently.
The underlying pathophysiologic commonality was
the obliteration of the normal tissues’ fine microvas-
culature, whereas the time to clinical expression, the
latent period, is related to stem cell depletion in ei-
ther rapid or slow renewal systems, i.e., acute versus
chronic or early versus late effects. This paradigm
was the first formalism linking acute and late effects

Periods

Lethality to =
Organ or man

Clinical
damage

Clinical

threshold

Subclinical
damage

/
Non radiation damage athropy

Time

as both a pathophysiologic and a clinical biocontin-
uum. More recently, the molecular biologic events
captured as a persistent cytokine cascade induced
by radiation in a murine model has recapitulated
the shape of the Rubin and Casarett tissue effect
over time curves, adding further to their validity
[11]. The arbitrary 90-day rule dividing ‘early’ and
‘late’ is no longer acceptable, since modalities over-
lap and are administered concurrently, and adjuvant
chemotherapy is repeatedly cycled often for months
and years. The use of a complex concurrent or hy-
brid sequential schedules undermines the useful-
ness of a simplistic temporally defined “early-late”
construct. Moreover, there is growing recognition
that surgery [12, 13] and chemotherapy [14], much
like radiation, lead to molecular events resulting in
a perpetual cytokine, chemokine cascade and sur-
gery induces wound healing responses that result
in inflammation, fibrogenesis, and neoangiogenesis,
leading to epithelial regeneration. This multimodal
molecular cascade leads to and supports the biologic
continuum model (Fig. 13.1).

13.3
Validation, Standardization of Language,
and Statistical Reporting

There is no universal agreement as to validation of
content or construct to reliably quantify the inju-
rious normal tissue effects following cancer treat-
ment. A perceptive distinction of desirable proper-
ties of criteria for reporting and grading of toxicity

Chemotherapy o, Periods
Lethality to =
Organ or man s 3 A 1

Clinical
damage
Clinical
threshold

Subclinical
damage

Res’\dila\ injul

Non radiation damage athropy

Time

Fig. 13.1a,b. The clinicopathologic course of events following irradiation can be complicated by the addition of chemo-
therapy. Similarly, chemotherapy can result in parallel set of events. a Classically, when radiation therapy precedes chemo-
therapy, the introduction of the second mode can lead to expression of subclinical damage or, when injury is present, to
death. b The same is true if chemotherapy precedes radiation therapy. (Reprinted from [15] with permission)
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according to Bentzen are either explorative science-
driven studies or clinical pragmatic patient-centered
guidelines [16, 17]. Validation of toxicity criteria re-
quires serial descriptions of adverse effects evolving
over time (Fig. 13.2).

Using the terminology of numerical taxonomy
requires defining the “operational taxonomic unit”
(OTU) to decide on how to group toxicities of dif-
ferent organs into the same clusters or stages. One
possibility is to utilize the impact on the host quality
of life (QOL) scales, activities of daily living (ADL)
or Karnofsky mobility ratings [18]. Ideally, any pro-
posed system needs scientific study in clinical tri-
als as to feasibility, reliability, specificity, respon-
siveness, as well as validity. Validity simply stated
is whether a scale measures what is supposed to be
measured. For routine reporting, peak prevalence of
a specific morbidity as a function of time at a spe-
cific follow-up, i.e., 1-5 years or longer, is commonly
noted, as is local regional cancer control and dis-
ease-free survival.

Longitudinal studies of the temporal evolution
of late effects can provide either a cumulative inci-
dence or, alternatively, Kaplan Meier [19] method
for quantifying morbidity as a function of time. The
search for early surrogate biomarkers and molecular
biologic mechanisms that can predict late effects is
clearly an important research direction [20].

Standardization of language requires use of the
International Dictionary of Medical Terminology
and commonly used disease codes, i.e., ICD 10 [21]
and need to be synchronized with both CTC and
LENT-SOMA diagnoses. Thus, the descriptors of
adverse effects language can become more uniform
and will reduce interinvestigator variability. The in-
troduction of quality of life scales to represent the
patients’ viewpoint is an important aspect of grading
adverse effects. Another important aspect is the need
to integrate CTC and LENT-SOMA more fully. The
LENT-SOMA is based on anatomic terms consisting
of 15-20 major systems with approximately 50-60
subsites and is compatible, but not identical, with
the terminology of the TNM system [22]. By con-
trast, the CTCAE v3.0 utilizes more physiologic and
functional terms and clinical syndromes. There is
as much concurrence and similarities as differences
and a comparison of terms is presented in Table 13.2.
The anatomical terminology reconciliation of the
three systems is consistent with the International
Anatomical Terminology (Terminologia Anatomica)
approved in 1998 by the International Federation of
the Association of Anatomists (Table 13.2) [23].

»

Analytic

Specificity

Objective signs

Subjective symptoms

»
-

Patient relevance

Fig. 13.2. Schematic representation of the trade-off between
specificity and patient relevance of various dimensions of
normal tissue effects. (Reprinted from [16] with permis-
sion)

Table 13.2. Anatomic-physiologic systems: hybrid nomen-
clature

Anatomic sites AJCC*TNM  Physiologic systems CTC

v3.0°
Central nervous system Neurology
(Neuroendocrine®) Endocrine
Ophthalmologic sites Ocular/visual
Head and neck sites Upper respiratory
Digestive system Gastrointestinal

Major digestive glands Hepato/biliary/pancreas

Thorax Breast

Lung Pulmonary

Pleura

(Heartb) Cardiac, arrhythmia

(VascularP) Vascular
Genitourinary sites Renal/genitourinary

Male sexual reproduction

Gynecologic sites Female sexual reproduction

Musculoskeletal Musculoskeletal
Skin Dermatology, lymphatics
Lymphoid sites Allergy, immunology

Bone marrow Blood, bone marrow
Hemorrhage, bleeding

Infection, coagulation

2 AJCC Cancer Staging Manual anatomic terms

YNCI CTC v3.0 are the basis for the physiologic terms. There
are a number of unique terms in CTC v3.0 as syndromes, sec-
ond malignancies, growth and development that do not fit
into a hybrid anatomic/physiologic systems nomenclature
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There is a large and growing literature assessing
both the CTC systems and LENT-SOMA. Numerous
clinical trials have been published often compar-
ing these systems with other late toxicity grading
criteria, particularly in Europe. The literature is
equally divided between concordance and discor-
dance in confirmation of their applicability. The
majority of reports are retrospective and not pro-
spectively designed to assess validation, especially
for LENT-SOMA [24-32]. However, more recently,
direct comparison has been made utilizing CTC
v3.0 and LENT-SOMA. Furthermore, recent analy-
sis from a validation perspective of clinical trials
conducted at a variety of anatomic sites by RTOG
confirms that LENT-SOMA is a superior instru-
ment at capturing late effects. Utilizing a technique
of linguistic analysis, there are 12 recurrent cri-
teria that apply to grading most of the organ sys-
tems. The “shared” word descriptors for each grade,
which can be identified in both LENT-SOMA and
CTC v3.0, enable a “concise grading dictionary” of
well-defined lexicons, capturing the essence of both
systems. The SOMAtization of CTC v3.0 is shown in
Table 13.3, which provides a more focused selection
of criteria and should enable users to record tox-
icities more efficiently and accurately. The array of
criteria relate to five categories: symptoms, physical
findings, interventions to ameliorate, quality of life,
or activities of daily living. Laboratory values and
imaging studies are works in progress as regards
correlations with gradations of toxicity and at this

Table 13.3. Somatization of CTCAE v3.0

Mild Grade 1+ Moderate Grade 2+

S Asymptomatic
Minimal symptoms

Symptomatic usually
marked symptoms

(0) Transient signs
Functionally intact

Intermittent signs
Function altered

M No interventions

Occasional medication Continuous medication

Non-invasive intervention

time should not override the other criteria when as-
signing grade.

13.4
Normal Tissue/Organ TNM Taxonomy for
Adverse Effects of Cancer Treatment

13.4.1
TNM Language

There is a logic for adopting the TNM nomenclature
for normal tissue/organ adverse effects following
cancer treatment. The TNM language was intro-
duced to allow for consistency in the classification
and staging of cancer. The adoption by the American
Joint Committee on Cancer (AJCC) and the Interna-
tional Union Against Cancer (UICC) 50 years ago has
enabled oncologists worldwide to stratify patients,
allow for multidisciplinary communication, better
treatment decisions, and more accurate end results
reporting. With a common language for cancer stag-
ing, cooperative oncology group protocols allowed
for multimodal regimens to be designed and tested
in clinical trials. The standardization of TNM stag-
ing nomenclature allows for evaluation and assess-
ment of the literature. Therefore, a modification of
this cancer nomenclature will be applied to normal
tissue/organ toxicity.

Severe Grade 3+ Life Threatening Grade 4+

Persistent symptoms
Intensive symptoms

Refractory symptoms
Symptoms unresponsive to
medication

Symptoms apparent
Function impaired

Advanced persistent signs
Function collapsed

Interventional radiology
Surgical correction

Radical life saving surgery
Intensive care unit

Occasional non-narcotic

Regular non-narcotic

A Normal laboratory values ~ Abnormal laboratory val-
Borderline low, correctable ues, correctable
BM cellularity <25% de- ~ BM cellularity >25%-50%
crease

ADL ADL regular ADL Altered

QOL KPS 80-100 KP 60-75
Fully ambulatory Symptomatic, in bed

<50% day

Occasional narcotic

Very abnormal lab

Lab values not correctable
BM cellularity > 50%,
<75%

ADL impaired
KP 30-50

Parenteral narcotic

Failing lab values
Potentially lethal
BM <75%

ADL extremely poor
KP 10-25

Symptomatic, in bed >50% 100% bedridden
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13.4.2
General Rules

Philosophically, the TNM cancer classification is
based on the premise that all malignant tumors
progress from an early localized stage to a more
disseminated later stage. The life cycle of all can-
cers shares in having a locus of origin in a nor-
mal tissue, which invades locally and advances to
lymph nodes regionally and/or hematogenously to
remote sites. In a parallel fashion, there is a similar
life cycle for normal tissue reactions to multimodal
cancer treatment. The normal tissues in which the
cancer originated will be the target of surgery and
radiation, as well as targeted chemotherapy. The
neighboring normal tissue structures and sites in
the region of lymph nodes are at risk and often
have reactions to the aforementioned modalities,
especially in concurrent regimens. Multiagent che-
motherapy combinations are designed to diffuse
the toxicity and can elicit systemic responses he-
matologically. Remote sites from the cancer can
be affected, i.e., heart (Adriamycin), kidney (Cis-
platinum), etc.

The practice of dividing cancer into “early ver-
sus late” was based on the progression from a lo-
calized stage to an advanced stage. In a parallel
fashion, adverse effects also progress from “acute
to late.” Just as cancer is staged before treatment,
the normal tissues - structure and function - need
to be noted for baseline values and the presence of
co-morbidities.

The proper staging of cancer applies to accurate
recording of the status of host normal tissues and
serves a number of related objectives, such as:

a) Selection of a corrective therapeutic intervention

b) Estimation of eventual prognosis

c) Assistance in evaluation of results of the interven-
tion

d) Facilitates exchange of data amongst investiga-
tors

e) Of special importance to cancer control is estab-
lishing the therapeutic ratio

13.4.3
New Definitions of TNM Applied to Adverse
Effects of Normal Tissue

The conceptual design of the (TNM is similar to
tumor spread into three compartments: primary
tumor site, regional nodes, and systemic dissemi-

nation. The adverse effect of cancer treatment can

be confined to the anatomic site of cancer origin

or extend to involve other structures in the neigh-
boring region or be a generalized or systemic toxic
effect.

nT = The normal Tissue, anatomic structure, or-
gan in which the cancer arose and spreads
initially.

N =Neighboring or surrounding normal tissues or
organs, viscera that are not involved by the
tumor but are in the regional nodal drainage
zone.

yM =SysteMic effects that are generalized and in-
clude hematologic, hepatic toxicity, weight
loss.

Progression of the adverse effect can be desig-
nated numerically and becomes the operational tax-
onomy unit.

13.4.4
Assigning the Grade for Progression

The progression of a malignancy over time is des-
ignated by the assignment of numbers 1,2, 3,4 as
subscripts to T and N, the primary tumor and nodal
compartments, respectively. In an analogous fash-
ion, the translation of late effects into a scale that
allows for progression over time is important. The
general guidelines are in the construction of cri-
teria.

The operational taxonomic unit (OTU) is the
grade assigned as applied according to criteria in
CTCAE v3.0, LENT-SOMA or RTOG/EORTC scales
which is 1+ mild, 2+ moderate, 3+ severe, or 4+ life
threatening and will be determined by the degree of
toxicity at each anatomic site or organ.

Grade 1+: Asymptomatic, signs are minimal and
neither interfere with functional endpoints nor
impede mobility. Most often, management is
restrained, interventions and medication are not
required.

Grade 2+: Symptomatic, moderate findings clinically
or in the laboratory, that may alter functional end-
points without impact on QOL or ADL. Medica-
tions and non-surgical interventions can be used
and be useful.

Grade 3+: Effects are indicative of severity of symp-
toms and signs, which persist over time. Disrup-
tion of mobility, working, and numerous func-
tional endpoints. More serious interventions, such
as hospitalization or surgery, are often indicated.
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Grade 4+: Effects are potentially life threatening,
catastrophic, disabling and result in loss of limb,
bowel, or organ function.

Grade 5+: Fatal

Some more important principles established in
CTC v3.0 are equally applicable to this proposed
NIxNyM taxonomy:

e Acute and late effects merged in one system and
applied with restrictive time applications.

e The system applies equally to all modalities.

e The duration or chronicity should be determined
by serial longitudinal protocol studies.

When multiple normal structures are affected,
each will be evaluated separately and be given a
summary score. When multiple normal structures
are involved and then compiled, a global toxicity
score is derived.

13.4.5
Classification According to Evidence for
Certainty of Grade

As in cancer classification, there are four types of

classification depending on the diagnostic proce-

dures and the relationship to the cancer treatment
versus an intervention to manage the adverse effect.

Clearly, the adverse normal tissue effect can be as-

sessed before treatment, during, and immediately

after multimodal treatment.

a) Clinical classification is based on physical exami-
nation, imaging, often with CT or MRI, endoscopy,
and routine laboratory procedures. Minimally
invasive procedures, such as needle aspiration, are
useful and permissible. Most baseline values for
vital normal tissues and assessments of acute and
subacute reactions to multimodal treatment are in
this category. oy TNM

b) Pathologic classification requires an invasive proce-
dure and, as in cancer staging an adverse chemora-
diation effects, may require a surgical intervention
and resection. Even surgical handling of vasculo-
compromised tissues may precipitate a necrotizing
reaction as in exploring adherent bowel at lapa-
rotomy. Such invasive procedures are usually per-
formed after multimodal cancer treatment to rule
out recurrent cancers, which can masquerade as a
late effect. PET or SPECT and MRI/MRS are valu-
able for establishing radiation sequelae as a confir-
matory tissue diagnosis is critical [33, 34]. Biopsies,

especially generous ones, may precipitate severe
necrosis and need to be performed with caution.

) Retreatment classification could apply to salvage
cancer treatment, as well as management inter-
vention to ameliorate the adverse effect. Either
sophisticated imaging, such as PET/SPECT or
MRI/MRS, can be of value to distinguish recur-
rence or persistence of cancer versus normal
tissue necrosis [33, 34]. gy TNM.

d) Autopsy classification: If death is attributed to
an adverse effect, usually life threatening (4+)
and fatal (5+), autopsy is mandatory to exclude
incidental co-morbidities. According to Fajardo
et al. [35], there are no pathognomic microscope
features but certain constellations of radiation/
chemotherapy stigmata; again, ruling out cancer
recurrence is essential. ,, TNM

e) Prefixes and suffixes may be added in certain
circumstances: An ‘m’ suffix indicates multiple
structures, sites, and organs and may express the
adverse effect,i.e.,, TN(,,M. A ‘y’ prefix indicates an
evaluation performed during or following initial
multimodal therapy, i.e., ypTNM.

13.4.6
Summary Toxicity Grade

Using the terminology of numerical taxonomy re-
quires defining the “operational taxonomic unit”
to decide how to group toxicities of different organs
into the same clusters and stages [16].

The expansion of CTCv3.0 approaches a thousand
descriptors, involving 15-20 major organ systems
which, if divided into subsites (50-60), multiplies
the elements and challenges investigators to offer
a ‘summary grade’ for reporting outcomes. LENT-
SOMA has a similar complex and detailed compila-
tion of criteria. This has often been circumnavigated
by utilizing the abbreviated late effects scales of the
RTOG/EORTC cooperative groups. The operational
taxonomic unit (OTU) is the number assigned to
the grade of toxicity; however, the adverse late effect
can vary over time. The biocontinuum of acute/late
effects has been confirmed both in the laboratory
measuring function in the clinic with physiologic
testing. A rationale for selecting the OTU or sum-
mary grade of a specific organ system as a function
of time in a longitudinal protocol (Fig. 13.3) would
be to determine the area under the biocontinuum
“effect-time curve” at specified time intervals, i.e.,
2 years and 5 years [36].
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Fig. 13.3. Summary toxicity grade. The summary toxicity
grade for a specific effect is a function of the grade of the
effect over time. This can be recorded in three different pa-
rameters: (1) Maximal toxicity grade, (2) average grade over
time, (3) area under the curve (grade x time)

13.4.7
Global Toxicity Score of Multiple Organs

Stage grouping is an important aspect of the stag-
ing of cancer and applies directly to adverse effects
involving multiple sites. Because in cancer staging
there are four Ts, three Ns and two Ms, there are 24
possible combinations. To recluster TN into the four
stages I, II, III, IV would be a challenge when adverse
effects are collated in multiple normal tissues.

The global toxicity score could be the compilation
of the summary grades for each normal tissue as-
sessed. With more than one structure in each of the
defined zones, i.e., 4T for site of cancer origin or

NN for site(s) of neighboring tissues

M for systemic toxicities of system

The recommendation is to score each summary
grade as noted and then add the subscripts. Thus,
the global toxicity is the sum of subscripts and cre-
ation of stage grouping similar to staging cancers.

I =TINIMI1 or T2NIMO or T3 NOMO

=1-3

II =T2N2M2 OR T3N1MO OR TIN3M1
=4-6

III = T3N3M3 or TAN2MI1 or T2N2+2M1
=7-9

IV = T4AN4M4 or T3N2MI1 or T2N2+2+3M1+2
= 10-16, or

V =>16

The complexity is in weighting the impact of nu-
merous normal tissue/organ sites on quality of life
and activities of daily living. Obviously, these rec-

ommendations and generalizations will need com-
pilation of data from clinical trials before an accu-
rate and meaningful global score can be arrived at.

13.4.8
Therapeutic Ratio Determination and Decision
Making

In summary, a compelling reason for developing
a parallel TNM system of staging adverse effects
of normal tissue is to determine therapeutic ratios.
An excellent illustration is when there is no survival
advantage in competitive multimodal treatment
programs, but one has less adverse effects. A recent
report on advanced laryngeal cancers favored con-
current administration of cisplatinum and 5-fluo-
rouracil followed by radiotherapy or surgery with
the primary endpoint being laryngeal preservation,
as well as local regional control, the latter being the
same in the other arm [37]. Ideally, cure without
complications is a function of cancer stage and the
aggressiveness of the treatment. The classic figure
of therapeutic ratio is a dose-response curve based
on cancer control versus normal tissue injury with
displacement to the left for cancer control and to the
right for the normal tissue. The reality is the cancer
control curves are displaced to the right as a func-
tion of cancer stage and cancer treatment becomes
more aggressive leading to more complications,
displacing normal tissue effects to the left. Thus,
toxicity of treatment often increases as the cancer
stage advances and the therapeutic window is often
closed due to the crossover of curves.
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Summary

With continued advances in strategies to detect
cancer early and treat it effectively along with the
aging of the population, the number of individu-
als living years beyond a cancer diagnosis can be
expected to continue to increase. Most therapeu-
tic modalities for cancer, while beneficial and of-
ten lifesaving against the diagnosed malignancy,
are associated with a spectrum of late complica-
tions ranging from minor and treatable to serious
or, occasionally, potentially lethal. Investigators
conducting research among cancer survivors are
reporting that long-term or late adverse outcomes
of cancer and its treatment are more prevalent,
serious, and persistent than expected in survivors
of both pediatric and adult cancer. However, these
adverse sequelae remain poorly documented and
understood, especially among those diagnosed as
adults. These findings underscore the need for
continued cancer survivorship research.

This paper examines:

e Definitional issues relevant to cancer survi-
vorship

e The evolving paradigm of cancer survivorship
research

® Research needs and issues of particular rel-
evance to long-term cancer survivors

e Cancer survivorship as a scientific research area,
with an overview of physiologic/medical sequelae
of cancer diagnosis and treatment, and

e Follow up care and surveillance of cancer sur-
vivors,

Both length and quality of survival are impor-
tant end points for the large and ever-growing
community of cancer survivors. Interventions—
therapeutic and lifestyle—may carry the poten-
tial to treat or ameliorate adverse outcomes, and
must be developed, examined and disseminated
if found effective.

14
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Introduction

With continued advances in strategies to detect can-
cer early and treat it effectively along with the aging
of the population, the number of individuals living
years beyond a cancer diagnosis can be expected
to continue to increase [1, 2, 3, 4]. In the absence
of other competing causes of death, 66% of adults
diagnosed with cancer today can expect to be alive
in 5 years [5]. Relative 5 year survival rates for those
diagnosed as children (age <19y) are even higher,
with almost 79% of childhood cancer survivors es-
timated to be alive at 5 years, and 75% at 10 years
[6, 7, 8, 9]. Medical and socio-cultural factors such
as psychosocial and behavioral interventions, active
screening behaviors, and healthier lifestyles may
also play an integral role in the length and quality
of that survival [10, 11].

Most therapeutic modalities for cancer are as-
sociated with a spectrum of late complications
ranging from minor and treatable to serious or, oc-
casionally, potentially lethal [3, 4, 12]. Thus, there
is today a greater recognition of symptoms that
persist after the completion of treatment and also
those that arise years after primary therapy. Both
acute organ toxicities such as radiation pneumoni-
tis and chronic toxicities such as congestive cardiac
failure, neurocognitive deficits, infertility and sec-
ond malignancies are being described as the price
of cure or prolonged survival. The study of late ef-
fects, originally within the realm of pediatric can-
cer, is now germane to cancer survivors at all ages
because concerns may continue to surface through-
out the life cycle. These concerns underscore the
need to follow-up, monitor and screen survivors of
cancer for toxicities such as those mentioned and
also to develop and provide effective interventions
that carry the potential to prevent or ameliorate
adverse outcomes [3, 4].

The goal of survivorship research is to focus on
the health and life of a person with a history of can-
cer beyond the acute diagnosis and treatment phase.
Survivorship research seeks to examine the causes
of, and to prevent and control the adverse effects as-
sociated with, cancer and its treatment, and to opti-
mize the physiologic, psychosocial, and functional
outcomes for cancer survivors and their families. A
hallmark of survivorship research is its emphasis on
understanding the integration/interaction of multi-
disciplinary domains.

This paper will: present definitional issues rel-
evant to cancer survivorship; describe the evolving
paradigm of cancer survivorship research; explore
research needs of particular relevance to long-term
cancer survivors; examine cancer survivorship as
a scientific research area; provide a brief overview
of medical sequelae of cancer diagnosis and treat-
ment; assess the impact of these adverse sequelae on
post-treatment follow-up care; and articulate gaps
in knowledge and emerging research priorities in
cancer survivorship research.

14.2
Definitional Issues

Fitzhugh Mullan, a physician diagnosed with and
treated for cancer himself, first described cancer
survivorship as a concept [13]. Definitional issues for
cancer survivorship encompass two related aspects:
1) What is cancer survivorship? Mullan described
the survivorship experience as similar to the sea-
sons of the year. He recognized three seasons or
phases of survival: acute (extending from diagnosis
to the completion of initial treatment, encompass-
ing issues dominated by treatment and its side ef-
fects), extended (beginning with the completion of
initial treatment for the primary disease, remission
of disease, or both; dominated by watchful wait-
ing, regular follow-up examinations and, perhaps,
intermittent therapy) and permanent survival (not
a single moment; evolves from extended disease-
free survival when the likelihood of recurrence is
sufficiently low). An understanding of these phases
of survival is important for facilitating an optimal
transition into and management of survivorship;
and 2) What is cancer survivorship research? Can-
cer survivorship research seeks to identify, examine,
prevent, and control adverse cancer diagnosis and
treatment-related outcomes (such as late effects of
treatment, second cancers and quality of life); pro-
vide a knowledge base regarding optimal follow-up
care and surveillance of cancer survivors; and op-
timize health after cancer treatment.

Other important definitions include those for
long-term cancer survivorship and late versus long-
term effects of cancer treatment. Generally, long-
term cancer survivors are defined as those individu-
als who are 5 or more years beyond the diagnosis
of their primary disease and embody the concept
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of permanent survival described by Mullan. Late
effects refer specifically to unrecognized toxicities
that are absent or sub-clinical at the end of therapy
and become manifest later with the unmasking of
hitherto unseen injury due to any of the following
factors: developmental processes; the failure of com-
pensatory mechanisms with the passage of time; or,
organ senescence. Long-term effects refer to any side
effects or complications of treatment for which a
cancer patient must compensate; also known as per-
sistent effects, they begin during treatment and con-
tinue beyond the end of treatment. Late effects, in
contrast, appear months to years after the comple-
tion of treatment. Some researchers classify cogni-
tive problems, fatigue, lymphedema and peripheral
neuropathy as long-term effects while others clas-
sify them as late effects [14, 15, 16, 17].

14.3
The Evolving Paradigm of Cancer Survivor-
ship Research

Consistent with the shift in our perceptions of can-
cer as a chronic disease, new perspectives, and an
emerging body of scientific knowledge must now
be incorporated into Mullan’s original description
of the survivorship experience [2, 3, 4, 13]. Mullan’s
comparison of cancer survivorship with “seasons
of the year” had implied that the availability and
widespread use of curative and effective treatments
would lead to a low likelihood of recurrence and
longer survival times. However, the potential im-
pact of late and long-term adverse physiologic and
psychosocial effects of treatment was not described.
In addition, further advances in survivorship re-
search over the past few years have necessitated the
incorporation of other emerging concepts into the
evolving paradigm of cancer survivorship research
[2, 3, 4]. These include: the impact of comorbidities
on a survivor’s health status and their possible in-
teraction with risk for or severity of late effects; the
key role of lifestyle factors and health promotion in
ameliorating adverse treatment and disease-related
consequences; the effect of cancer on the family; and
the need for incorporating a developmental and life-
stage perspective in order to facilitate optimally a
cancer patient’s journey into the survivorship phase.
A developmental/life-stage perspective is particu-
larly important as it carries the potential to affect

and modify treatment decisions, the intensity of
post-treatment follow-up care, the risk and sever-
ity of adverse sequelae of treatment, and the need
for or use of technologies such as sperm banking
(depending on the survivor’s age at diagnosis and
treatment) [2, 3, 4]. Data on late effects from stud-
ies conducted largely in childhood cancer survivors
[18] have paved the way for and provided an im-
plied “paradigm” for cancer survivorship research
among adult survivors. Whether there is a consist-
ent childhood cancer survivorship model requires
examination. If this is so, we must explore whether
and to what extent it holds true for adult and eld-
erly survivors; the distribution, determinants and
health implications of late effects among adults; and
similarities or differences in outcomes of cancer and
its treatment between pediatric and adult cancer
survivors.

It is of critical importance that we design and
conduct cancer survivorship research with meth-
odologic rigor. Confounders, effect modifiers, me-
diators, and moderators need to be assessed. Meas-
urement issues are challenging and multifaceted.
Not only must late and long-term medical effects be
measured, attention also needs to be directed to the
careful assessment of concurrent co-morbid condi-
tions. The impact of late or long-term effects on the
timing and severity of co-morbid conditions, and
vice versa, needs to be examined rigorously. Health
related quality of life needs to be assessed in con-
junction with late effects and co-morbid conditions.
Thus, these measurement issues are complex and
encompass at least 3 inter-related aspects of cancer
survivorship. All this needs to be carried out with
an overall research/theoretical model that is capable
of explaining the results and inferences observed [2,
3,4].

Major portions of the published literature on
cancer survivorship are descriptive (hypothesis
generating) in nature. Survivorship research stud-
ies should now move towards analytic (hypothesis
testing) study designs, clinical trials and interven-
tions. Creative hybrid designs such as nested case-
control or case-cohort studies are of great value in
yielding quantitative data. Triangulation of meth-
odologies, utilizing a combination of qualitative and
quantitative approaches, are also immensely useful.
There is a need for exploring models for interven-
tions that are effective and can be disseminated into
the community, and a need for education both for
the provider and the survivor. Educational needs
include the development of guidelines for optimal
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post-treatment follow-up care and monitoring of
pediatric and adult cancer survivors, and the pre-
vention, early detection, or management of late and
long-term effects of cancer treatment. These guide-
lines must be evidence-based, and evaluated for ef-
fectiveness and impact.

The constantly evolving effect of a philosophi-
cal shift in cancer treatment from a primarily seek-
and-destroy mindset toward one reflecting the im-
portance of both curing the disease and controlling
its attendant adverse sequelae significantly affects
the cancer survivorship research paradigm of the
new millennium. Cancer treatments today are in-
creasingly used in the context of the survivor’s life,
striving toward minimal toxicity yet optimal effec-
tiveness and with a recognition of the importance
of interdisciplinary care and management. This phi-
losophy must be communicated to researchers and
care providers across diverse settings to promote its
incorporation into the design of the next generation
of cancer survivorship investigations [2, 3, 4].

Thus, our new, dynamic, and evolving paradigm
of cancer survivorship research can be summarized
as one that:

@ Seeks to identify, examine, prevent and control
adverse sequelae of cancer and its treatment

e Manages, treats and prevents comorbidities

e Incorporates health promotion and lifestyle inter-
ventions to optimize health after cancer treatment

e Defines optimal follow-up care and surveillance
strategies and guidelines for all survivors

e Pays special attention to disparities in survivor-
ship outcomes by age, income, ethnicity, geogra-
phy or cancer site, and

e Explores the impact of the survivorship experi-
ence on the family (and vice versa).

This paradigm looks beyond treatment, repre-
senting a shift away from a medical deficit-dysfunc-
tion model, and towards a multi/inter disciplinary
focus. Cancer survivorship research studies now
rarely examine late effects in isolation, and are be-
ginning to, and will continue to, incorporate the full
domains of cancer survivorship research (physi-
ologic, psychosocial, economic) in their conceptual
models and research designs. There is a desire and
a need to elucidate the underlying mechanisms, bi-
ology and bio-behavioral basis of sequelae, and the
competing causes of morbidity and mortality. As
such, cancer survivorship research today reflects the
incredible successes in cancer treatment and early
detection that have enabled the continued growth in

numbers of cancer survivors and their expectation
to lead rich and fruitful lives [2, 3, 4].

14.4

Long Term Cancer Survivors: Research Needs
and Issues in a Growing Yet Understudied
Portion of the Survivorship Continuum

Despite the increasing number of cancer survivors
living 5years or more after a cancer diagnosis, a
review of the literature indicates that most of what
we know about cancer survivorship today focuses
largely on the period between diagnosis and 2 years
after treatment (the early survivorship phase). How-
ever, most late effects of cancer treatment have much
longer latency periods, [3, 9, 10, 11, 12, 13, 19] and
tend to occur during the extended survivorship years.
Thus, while cancer survivors are living longer, we
have limited knowledge and many questions about
the health status, functioning, and quality of life for
most of those who have been post-treatment for long
periods of time: What are the most common late ef-
fects of treatment? Who is at risk and can they be
protected? Can treatment-related injury to normal
tissue be prevented or reversed? What proportion of
survivors will experience recurrent or second malig-
nancies? Who should be following these survivors
for disease recurrence? What constitutes “optimal
surveillance” and what is the cost of such follow-
up care? Do medical, psychosocial, or behavioral in-
terventions reduce morbidity in these populations?
These questions, especially among those diagnosed
with cancer as adults, underscore the need for con-
tinued research in this ever-growing portion of the
cancer survivorship spectrum [9, 10, 11, 13, 21].

To date, the prevalence, incidence, relative risk,
and genetic basis of late and long-term effects of
cancer and its treatment among survivors diagnosed
at least 5 years ago remains to be elucidated for the
majority of cancer sites. Among adults, the largest
body of knowledge comes from breast cancer sur-
vivors. Highly prevalent primary cancer sites such
as colorectal, gynecologic, head and neck, prostate
and lung continue to be understudied with respect
to medical outcomes such as: cardiotoxicity, [20, 21]
neurocognitive problems, [22, 23, 24, 25] premature
menopause, [26] sexual impairment, [27, 28] infertil-
ity, [29, 30] chronic fatigue, [31, 32] pain syndromes,
and second malignancies [33].
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There is growing appreciation of the role that
socio-cultural and behavioral factors play in pa-
tient outcomes, decision-making, adherence to
treatments, and willingness to adopt appropri-
ate surveillance and health maintenance behav-
iors post-treatment. Psychosocial or behavioral
interventions carry the potential to improve the
health-related quality of life, functioning and even
medical status of cancer survivors and their fam-
ily members [34, 35]. While we know that human
behavior can have a profound impact on how can-
cer is managed and may also affect disease-free or
overall survival, we are not currently using this
information in the systematic delivery of care. We
also know little about the best delivery of inter-
ventions, and we continue to need more data re-
garding psychosocial issues such as poor quality
of life, fear of recurrence, poor self-esteem, anxi-
ety and depression, job lock or loss, employment
and insurance discrimination, body-image dis-
turbances, relationship difficulties, and financial
hardship 36, 37, 38, 39, 40].

Survivorship outcomes among medically unders-
erved and ethno-culturally diverse cancer survivor
populations, and family members or care-givers,
represent another under-studied area [24, 41, 42].
Although more than 62% of cancer survivors are
age 65 and older, and the median age at diagnosis is
67-68 years, only a fraction of research studies have
examined the effect of cancer and its treatment on
older individuals. This major segment of the cancer
survivor population also tends to be affected by co-
morbid health conditions which may interact with
the cancer treatment itself, and may modulate the
risk for, or severity of, persistent or late effects of
cancer therapy [43].

Finally, while high quality follow-up care is a nec-
essary fact of life for all cancer survivors, both for
the prevention or early detection of physiological
and psychosocial sequelae, and for the timely intro-
duction of optimal treatment strategies to prevent
or control late effects, to-date, there is no standard-
ized model of service delivery applied consistently
across cancer centers and post-treatment follow-up
care programs. Nor has an attempt been made to ex-
amine the quality, content, and optimal frequency
of follow-up care of cancer survivors delivered in
the community setting by oncologists or by primary
care providers [44].

Areas of emphasis and potential research ques-
tions in long-term cancer survivorship research are
presented in Table 14.4.

14.5
Cancer Survivors, Health Care Utilization,
and Co-Morbid Conditions

Cancer survivors are high healthcare utilizers af-
fecting distinct healthcare domains owing to thera-
peutic exposures, genetic predisposition and/or
lifestyle risk factors [3, 4, 10, 45, 46, 47]. While the
threat of progressive or recurrent disease is at the
forefront of health concerns for a cancer survivor,
increased morbidity and decreased functional sta-
tus and disability that result from cancer, its treat-
ment or health-related sequelae also are significant
concerns. The impact of chronic co-morbid condi-
tions on cancer and its treatment is heightened more
so among those diagnosed as adults and those who
are elderly at the time of diagnosis.

Presented below is a brief overview of some fac-
tors potentiating the risk for chronic co-morbid con-
ditions among cancer survivors. A brief discussion
of the major co-morbid illnesses observed among
survivors is also presented.

14.5.1
Metabolic Syndrome Associated Diseases -
Obesity, Diabetes and Cardiovascular Disease

Obesity is a well-established risk factor for can-
cers of the breast (post-menopausal), colon, kidney
(renal cell), esophagus (adenocarcinoma), and en-
dometrium, thus a large proportion of cancer pa-
tients tend to be overweight or obese at the time of
diagnosis [48, 49] Additional weight gain also can
occur during or after active cancer treatment, an
occurrence that has been frequently documented
among individuals with breast cancer, but recently
has been reported among testicular and gastrointes-
tinal cancer patients, as well [50, 51]. Given data that
obesity is associated with cancer recurrence in both
breast and prostate cancer, and reduced QOL among
survivors, there is compelling evidence to support
weight control efforts in this population [52, 14,
15]. Gradual weight loss also has proven benefits in
controlling hypertension, hyperinsulinemia, pain,
dyslipidemia, and improving levels of physical func-
tioning - conditions that reportedly are significant
problems in the survivor population [53, 14, 15, 21]

Obesity is a common manifestation of several
metabolic disorders that are frequently observed
among cancer survivors. These disorders are
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grouped under the umbrella term, “the metabolic
syndrome”, and also include diabetes and cardio-
vascular disease (CVD). Insulin-resistance is the
underlying event associated with the metabolic syn-
drome and co-occurs with hyperinsulinemia and/or
diabetes [54, 55, 56]. Diabetes may play an especially
significant role in the increased number of non-can-
cer related deaths among survivors, however, its role
in progressive cancer is still speculative [3, 4].

Older breast cancer patients may derive a cardio-
protective benefit from their diagnosis and/or as-
sociated treatments (most likely due to tamoxifen)
[57]. Reports indicate that CVD is a major health is-
sue among survivors, evidenced by mortality data
which show that half of non-cancer related deaths
are attributed to CVD [10]. Risk is especially high
among men with prostate cancer who receive hor-
mone ablation therapy, as well as patients who re-
ceive adriamycin, and radiation treatment to fields
surrounding the heart [58].

14.5.2
Osteoporosis

Osteoporosis and osteopenia are prevalent health
conditions in the general population, especially
among women. Despite epidemiologic findings that
increased bone density and low fracture risk are as-
sociated with an increased risk for breast cancer [59,
60, 61, 62] clinical studies suggest that osteoporosis
remains an important health concern among sur-
vivors [63, 64] Approximately 80% of older breast
cancer patients have t-scores less than -1 and thus
have clinically confirmed osteopenia at the time of
their initial appointment. Other cancer populations,
such as premenopausal breast and prostate cancer
patients may possess good skeletal integrity at the
onset of their disease, but are at risk of develop-
ing osteopenia which may ensue with treatment-in-
duced ovarian failure or androgen ablation [10].

14.5.3
Decreased Functional Status

Previous studies indicate that functional status is
lowest immediately after treatment and tends to im-
prove over time; however, the presence of pain and
co-occurring diseases may affect this relationship
[65]. In the older cancer survivor, regardless of du-
ration following diagnosis, the presence of comor-

bidity, rather than the history of cancer per se cor-
relates with impaired functional status [66]. Cancer
survivors demonstrate almost a two-fold increase in
having at least one functional limitation, and, in the
presence of another co-morbid condition, the odds
ratio increases to 5.06 (95% CI 4.47-5.72) [67]. These
findings have been confirmed by other studies in
diverse populations of cancer survivors [68, 69, 70]

Survivors of childhood cancer may experience an
increased risk for functional limitations in physical
performance and participation in activities of daily
living. Compared with siblings, survivors are more
likely to report performance limitations, restricted
participation in personal care skills, problems
with routine activities, and an adverse impact on
the ability to attend work or school [71]. They also
suffer from significantly elevated rates of chronic
health conditions. Approximately 62.3% of 10,397
survivors in a recent study had at least one chronic,
while 27.5% had a severe or life-threatening, condi-
tion. The cumulative incidence of a chronic health
condition was 73.4%, and for a severe, disabling, or
life-threatening condition was 42.4%, even as late as
30 years after diagnosis [72].

Among survivors diagnosed as adults, a semi-
nal study utilizing the Nurses Health Study Cohort
was the first to report that breast cancer results in
persistent declines in multiple dimensions of func-
tional health status, and that socially isolated and
younger women are an especially vulnerable group.
These prospective data suggest that previous studies
reporting no difference in physical function among
breast carcinoma cases compared with disease free
women underestimated the deleterious effect of the
disease on function [73] After adjustment for age,
baseline functional health status, and multiple cov-
ariates, women who developed incident breast carci-
noma were more likely to have experienced reduced
physical function, role function, vitality, and social
function and increased bodily pain compared with
women who remained free of breast carcinoma. The
risk of decline was attenuated with increasing time
since diagnosis. Risk of decline in physical function
was evident across all stages of breast carcinoma,
even after adjustment for women undergoing treat-
ment for persistent or recurrent disease. Compared
with women < or = 40 years without breast cancer,
women with breast cancer experienced significant
functional declines. Young (age < or = 40) women
who developed breast cancer experienced the larg-
est relative declines in HRQoL (as compared with
middle-aged and elderly women) in multiple do-
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mains including physical roles, bodily pain, social
functioning and mental health [74]. Among socially
isolated women, role function, vitality, and physical
function were significantly lower compared to the
most socially integrated women. Prediagnosis level
of social integration was also shown to be an impor-
tant factor in future HRQoL among breast cancer
survivors [75].

14.5.5
Overview of Physiologic Sequelae of
Cancer and its Treatment

14.5.5.1
Physiologic Late Effects

Late and long-term effects can be classified further
as: (a) system specific (such as damage, failure or
premature aging of organs, immunosuppression
or compromised immune systems, and endocrine
damage); (b) second malignant neoplasms (such as
an increased risk of a certain cancer associated with
the primary cancer and a second cancer associated
with cytotoxic or radiological cancer therapies); (c)
functional changes (such as lymphedema, inconti-
nence, pain syndromes, neuropathies and fatigue);
(d) cosmetic changes (such as amputations, ostomies
and skin and hair alterations); and (e) associated
comorbidities (such as osteoporosis, arthritis, scle-
roderma and hypertension) [1, 2, 3, 4]. The risk of
a recurrence of the primary malignancy also must
be kept in mind.

Generalizations: Certain types of late effects can
be anticipated from exposure to specific therapies,
age of the survivor at the time of treatment, combi-
nations of treatment modalities and dosage admin-
istered [20]. Susceptibility differs for children and
adults. Generally, chemotherapy results in acute
toxicities that can persist, whereas radiation therapy
leads to sequelae that are not immediately appar-
ent. Combinations of chemotherapy and radiation
therapy are more often associated with late effects.
Toxicities related to chemotherapy, especially those
of an acute but possibly persistent nature, can be
related to proliferation kinetics of individual cell
populations because these drugs are usually cell-
cycle dependent. Organs or tissues most susceptible
have high cell proliferation rates and include the
skin, bone marrow, gastrointestinal mucosa, liver
and testes. The least susceptible organs and tis-
sues replicate very slowly or not at all and include

muscle cells, neurons and connective tissue. How-
ever, neural damage may be caused by commonly
used chemotherapeutic drugs such as methotrex-
ate, vinca alkaloids and cytosine arabinoside; bone
injury may be caused by methotrexate; and cardiac
sequelae can occur after treatment with adriamycin.
Injuries in tissues or organs with low repair poten-
tial may be permanent or long lasting. Risk of late
death from causes other than recurrence is great-
est among survivors treated with a combination of
chemotherapy and radiotherapy [1, 2, 3, 4]. The most
frequently observed medical sequelae include endo-
crine complications, growth hormone deficiency,
primary hypothyroidism, primary ovarian failure,
cardiac dysfunction, neurocognitive deficits and
second cancers. Risk factors for late effects may act
independently or synergistically.

Issues unique to certain cancer sites: The exami-
nation of late effects for childhood cancers such as
leukemia, Hodgkin’s lymphoma and brain tumors
have provided the foundation for this area of re-
search. A body of knowledge on late effects of ra-
diation and chemotherapy is also now appearing for
adult cancer sites such as breast cancer. For example,
neurocognitive deficits that may develop after chem-
otherapy for breast cancer are an example of a late
effect that was initially observed among survivors
of childhood cancer receiving cranial irradiation,
chemotherapy or both [3, 9, 10, 11, 33, 34]. We now
have preliminary support for the hypothesis that the
epsilon 4 allele of APOE may be a potential genetic
marker for increased vulnerability to chemother-
apy-induced cognitive decline [76]. Late effects of
bone marrow transplantation have been studied for
both adult and childhood cancer survivors as have
sequelae associated with particular chemotherapeu-
tic regimens for Hodgkin’s disease and breast cancer
[3, 20, 35, 36]. The side effects of radiotherapy, both
alone and with chemotherapy, have been reported
fairly comprehensively for childhood cancer sites
associated with good survival rates. Most cancer
treatment regimens consist of chemotherapy in con-
junction with surgery or radiation, and multidrug
chemotherapeutic regimens are the rule rather the
exception. As such, the risk of late effects must al-
ways be considered in light of all other treatment
modalities to which the patient has been exposed.

Issues unique to specific therapeutic exposures:
The use of anthracyclines for cancer treatment is as-
sociated with cardiotoxic effects among survivors of
both childhood and adult cancer. The result is car-
diomyopathy and potentially irreversible congestive
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heart failure. Anthracycline-induced cardiotoxicity
is characterized by reduced left ventricular wall
thickness and mass, indicating decreased cardiac
muscle and depressed left ventricular contractility.
Risk factors include high cumulative doses, high
dose intensity, and radiotherapy. Among survivors
of breast cancer, Herceptin and radiotherapy have
both been shown to exert cardiotoxic effects. Car-
diomyopathy disease progression can be delayed in
adults by using angiotensin-converting enzyme in-
hibitors such as enalapril. Studies in long-term sur-
vivors of pediatric cancer has shown that enalapril
has significant benefits in preventing cardiac func-
tional deterioration on a short-term basis, but this
is not sustained. Dexrazoxane may significantly re-
duce cardiotoxicity associated with anthracyclines
in adult patients, and is possibly efficacious among
children and adolescents as well. Significantly fewer
dexrazoxane-treated patients (21%) had elevated se-
rum cardiac troponin (a biomarker of acute myocar-
dial injury) levels than patients treated with chemo-
therapy alone (50%; P <.001). Dexrazoxane has been
shown to have no effect on the event-free survival
rate at 2.5 years, emphasizing that it does not detri-
mentally affect the efficacy of anthracycline therapy
[77, 78,79, 80]. However, its long-term impact on the
risk for second cancers remains to be elucidated. In
terms of health-related quality of life, important dif-
ferences have been reported between breast cancer
survivors treated with chemotherapy compared to
local therapy alone, suggesting that long-term QOL
may vary depending on the type of treatment and
diagnosis [81].

Special considerations when primary diagnosis
and treatment occurs in childhood: Cancer therapy
during childhood may interfere with physical and
musculoskeletal development, [82, 83, 84, 85, 86]
neurocognitive and intellectual growth, [87, 88] and
pubertal development [89]. These effects may be
most notable during the adolescent growth spurt.
Prevention of second cancers is also a key issue [11,
13].

Premature menopause is a frequent and signifi-
cant after effect of cancer treatment. It has now
been shown that childhood cancer survivors who
retain ovarian function after completing cancer
treatment are at increased risk of developing pre-
mature menopause (cessation of menses before age
40 years). Risk factors for such nonsurgical pre-
mature menopause include attained age, exposure
to increasing doses of radiation to the ovaries, in-
creasing alkylating agent score (based on number

of alkylating agents and cumulative dose), and a di-
agnosis of Hodgkin lymphoma. Those treated with
alkylating agents plus abdominopelvic radiation
are at particularly high risk (cumulative incidence
approaching 30%) [90] Defined as the loss of ovar-
ian function within 5 yr of diagnosis, acute ovarian
failure is known to develop in a subset of survivors
of pediatric and adolescent cancers. Risk factors
for acute ovarian failure include: older age at di-
agnosis, Hodgkin’s lymphoma, and, abdominal or
pelvic radiotherapy in doses of at least 1000 cGy.
Increasing doses of ovarian irradiation, exposure
to procarbazine, and exposure to cyclophospha-
mide at ages 13-20 yr have also been reported as
independent risk factors [91].

Special considerations when primary diagnosis
and treatment occurs during adulthood: Some late
effects of chemotherapy may assume special im-
portance depending on the adult patient’s age at the
time of diagnosis and treatment [3]. Diagnosis and
treatment during the young adult or early reproduc-
tive years may call for a special cognizance of the
importance of maintaining reproductive function
and the prevention of second cancers [92].

Cancer patients diagnosed and treated in their
30s and 40s may need specific attention for prema-
ture menopause; issues relating to sexuality and
intimacy; use of estrogen replacement therapy;
prevention of neurocognitive, cardiac and other
sequelae of chemotherapy; and prevention of cor-
onary artery disease and osteoporosis [3, 11, 20].
Sexual dysfunction may persist after breast cancer
treatment and may include vaginal discomfort, hot
flashes and alterations in bioavailable testosterone,
luteinizing hormone and sex hormone binding
globulin [93]. Menopausal symptoms such as hot
flashes, vaginal dryness and stress urinary inconti-
nence are very common in breast cancer survivors
and cannot be managed with standard estrogen
replacement therapy in these patients. The normal
life expectancy of survivors of early-stage cancers
during these years of life underscores the need to
address their long-term health and quality-of-life
issues [3, 9, 10].

Although older patients (aged 65 years or more)
bear a disproportionate burden of cancer, advancing
age is also associated with increased vulnerability
to other age-related health problems, any of which
could affect treatment choice, prognosis and sur-
vival. The combination of late effects of cancer or its
treatment and age-related health problems and co-
morbidities add to the vulnerability of older survi-
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vors. In one study, older or long-term survivors who
had chemotherapy and survivors with more types
of treatment reported significantly more symptoms
both during treatment and currently. Women and
African Americans appear to be at special risk for
more symptoms and greater functional difficulty.
Pain was the most commonly reported symptom,
with 21% attributing it to cancer [94]. Hence, cancer
treatment decisions may have to consider preexist-
ing or concurrent health problems (comorbidities).
Measures that can help to evaluate comorbidities
reliably in older cancer patients are warranted. Lit-
tleinformation is available on how comorbid age-re-
lated conditions influence treatment decisions and
the subsequent course of cancer or the comorbid
condition. It is also not known how already com-
promised older cancer patients tolerate the stress of
cancer and its treatment and how comorbid condi-
tions are managed in light of the cancer diagnosis
[52].

14.5.5.2
Second Cancers

Second cancers may account for a substantial
number of new cancers. A second primary cancer
is associated with the primary malignancy or with
certain cancer therapies (e.g., breast cancer after
Hodgkin’s disease or ovarian cancer after primary
breast cancer) [1, 2, 3, 4]. Within 20 years, survivors
of childhood cancer have an 8-10% risk of devel-
oping a second cancer [1, 2, 3, 4]. This can be at-
tributed to the mutagenic risk of both radiotherapy
and chemotherapy, which is further compounded in
patients with genetic predispositions to malignancy.
The risk of a second cancer induced by cytotoxic
agents is related to the cumulative dose of drug or
radiotherapy [1, 2, 3, 4]. The risk of malignancy with
normal aging may be a result of cumulative cellu-
lar mutations. The interaction of the normal aging
process and exposure to mutagenic cytotoxic thera-
pies may result in an increased risk of second ma-
lignancy, particularly after radiotherapy and treat-
ment with alkylating agents and podophyllotoxins.
Commonly cited second cancers include leukemia
after alkylating agents and podophyllotoxins; solid
tumors, including breast, bone and thyroid cancer
in radiation fields; and bladder cancer after cyclo-
phosphamide. Second cancers may also occur in the
same organ site (e.g., breast, colorectal); thus there
is a clear need for continued surveillance [3, 9, 10,
73].

14.6
Follow-up Care for Late and Long-Term Effects

Optimal follow-up of survivors includes both an on-
going monitoring and assessment of persistent and
late effects of cancer treatment, and the successful
introduction of appropriate interventions to amel-
iorate these sequelae [44]. The achievement of this
goal is challenging, and inherent in that challenge is
the recognition of the importance of preventing pre-
mature mortality from the disease and / or its treat-
ment, and the prevention or early detection of both
the physiologic and psychologic sources of morbid-
ity. The prevention of late-effects, second cancers,
and recurrences of the primary disease requires
watchful follow up and optimal utilization of early
detection screening techniques. Physical symptom
management is as important in survivorship as it is
during treatment and effective symptom manage-
ment during treatment may prevent or lessen lasting
effects [1, 2, 3, 4, 44, 95].

Regular monitoring of health status post can-
cer treatment is recommended since this should
1) permit the timely diagnosis and treatment of
long-term complications of cancer treatment; 2)
enable timely diagnosis and treatment of recurrent
cancer; 3) facilitate screening for, and early detec-
tion of, a second cancer; 4) allow the detection, and
referral for management, of co-morbid conditions;
and 5) provide the opportunity to institute preven-
tive strategies such as diet modification, tobacco
cessation and other life style changes [1, 2, 3, 4, 44,
104, 105]

Quality continuing care for cancer survivors
spans a broad spectrum of medical domains rang-
ing from surveillance to genetic susceptibility [1,
2, 3, 4, 44, 104, 105, 96]. Health promotion, since it
addresses modifiable factors, is a key concern of
survivors once acute management of their disease
is complete. Increasingly, cancer survivors are look-
ing to their oncology care providers for counsel
and guidance with respect to lifestyle change that
will improve their prospects of a healthier life, and
possibly a longer one as well. While complete data
regarding lifestyle change among cancer survivors
have yet to be determined, and there remains an un-
met need for behavioral interventions with proven
efficacy in various cancer populations, [97] the on-
cologist can nonetheless make use of extant data to
inform practice and also should be attentive to new
developments in the field.
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Follow-up care and monitoring for late effects is
usually done more systematically and rigorously for
survivors of childhood cancer while they continue
to be part of the program or clinic where they were
treated. The monitoring of adult cancer sites for the
development of late effects, particularly outside the
oncology practice, is neither thorough nor system-
atic. It is important that survivors of both adult and
childhood cancers be monitored for the late and
long-term effects or treatment discussed in preced-
ing sections, at regular intervals.

While it is now recognized that cancer survivors
may experience various late physical and psychologi-
cal sequelae of treatment, and that many health care
providers may be unaware of the adverse outcomes,
[98] until recently, there were no clearly defined, eas-
ily accessible risk-based guidelines for cancer survi-
vor follow-up care. Such clinical practice guidelines
can serve as a guide for doctors, outline appropriate
methods of treatment and care, address specific clini-
cal situations (disease-oriented) or use of approved
medical products, procedures, or tests (modality-ori-
ented). In response to this growing mandate, the Chil-
dren’s Oncology Group has developed and published
its guidelines for long-term follow-up for Survivors
of Childhood, Adolescent, and Young Adult Cancers
[99]. These risk-based, exposure-related clinical prac-
tice guidelines are intended to promote earlier detec-
tion of and intervention for complications that may
potentially arise as a result of treatment for pediatric
malignancies, and are both evidence-based (utilizing
established associations between therapeutic expo-
sures and late effects to identify high-risk categories)
and grounded in the collective clinical experience of
experts (matching the magnitude of risk with the in-
tensity of screening recommendations). Importantly,
they are intended for use beginning 2 or more years
following the completion of cancer therapy, and are
not intended to provide guidance for follow-up of the
survivor’s primary disease.

Of great significance to survivors of adult cancer,
using the best available evidence, ASCO’s expert
panels have also identified and developed practice
recommendations for post-treatment follow-up of
specific cancer sites (breast and colorectal; source:
www.asco.org). In addition, ASCO has also created
an expert panel tasked with the development of fol-
low-up care guidelines geared towards the preven-
tion or early detection of late effects among survi-
vors diagnosed and treated as adults.

It is critical, if we are to develop effective research
priorities and recommendations for clinical care,

education, and policy related to care for survivors of
cancer, that we note two key points: (a) the popula-
tion of cancer survivors consists of individuals with
varying needs and issues - those cured of their dis-
ease and no longer undergoing active treatment, as
well as patients with recurrences or resistant disease
requiring ongoing treatment; and (b) regardless of
disease status, any survivor may experience lasting
adverse effects of treatment [100].

Survivors of cancer have significantly poorer
health outcomes on multiple burden-of-illness meas-
ures than do people without a history of cancer, and
these health decrements may occur or continue many
years after diagnosis [1, 2, 3, 4, 44] Co morbid con-
ditions are another major issue for many diagnosed
with cancer, yet little is known about the quality of
the non-cancer-related care receive by these survi-
vors [101]. Compared with matched controls with no
history of cancer, it has been reported that it is more
likely that survivors would not receive recommended
care across a broad range of chronic medical condi-
tions (e.g., angina, congestive heart failure, and dia-
betes) [5]. Quality-of-life issues in long-term survi-
vors of cancer differ from the problems they face at
the time of diagnosis and treatment [102, 103]. Thus,
interventions with the potential to treat or ameliorate
these many and varied late and chronic effects of can-
cer and its treatment must be developed, evaluated
for efficacy, and disseminated.

The larger scientific community has begun to
champion the need for cancer survivorship research,
and to call for solutions that will lead to both in-
creased length and quality of life for all cancer sur-
vivors. This demand is reflected in the language of
several Institute of Medicine (IOM) and President’s
Cancer Panel reports, Progress Review Group (PRG)
documents, and National Cancer Institute priori-
ties. The IOM Report on cancer survivors diagnosed
as adults articulates key areas for research and care
delivery, especially with respect to the development
of a formal care plan for survivors that integrates,
within one document, key treatment relevant vari-
ables, exposures, late effect risks, and management/
follow-up care needs [104]. The recent IOM report
on childhood survivorship cites the need to create
and evaluate standards and alternative models of
care delivery, including collaborative practices be-
tween pediatric oncologists and primary care physi-
cians as well as hospital-based long- term follow-up
clinics [105]. Another IOM Report, Ensuring Qual-
ity Cancer Care, recognized that attributes of high
quality care could be linked to optimal outcomes




Cancer Survivorship Research: State of Knowledge, Challenges and Opportunities

119

such as enhanced length and quality of survival,
and that continued medical follow-up of survivors
should include basic standards of care that address
the specific needs of long-term survivors.

Survivors of cancer who have completed initial
therapy generally require significant amounts of
follow-up care during the first two years of diagno-
sis. The frequency and intensity of monitoring di-
minishes each year thereafter, a dramatic decrease
occurring 2-5 years post-treatment. Conversely, the
risk of late effects and the impact of long-term ef-
fects increases with time. This progressive fall-off in
cancer and non-cancer related medical visits may re-
flect either a failure of the medical system to convey
the risk for adverse treatment-related sequelae, or
a manifestation of system driven barriers (unequal
access, disparities in receipt of quality care). Patient
driven factors (fear of recurrence or of findings) are
also critical. Not all survivors may be aware of the
late effects they may be at risk for. Thus treating
physicians and institutions must provide survivors
with a discharge summary detailing key treatment/
exposure and baseline health information that may
be relevant if or when late effects become manifest.
They must also develop a tailored follow-up care
plan that reflects elevations in risk due to previous
therapeutic exposures.

To facilitate optimal follow-up during the post-
treatment phase, the patient’s age at diagnosis, side
effects of treatment reported or observed during
treatment, calculated cumulative doses of drugs
or radiation, and an overview of late effects most
likely for a given patient given the treatment history,
should be summarized and kept on file. A copy of
this summary should be provided to the patient, or
parent of a child who has undergone treatment for
cancer. The importance of conveying this detailed
treatment history to primary care providers should
be clearly communicated, especially if follow-up
will occur in the primary/family care setting. Fi-
nally, screening tests that may help detect subclini-
cal effects that could become clinically relevant in
the future should be listed.

The majority of cancer survivors return to their
primary care providers for medical follow-up once
treatment ends, many of whom may be unaware
of the additional health risks of cancer treatment.
Provider education and training is thus necessary.
Extant published international long term follow-up
care guidelines provide a logical basis for informed
practice, but are not truly evidence based and must
be updated regularly and communicated optimally

to providers and survivors to be truly effective and
useful [106, 107].

Due to the potential health vulnerability and com-
plexity of medical needs, attention may shift away
from important health problems not related to can-
cer, or, surveillance may become over vigilant. The
lack of evidence base that can help tailor optimal care
strategies needs to be addressed. The relative roles of
primary care providers and specialists in the care of
cancer survivors are not clear. Developing and testing
interventions that examine outcomes among groups
of survivors managed under different follow-up care
settings is a critical need. We must add to the grow-
ing knowledge base of cancer survivorship and to fa-
cilitate the development of evidence based follow-up
care and surveillance strategies in this health vulner-
able group of individuals.

It is imperative that we achieve an evidence based
understanding of the frequency, content, setting
and experiences of follow-up care received by the
broader population of cancer survivors in order
to develop standards for such care with a view to-
wards preventing, detecting early, or ameliorating
the adverse outcomes [1, 2, 3, 4, 44]. Findings from
methodologically rigorous studies will improve our
understanding of the nature and extent of the bur-
den of illness carried by cancer survivors, yield key
information regarding follow-up care, and facilitate
future efforts focusing on the development of stand-
ards or best practices for such care, especially when
notable health disparities might exist.

Potential late effects of cancer and its treatment
are summarized by organ system and by exposure
to chemotherapy, radiation, or surgery, in Table 14.1.
Suggested follow-up care and monitoring strategies
and guidelines for the prevention, early detection, or
optimal management of late effects, are presented in
Table 14.2.

14.7
Guidelines for Follow-Up Care -
Issues and Strategies

The long-term and late effects of combined modal-
ity cancer treatment present important issues we
must address through clinical research [108]. While
awareness of late effects after cancer and agreement
that they need to be prevented, managed or treated
is increasing, many questions remain. We still do
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Table 14.1. Possible Late Effects of Radiotherapy & Chemotherapy

Organ System

Late Effect/Sequelae of

Radiotherapy

Late Effect/Sequelae of Chemotherapy

Chemotherapeutic
drugs responsible

Bone and Soft
Tissues
Cardiovascular

Pulmonary

CNS

Peripheral Nervous
System

Hematological

Renal
Genitourinary
Gastrointestinal
Pituitary

Thyroid
Gonadal

Dental/oral health

Opthalmological

Short stature; atrophy, fibro-
sis, osteonecrosis

Pericardial effusion;
pericarditis; CAD

Pulmonary Fibrosis;
Dec. Lung Volumes

Neuropsychological Deficits,
Structural Changes, Haemor-
rhage

Cytopenia, myelodysplasia

Dec. creatinine clearance;
Hypertension

Bladder fibrosis, contractures

Malabsorption; stricture;
Abnormal LFT

Growth hormone deficiency;
pituitary deficiency
Hypothyroidism; nodules
Men: risk of sterility, Leydig
cell dysfunction.

Women: ovarian failure, early
menopause

Poor enamel & root
formation; dry mouth

Cataracts; retinopathy

Avascular necrosis
Cardiomyopathy; CCF

Pulmonary fibrosis
Interstitial pneumonitis

Neuropsychological Deficits,
Structural changes;
Hemiplegia; seizure

Peripheral neuropathy; hearing loss

Myelodyplastic syndromes

Dec creatinine clearance;
Inc. creatinine; Renal F
Delayed Renal F

Bladder fibrosis; Hemorrhagic cystitis

Abnormal LFT; Hepatic fibrosis; cirrhosis

Men: sterility

Women: sterility, prem menopause
Tooth decay

Cataracts

Steroids

Anthracylines
Cyclophosphamide

Bleomycin, BCNU
Methotrexate, Anthra-
cyclines

Methotrexate

Platinum analogues,
Vinca alkaloids

Alkylating agents

Platininum analogues
Methotrexate
Nitrosoureas

Cyclophosphamide
Methotrexate, BCNU

Alkylating agents

Procarbazine
Multiple

Steroids

Table 14.2. Follow-up Care and Surveillance for Late Effects

Follow-up Visit

Content of Clinic Visit

Suggested Evaluative Procedures and

Ancillary Actions

Chemotherapy/
Radiotherapy
Treatment
Completion

General Measures at
every visit

1. Review Complete Treatment History

2. Calculate cumulative dosages of drugs

3. Document Regimen(s) administered
and Radiation ports, dosage, machine
4. Document patient age at diagn/Trt
5. Assess side effects during treatment
6. Identify likely late effects

7. Perform Baseline “grading” of late

effects (CTCAEv.3.0, Garre, SPOG, others)

Detailed history

Complete Physical exam

Review systems

Meds, maint., prophylactic antibiotics
Education: GPA, school performance
Employment history

Menstrual status/cycle

Libido, sexual activity

Pregnancy & outcome

Develop late Effect Risk profile
Summarize all information in previous column

Provide copy to patient (or parent if minor child)
Instruct that this summary should be provided to
primary care or other health care providers

Keep copy of summary in patient chart

Evaluate symptomatology, patient reports of issues
Review any intercurrent illnesses

Evaluate for disease recurrence, second neoplasms
Systematic Evaluation of long term(persistent) and
late effects (See Specific Measures)

Grade long term & late effects: Garre or SPOG criteria
and note changes

CBC; Urinalysis; Other tests depending upon expo-
sure History and late effect risk profile
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...continued Table 14.2.

Follow-up Visit

Specific Measures to
evaluate late effects

Relevance differs by:

1. Age at diagnosis/
Treatment

2. Specific drugs,
regimens

3. Combinations of
Treatment
modalities

4. Dosages
administered

5. Expected Tox-
icities (based on
mech of action of
cytotoxic drugs
(cell cycle depen-
dent; proliferation
kinetics).

6. Exceptions occur
to the theoretical
assumption that
least susceptible
organs/tissues are
those that repli-
cate slowly or not
at all (Platinum
analogues, metho-
trexate, anthracy-
clines).

7. Combinations of
radiation/che-
motherapy more
often associated
with late effects.

Screening for
Second Malignant
Neoplasms

Assess/Manage
Co-morbidities

Content of Clinic Visit

Growth: Includes issues such as short
stature, scoliosis, hypoplasia

Cardiac

Neurocognitive

Neuropathy

Gonadal toxicity

Pulmonary

Urinary
Thyroid
Weight History

Lymphedema

Fatigue

Surgical Toxicity

Gastrointestinal/Hepatic

Screening guidelines differ by age

Oncologist Consult

Osteoporosis; Heart Disease; Arthritis,
etc.

Suggested Evaluative Procedures and

Ancillary Actions

Monitor growth (growth curve); sitting height,
parental heights, nutritional status/diet, evaluate
scoliosis, bone age, growth hormone assays, thyroid
function, endocrinologist consult; orthopaedic con-
sult (if appropriate)

EKG, Echo, afterload reduction, cardiologist consult
Counsel against isometric exercises if high risk,
advise OB/Gyn risk of cardiac failure in pregnancy

History and Exam

Communicate: School, Family, Special education
Compensatory Remediation Techniques
Neuropsych consult; CT or MRI; CSF; basic myelin
protein

Written instructions, appointment cards

History/Exam: Neurolog exam, sensory ch hands/
feet, paresthesias, bladder, gait, vision, muscle
strength

Neurologist consult

History for primary vs. secondary dysfunction,
gonadal function (menstrual cycle, pubertal develop-
ment/delay, libido); hormone therapy; interventions
(bromocriptine)

Premature menopause: hormone replacement unless
contraindicated; DXA scans for osteoporosis; calcium
Endocrinologist consult

Reproductive Technologies

Chest X-ray; Pulmonary function tests; Pulmonologist
consultation

Urinalysis; BUN/Creatinine; Urologist if hematuria
Annual TSH; thyroid hormone repl; Endocrinologist

Evaluate Dietary intake (Food diary)/Physical Activ-
ity
Nutritionist and/or Endocrinologist consult

History/ Exam: swelling, Sensations of heaviness/
fullness

Rule out hypothyroidism; anemia, cardiac/pulm
sequelae,

Evaluate sleep habits;

Evaluate physical fitness and activity levels
Regular physical activity unless contra-indicated

Antibiotic prophylaxis (splenectomy)

Liver function, hepatitis screen, Gastro-enterologist
consult

Follow guidelines for age appropriate cancer screening
(mammogram, pap smear, FOBT/ Flex Sig)

Mammog at age 30 if hx of mantle radiation for
hodgkins

Screen for associated cancers in HNPCC family
syndrome

Screen for ovarian cancer if hx of Breast ca and
BRCAI II.

History/Exam; Be Cognizant of risk; Appropriate
Consult;
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not know what the overall burden of late effects is
for survivors. The interaction between aging and
late adverse effects is another key area that needs
examination. What is becoming clear is that the
severity of late effects shows a considerable inter-
patient variability.

To-date, it is impossible to predict at the start of
cancer treatment the extent to which an individual
patient will develop late or long-term effects od can-
cer treatment. The assessment of genetic suscepti-
bility to the effects of radiation or chemotherapy
may in the future enable us to understand better the
nature of this interpatient variability [109, 110, 111].

While the primary goal of cancer treatment is
cure or at least long-lasting palliation, at its most
basic level, the principal aims of long-term follow-
up after cancer care are prevention, early diagnosis
and management of morbidity related to cancer or
its therapies. Ongoing research on long-term effects
after cancer will hopefully enable the establishment
of an optimal balance between the laudable goal of
cure or long-term palliation and the risk of inevita-
ble long-term sequelae.

Cost-effective guidelines need to be established
that take into account the different cancer types, an
individual patient’s risk of long-term toxicity, and
the knowledge that the absolute number of long-
term survivors with severe problems appears to be
relatively low. A major issue that impacts guideline
development is that fact that many severe late effects
become clinically recognizable after latency periods
of 10 years or more. Thus, a critical challenge that
must be overcome relates to the involvement of pri-
mary care practitioners in the long-term follow-up
of cancer survivors.

At present, there are no general guidelines that
address the followup of long-term cancer survivors.
While we continue to see valuable results concerning
long-term morbidity after cancer, follow-up guide-
lines are by and large directed towards the detection
of relapse and improvement of cancer-free survival.
Some international guidelines have begun to recom-
mend cooperation between the primary care sector
and oncologists in order to strengthen the quality of
long-term rehabilitation for cancer survivors. They
have also suggested “national follow-up centers” for
long-term cancer survivors that will not only con-
duct research relevant to the diagnosis, prevention
and treatment of long-term side-effects, but will also
provide medical care to those experiencing adverse
effects and develop relevant guidelines for follow-up
of cancer survivors [112].

14.8
A Follow-Up Care Strategy Predicated on
Research

The plausible follow-up care strategy for long-term
cancer survivors can be developed incrementally
based on Four steps:

14.8.1
Follow-Up Care Research

Includes describing by person, place and time vari-
ous types of late or long-term effects, and assessing
theirincidence and prevalence, relationship with the
previous cancer, and pathophysiology. It needs to be
kept in mind that not all morbidity observed among
cancer survivors is related to the cancer experience,
and that it may well be a consequence of aging or an
unhealthy life style. Thus, comparison with age- and
gender- matched normal population cohorts is key.
Patient- and treatment-related heterogeneity is a
major challenge in follow-up care research: A mul-
titude of factors contribute to morbidity in cancer
survivors. These include environmental factors, life
style (smoking, nutrition, physical activity) and pa-
tient-related variables such as age, gender and hor-
mones [1,2, 3,4, 113, 114]. In addition, the variability
of tumour sites, variable treatments and variations
inresponsiveness to treatment increase the complex-
ity of follow-up care research in cancer survivors.
Methodologically, research strategies relevant to
follow-up care may include retrospective cross-sec-
tional studies (cost-effective) or, ideally, be based on
longitudinal investigations with repeated examina-
tions of cohorts of interest. Cross-sectional studies
among cancer survivors generally require the es-
tablishment of an age- and gender-matched control
group in order to identify the cancer-specific late
toxicity. This type of study design is used for gen-
erating new hypotheses, whereas longitudinal stud-
ies enable a causal evaluation of long-term trends
regarding the development of late effects. Models
for longitudinal studies utilized for answering such
questions include repeated surveys among clearly
defined large populations and allow a comparison
of cancer survivors’ incidence and prevalence of
late effects with a cancer-free population [115, 116].
In one study, authors compared health problems
in cancer patients with those of the cancerfree in-
dividuals based on data as registered in the Cancer
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Registry of Norway. However, they found that infor-
mation on treatment data and extent of the disease
tended to be incomplete [117, 118].

Thus, registry-based studies need to be supple-
mented by more detailed clinical studies evaluating
the impact of overall treatment, pretreatment co-mor-
bidity and major post-treatment health events. Ques-
tionnaire-based surveys among cancer survivors from
population-based studies should be combined with
clinical examinations which (if HIPAA regulations
are complied with) also provide the possibility of col-
lect biological material for the assessment of genetic
and biochemical profiles that will allow an increased
understanding of pathophysiological pathways.

A third strategy enabling follow-up care research
might be include the use of data from large phase
III clinical trials. In such studies, a large cohort is
usually identified and characterized by relatively
similar pre-treatment eligibility criteria and stand-
ardised treatment modalities. Another benefit of
this approach is that cancer survivors from large
phase III trials are regularly monitored resulting
in longitudinal data which could be helpful in the
understanding of intermediate steps leading to pos-
sible late effects.

14.8.2
Development of Guidelines

Guidelines should be created in an attempt to trans-
late evidence from research into practice. Such
guidelines should address the frequency of follow-
up visits, content of care (examinations, tests) pro-
vided at each visit, and determine the level/intensity
of health care to be provided based on a survivors’
risk profile. Follow-up care guidelines should also
outline the essential features of a written (a) Treat-
ment Summary, and (b) Survivorship Care Plan to
be given to a survivor at 2 time points: (i) the end of
acute cancer treatment; and (ii) the end of specialist
oncological care.

A Survivorship Care Plan should contain infor-
mation regarding a survivor’s treatment, complica-
tions observed or expected, the overall risk of ad-
verse late or long-term effects, and steps/strategies
whereby these adverse sequelae can be prevented,
detected early, managed, or treated.

Clinical guidelines are systematically developed
statements to assist specialists, general practitioners
and patients to make decisions regarding appropri-
ate health care for cancer survivors [119]. Their intent

should be to decrease adverse health effects related
to cancer and to enhance health and quality of life.
Evidence-based guidelines are based on linkage be-
tween the therapeutic exposure and observed late ef-
fects and their risk factors. They also include screen-
ing recommendations. Guidelines for post-treatment
follow-up care of long-term cancer survivors should,
at the very least, include recommendations for a)
monitoring of health status; b) surveillance relevant
to the prevention or early detection of recurrence; c)
early detection of late or long-term effects; d) treat-
ment of late or long-term effects; e) detection of and
referrals for the management of co-morbidities; and
f) recommendations regarding life style adjustments.
It should also be noted that since cancer therapies
have evolved over time in relation to the type of can-
cer, and also in response to a patient’s age, follow-up
care guidelines must incorporate the impact of these
key issues/sources of variability [120].

14.8.3
Implementation of a Guideline Based Follow-Up
Care Strategy

Communicationwith thecommunityhealth care pro-
fessionals and ensuring their appropriate education
and training regarding the late or long-term effects of
cancer and its treatment and the unique health needs
of cancer survivors are essential requirements for
translating guidelines into clinical practice. Thus, an
implementation strategy for guidelines should take
into consideration these issues, along with an assess-
ment of resources available.

General practitioners’ adherence to guidelines
is critical when translating recommendations into
clinical practice [121]. Many clinicians may be un-
willing to change their routine, or may have concerns
about patient (survivor) or peer resistance. Imple-
mentation of guidelines and their adoption implies a
permanent change in the manner “work” (follow-up
care) was done previously. One way of changing is
to follow the plan-do-study-act-cycle (PDSA-cycle)
(www.ihi.org) which tests a change in the real work-
setting by 1) planning the change, 2) trying it, 3) ob-
serving the results and 4) acting on what is learned.
After testing the change in a small scale and refining
the change through several PDSA cycles, the change
is ready for use on a broader scale. Thus, the devel-
opment and implementation of guidelines might
begin with one malignancy and then be gradually
expanded to other cancer types.
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14.8.4
Caring for Long-Term Cancer Survivors:

It has been said that care across the cancer contin-
uum implies longitudinal care from diagnosis until
death, regardless of the patient’s age [121]. The first
phase of caring for long-term survivors includes
treatment planning which takes into consideration,
for individual patients, the balance between respon-
siveness to treatment and the risk of acute and late
complications. Once long-term survival is achieved
maintenance of “health that is as good as possible”
and prevention of cancer- and treatment- related
morbidity is the intention of the second phase. In
this phase care should include physical, psychologi-
cal, and social services. It should also include infor-
mation and education of survivors” regarding their
“new reality” predicated on a changed or evolving
risk profile due to the cancer or its treatment and
strategies that might reduce these challenges to
health. Models of care which take into account the
optimal frequency and intensity of follow-up for in-
dividual survivors need to be developed and tested
2, 4, 44, 95, 122].

High- and low- risk cancer survivors should be
identified according their potential of develop-
ing late effects. Low-risk cancer survivors may be
referred to the primary care specialist for further
follow-up care, whereas high-risk cancer survivors
may need follow-up at late effect clinics. The referral
to primary care requires an ongoing guidance from
the original oncologist with respect to the monitor-
ing and management of late effects within a shared
care model [44, 123]. Contact between the primary
care and the late effects clinic should be encouraged,
perhaps on an annual basis either by phone, mail or
e-mail.

The complexity of long-term or late effects makes
the care for cancer survivors time-consuming,
which may make it difficult to integrate follow-up
care into a busy primary care practice. The develop-
ment of a Survivorship Care Plan may be the first
step to facilitate the incorporation of long-term care
for cancer survivors by primary care practioners
(community care). This document should include a
brief summary of salient facts regarding the origi-
nal treatment of the cancer itself, and be an evolv-
ing document in which details of further treatments
or maintenance therapies should also be recorded.
Further, it should include a presentation of possible
late effects, and procedures to monitor and prevent
them.

It should always be kept in mind that cancer sur-
vivors may have reservations about the benefits of
follow-up care. Barriers precluding adherence to fol-
low-up care may include negative emotions associ-
ated with reminders of the cancer experience at each
follow-up visit. Even though it has been postulated
that the experience of cancer increases the willing-
ness to make life style changes, the persistence of
such psychological attitude over years remains un-
clear.

14.9
Discussion

Cancer survivorship research continues to provide

us with a growing body of evidence regarding the

unique and uncharted consequences of cancer and its
treatment among those diagnosed with this disease.

It is becoming an acknowledged fact that most can-

cer treatment options available and in use today will

affect the future health and life of those diagnosed
with this disease. Adverse cancer treatment-related
sequelae thus carry the potential to contribute to the
ongoing burden of illness, health care costs, and de-

creased length and quality of survival [2, 44].

Given the current gaps in our knowledge, it is es-
pecially critical that we expand and accelerate our
potential to address the impact of survival from can-
cer in particular with respect to:

@ Research questions addressing specific gaps in our
knowledge: such as the incidence of and risk fac-
tors for late and long-term effects of cancer and its
treatment, role of socio-cultural and behavioral
factors in modulating treatment outcomes, impact
of survivorship on health care utilization, role of
co-morbidity in outcomes, appropriate follow up
care and surveillance for survivors, and the effect
on families of living with a cancer history in a
loved one; and,

® Research among understudied survivor groups:
such as those treated for colorectal, gynecologic,
or hematologic malignancies, and those belong-
ing to underserved populations (e.g. adult, elderly,
rural, low education/income, and diverse racial
and ethnic populations) [2].

The goal of cancer survivorship research is to ex-
amine questions and develop interventions or strat-
egies that will lead to a decrease in physiologic and
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psychologic morbidity and mortality associated with
post-treatment survival from cancer. While there is
a critical need for additional data on adult cancer
survivors, innovative studies addressing gaps in
research among survivors of childhood cancer, es-
pecially those who are 5 years or more beyond di-
agnosis, are also important. The next generation of
survivorship studies will need to use appropriately
valid and reliable measures of both physiologic and

psychosocial variables. Furthermore, as the number
of new therapies for cancer with as yet undocu-
mented sequelae continue to increase, we will need
research models and trained researchers poised to
explore and address these [1, 2, 4].

Cancer survivorship research domains are pre-
sented in Table 14.3 and examples of research ques-
tions of particular relevance to long-term cancer
survivorship are summarized in Table 14.4.

Table 14.3. Domains of Cancer Survivorship Research

Survivorship Research Domain Definition and Potential Research Foci

Descriptive and analytic -
research

Intervention research o

Examination of survivorship -
sequelae for understudied
cancer sites

Follow-up care and surveillance -

Economic sequelae -

Health disparities -

Family and caregiver issues =

Instrument development -

Documenting for diverse cancer sites the prevalence and incidence of physiologic
and psychosocial late effects, second cancers and their associated risk factors.
Physiologic outcomes of interest include late and long-term medical effects such
as cardiac or endocrine dysfunction, premature menopause and the effect of other
comorbidities on these adverse outcomes

Psychosocial outcomes of interest include the longitudinal evaluation of survivors’
quality of life, coping and resilience, spiritual growth

Examining strategies that can prevent or diminish adverse physiologic or psychoso-
cial sequelae of cancer survivorship

Elucidating the impact of specific interventions (psychosocial, behavioral or medi-
cal) on subsequent health outcomes or health practices

Examining the physiologic, psychosocial, and economic outcomes among survivors
of colorectal, head and neck, hematologic, lung, or other understudied sites

Examining the impact of high quality follow-up care on early detection or preven-
tion of late effects

Elucidating whether the timely introduction of optimal treatment strategies can
prevent or control late effects

Evaluating the effectiveness of follow-up care clinics / programs in preventing or
ameliorating long-term effects of cancer and its treatment

Evaluating alternative models of follow-up care for cancer survivors

Developing a consistent, standardized model of service delivery for cancer related
follow-up care across cancer centers and community oncology practices
Assessing the optimal quality, content, frequency, setting, and provider of follow-up
care for survivors

Examining the economic effect of cancer for the survivor and family and the health
and quality-of-life outcomes resulting from diverse patterns of care and service
delivery settings

Elucidating similarities and differences in the survivorship experience across
diverse ethnic groups

Examining the potential role of ethnicity in influencing the quality and length of
survival from cancer.

Exploring the impact of cancer diagnosis in a loved one on the family and vice
versa

Developing Instruments capable of collecting valid data on survivorship outcomes
and developed specifically for survivors beyond the acute cancer treatment period
Developing / testing tools to evaluate long-term survival outcomes; and those that
(i) Are sensitive to change, (ii) Include domains of relevance to long-term survivor-
ship, (iii) Will permit comparison of survivors to groups of individuals without a
cancer history and/or with other chronic diseases over time.

Identifying criteria or cut-off scores for qualifying a change in function as clini-
cally significant (for example improvement or impairment)




126 N. M. Aziz

Table 14.4. Areas of Research Emphasis in Long-term Cancer Survivorship Research* (examples only)

Area of Research Emphasis Potential Research Questions

A) Research related to specific survivor groups - What are the late or persistent effects of cancer and its treatment in

(i) Those treated for previously understud-

ied cancer sites (e.g. colorectal, gynecologic,

hematologic, head and neck, lung),

(ii) Those belonging to understudied or
underserved populations (adult, elderly,
rural, low education/income, and diverse
racial and ethnic populations).

B) Research addressing specific gaps in our

knowledge:

In particular as related to:

(i) Physiologic late or long-term effects

(ii) Psychosocial effects

(iii) Interventions

(iv) Health Behaviors

(v) Impact of Cancer on Family members

(vi) Post Treatment Follow-up Care,
Surveillance, and Health Care Utilization

C) Research that takes advantage of existing
survivor cohorts or study populations

older adult (65 years or older) long term cancer survivors?

- What is the health status, functioning, and quality of life of long
term cancer survivors belonging to diverse cancer sites?

- Which are the most common chronic and late effects among survi-
vors across diverse cancer sites and which may be unique to subsets
of different cancer survivor groups?

- What are the characteristics of long-term survivors from rural com-
munities and those from low income and educational backgrounds?

- What are the similarities and differences in the survivorship experi-
ence among underserved cancer survivors and Caucasian survivors?

(i)Physiologic late or long-term effects

- Who is at risk for late and long-term effects and can they be pro-
tected? Are there specific, modifiable risk factors (other than expo-
sure to treatment) for the development of late effects?

- Which sub-groups of adult cancer survivors are at elevated risk for
declines in functional status?

- What are the most common late physiological sequelae of cancer and
its treatment among adults, and their effect on physical and psycho-
social health?

- To what extent does cancer treatment accelerate age-related changes?

- Do co-morbidities affect risk for, development of, severity and timing
of late effects of cancer treatment among adult cancer survivors?

- What proportion of survivors will experience recurrent or second
malignancies?

(ii) Psychosocial effects

- What are the psychosocial and behavioral consequences of late and or
long-term physiological sequelae for survivors’ health and well-being?

- Which factors promote resilience and optimal well-being in survi-
vors and their families?

(iii) Interventions

- Which interventions (medical, educational, psychosocial or behav-
ioral) are most effective in preventing or controlling late or long term
physiologic or psychosocial effects? When in the course of illness or
recovery should they be delivered and by whom?

- Can interventions delivered years after treatment control, reduce, or
treat chronic or late cancer related morbidity?

(iv) Health Behaviors

- Does regular physical activity after cancer (or avoidance of weight
gain after hormonally dependent cancers) increase length and qual-
ity of survival?

- Does having a cancer history alter cancer risk behaviors among long
term survivors (e.g., smoking, alcohol consumption, sunscreen use)?

(v) Impact of Cancer on Family members:

- What long-term impact does cancer have on the functioning and
well-being of family members of survivors?

(vi) Post Treatment Follow-up Care, Surveillance, and Health Care
Utilization

- Who is currently following cancer survivors for disease recurrence,
and cancer treatment-related late and long-term effects?

- What is the optimal frequency, content, and setting of post-treatment
medical surveillance of cancer survivors, especially for those who are
adults, and by whom should it be delivered?

- How does cancer history affect subsequent health care utilization,
both cancer-related and that associated with co-morbidities?

- Comparison of survivors’ functioning over time and/or with other
non-cancer populations (e.g., cohort or nested case-control studies).
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14.10
Conclusion

As the number of survivors with long overall or
disease-free survival periods increase, long-term
health issues are fast emerging as a public health
concern. Research on the chronic or delayed compli-
cations of cancer and its treatment or care is needed,
and will: inform our understanding of the biology
of the disease; lead to the design of novel, less toxic
treatments; test the effectiveness of interventions —
medical, pharmacologic, and behavioral - to reduce
adverse physiological and quality of life outcomes;
guide follow-up care practices; and inform patient
and provider treatment-related decision making.

To-date, few studies have examined and com-
pared survivor outcomes pre-and post diagnosis.
Inferences such as those from the Nurse Health
Study need to be examined among other popula-
tions of survivors (e.g. colorectal, prostate, gyneco-
logic, etc). Future studies also need to be cognizant
of and utilize a life stage framework. The special
vulnerability among older or long-term survivors is
an important issue researchers and clinicians need
to address. To improve overall health and to prevent
or control long term or late effects, many cancer sur-
vivors may need to initiate and maintain diet, exer-
cise and other lifestyle changes soon after diagnosis,
and strategies that will facilitate these changes need
to be tested and disseminated.

Not only do the late and long-term consequences
of cancer and its treatment occupy a central core
of importance in and of themselves, they also can
influence infrastructure systems such as databases,
follow-up requirements in clinical practice settings
or clinical trials, new therapeutic approaches, sur-
veillance recommendations, and the cancer research
agenda itself.
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