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Dedications

Dedication to Joel Tepper for CURED Il meeting

Joel E. Tepper: Dedicated scholar, teacher, physician and leader

Joel was born in Brooklyn, soon after WWII, making him one of the earliest baby
boomers. He grew up in Massachusetts and attended college at the Massachusetts
Institute of Technology, where he studied electrical engineering. He went on to
medical school at Washington University in St. Louis, graduating in 1972. Joel did
his medical internship at Presbyterian-St. Luke’s in Chicago.

He continued his training as a resident and fellow in Radiation Medicine at the
Massachusetts General Hospital. There, he had the good fortune to train under
many giants in our field, including Herman Suit and C.C. Wang. There, he started
what would prove to be his very prolific career as an author, penning many man-
uscripts, including several dealing with the initial world-wide experience with
proton beam radiation therapy. Following training, Joel served as the Chief of
Radiation Therapy at the Malcolm Grow Air Force Medical Center. Joel then spent
several years as a senior investigator at the National Cancer Institute, and had the
good fortune to work with Eli Glatsein, Tim Kinsella, Allen Lichter, Steve Rosen-
berg, Jim Mitchell, Liz Travis, and many other talented investigators. There, he
gained experience with intra-operative radiation therapy techniques, gastrointes-
tinal cancers and soft tissue sarcomas.

Joel returned to MGH in 1981. During the subsequent six years, he further devel-
oped his expertise in several areas including intra-operative radiation therapy,
soft tissue sarcoma, and most notably gastrointestinal malignancies. He rapidly
became one the nation’s experts in the care of patients with gastrointestinal malig-
nancies, and in the use of combined modality therapy. He is at present Principal
Investigator of the UNC GI SPORE grant, a prestigious NCI translational research
award that spans many departments within the medical school.

In 1987, Joel moved to the University of North Carolina at Chapel Hill to become
Professor and Chairman of the Department of Radiation Oncology. During the
subsequent 20 years at UNC, Joel has proved to be a dedicated scholar, physician
teacher, and leader.

As a scholar, Joel has authored over 150 publications on a wide array of topics,
and has conducted numerous clinical trials. Through these efforts, Joel has helped
to define the optimal treatment for most GI malignancies. His broad expertise is
evident by his work as the founding editor of Seminars in Radiation Oncology,
and his authorship of several books. His expertise extends well beyond radiation
oncology, as he has helped to lead efforts to better de ine the roles of surgery, che-
motherapy and radiation in GI malignancies. He is a true oncologist.

As a physician teacher, Joel has strived to provide outstanding care for many
patients-both through his direct interactions with patients, and through his edu-
cational and scholarly activities. He has lectured extensively throughout the world,
helping to spread knowledge to others. He has helped to organize numerous educa-
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tion conferences, such as being co-Director for three years of the ASCO/AACR Vail
Conference on Clinical Trial Methodology, and has mentored countless residents,
students and young faculty. Through these efforts, Joel has helped to train a gen-
eration of physicians and leaders in our field.

Joel’s most impressive accomplishments lie in the realm of leadership where he
has applied his skillsin a broad array of local, national and international capacities.
At UNC, in addition to serving as Chairman of the Department of Radiation Oncol-
ogy, he served as an Associate Director of the Lineberger Cancer Center, and has
held many leadership/administrative positions within the UNC Health System.

Nationally and internationally, Joel has served the greater oncology community
on multiple levels. He served on countless ASTRO, ASCO, CALBG, AACR commit-
tees. Most notably, he is the chair of the NCI GI-Intergroup (GI Steering Commit-
tee), is on the ASCO Board of Directors, and has served as ASTRO President from
2002 - 2003, and subsequently as ASTRO Chairman of the Board. Through these
many efforts, he has been a strong advocate for the fields of oncology, radiation
oncology, and, most importantly, patients with cancer. His outstanding service to
our field was recognized by his nomination to the first class of ASTRO Fellows in
November, 2006.

Joel and his wife Laurie are active in the local Durham Chapel Hill Jewish com-
munity- serving on various committees to help the community at large. Joel is
fortunate to have two daughters and three grandchildren.

Perhaps one of the most humbling aspects of reviewing Joel’s outstanding career
is the recognition that he has done all of this despite serious personal challenges. It
is with great admiration and respect that the CURED II meeting, and this publica-
tion, is dedicated to the career and accomplishments of Dr. Joel E. Tepper.

LAWRENCE B. MARKS




Foreword

The evolution of treatment programs for cancer has been predicated on the safe
intensi ication of radiation therapy, chemotherapy, and biologic adjuvants. The
emphasis on combined integrative multimodal programs of management have led
to markedly increased survivorship, which now exceeds 64% overall, and is much
higher for selected malignancies, such as 87% for breast cancer and 80% for all
childhood cancers combined.

Combined integrative multimodal programs of management are more aggressive
in character and often miss the potential risk of normal tissue reactions or toler-
ance. This past emphasis has led to increased efforts to prevent or avoid normal
tissue damage during combined modality treatment and to manage and rehabili-
tate affected patients. This requires understanding of tissue tolerances to treatment
and dealing effectively with not only early but also late effects on normal tissues.
Concomitant with this requirement is the need to follow the patients carefully for
years after completion of treatment. Late effects may not occur early but may occur
long after the cessation of treatment. This balance requires understanding of the
maximum potential of benefit versus decreasing the potential for toxicity from the
treatment.

The second volume on late effects in normal tissues by Rubin et al. is an impor-
tant statement with regards to early and late effects from radiation therapy, as well
as from combined therapy. It contributes signi icantly to the basic understanding of
the problem, the need for long-term follow-up, and the criteria by which one would
identify and treat the early and late effects of treatment. The volume represents a
significant contribution in this field of endeavor.

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

Bodg CARSTEN NIEDER




Introduction

Multimodal treatment is the hallmark for the rising success of cancer cure rates. The
more aggressive the treatment delivery in terms of dose, time and volume for radia-
tion and chemotherapy, the more adverse effects in normal tissues can be antici-
pated. The major paradigm shift is to be aware of the new focus of cancer survivor-
ship; that is to say, the promise of prolonging life means that quality of life needs to
be maintained. The life worth saving must be worth living. The issues that need to
be addressed can be stated succinctly. The new definition of a cancer survivor is not
5 years cancer free survival, but begins at Day 0, before treatment is initiated.

Anatomy is foremost for the radiation oncologist to focus upon with our new
sophisticated techniques of intensity modulated radiation treatment (IMRT) and
image-guided radiation treatment (IGRT). The ability to concentrate and increase
the tumor dose is at the price of exposing surrounding normal tissues to significant
radiation doses. Although such normal tissue radiation doses are well within toler-
ance, any radiation dose to a normal tissue is above threshold. Restated, radiation
(and chemotherapy) use up the mitotic potential of a normal tissue, accelerate senes-
cence, and cause mutations and genome instability that in time may be expressed
as a second malignant tumor (SMT). Collateral unintended damage is inevitable in
surrounding neighboring sites as rotational techniques focus on the tumor volume.
Our highly refined computerized technology-driven radiation delivery systems con-
centrate high tumor doses on target; however, the anatomic sites in the immediate
neighboring environment are also irradiated. Thus, the gross, clinical, and planning
tumor volumes (GTV, CTV, PTV) expressed as a series of repetitive contours need to
be replaced by the in situ normal tissues contents. Our physics, not our biology, has
created the illusion of a selective effect in our ability to ablate cancers by heightening
doses beyond 50-60 Gy to smaller tumor volumes. However, there is a parallel need
to concentrate on the normal tissue volumes (NTV) being simultaneously exposed
(Rubin CURED I). These fall into three categories and each deserves to be carefully
assessed. They are expressed in terms of TNM cancer nomenclature:

NT are normal tissues inside the Tumor volumes GTV, CTV, PTV.

NN are normal tissues in Neighboring sites in the same transverse axial planes
outside the CTV.

NM are normal tissues in more reMote systemic sites and receive scattered radia-
tion from leakage to the whole body.

NTV: The normal tissue sites within the GTV, CTV, PTV that receive doses
approaching or exceeding tolerance doses, i.e., 50-60 Gy

NNV: The neighboring normal tissue volumes surrounding the cancer that receive
below tolerance doses that are well above the threshold, i.e., >10 Gy.

NMYV: The more remote systemic tissues that receive minimal doses that reside in
creating genomic instability and mutate chromosomal DNA, i.e., >1 Gy

Biology of the biocontinuum is essential to comprehend the complexity of molec-
ular, subcellular mitochondrial components, nuclear DNA and cytoplasmic RNA
and protein messengers triggered by all modalities, i.e., radiation, chemotherapy,
and surgery. Each mode releases a microarray of molecular events resulting in a
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perpetual cascade of cytokines and chemokines that are the paracrine, autocrine,
and endocrine messages amongst cells in normal tissues. The multimodal treat-
ment causes normal tissues to respond both to subtolerance high doses and to
above threshold lower doses beyond the range of target tumor volumes. Embedded
in normal tissues that constitute organs are a large variety of cells that fall into
five major categories: the parenchymal stem cell, the endothelial cell or vascular
component, the fibroblast (cyte), the macrophage, lymphocyte, in the interstitium
and then unique mature functioning parenchymal cells, critical to its structure and
physiology. Microstructure as to tissue organization is as essential as the anatomy’s
macrostructure to complete the picture of events triggered by cancer treatments.

Biocontinuum refers to the sequence of ongoing events once a normal tissue or
organ is perturbed by radiation chemotherapy. Rubin and Casarett’s paradigm
of the continuing effect in normal tissue(s) over time is built on a number of key
premises:

Radiation doses that exceed the tolerance will be expressed differently over time
depending on the tissue’s cell kinetics, i.e., fast, slow, or no cell renewal.

There is no latent period histologically in that cellular changes always precede
clinical manifestations.

There is the persistence of the memory of the radiation and compensatory mecha-
nisms of cell regeneration or cell repopulation determining the severity of the ulti-
mate injury expressed clinically.

There is an acceleration of the aging process expressed by the slope of cellular
depletion, tissue atrophy, or the organ’s senescence that is altered by radiation (dose,
time, volume factors).

Another injurious event by any form of trauma (surgery) or drugs (chemotherapy)
can be additive or synergistic and alter the aging slope in time uncovering radiation
residual damage, i.e., recall reaction.

Co-morbidities such as infection, hypertension, diabetes, and obesity can con-
tribute to the slope of the senescing tissues and accelerate the late effect earlier.

Common Toxicity Criteria (CTC) havebeen applied to assess the quality of survival
as applied to cancer patient long-term survivorship. In the 1950s, the concept of late
effects was considered unique to radiation. However, over the past two decades the
Common Toxicity Criteria scales initially applied to chemotherapy’s acute adverse
events (v1.0). Since late changes due to drugs were not recognized until years later,
v2.0 incorporated radiation acute toxicity, and, more recently, in v3.0 incorporated
radiation’s late toxicity, by recognizing that these criteria were equally applicable to
chemotherapy. It is with the creation of the Office of Cancer Survivorship at NCI that
long-term effects of chemotherapy were recognized as indistinguishable from late
effects. It is with the publication of IOM/NRC “Cancer Survivor to Cancer Patient,
Lost in Transition” that late effects are being listed and are applicable to all cancer
treatment modalities.

There is a price to pay for being a cancer survivor, but one needs to be a long-term
cure to have a late effect.

Rochester PHiLiP RUBIN
Rochester Louis S. CONSTINE
Durham LAWRENCE B. MARKS

Rochester PAUL OKUNIEFF
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Introduction

The number of cancer survivors in the United States
has tripled since 1971, and is growing by 2% each
year [1]. The burgeoning number of patients re-
flects improvements in early detection, supportive
care, and therapy. In 2003, there were an estimated
10.5 million cancer survivors, representing 3.5% of
the US population [2]. Amongall cancer patients, the
5-year relative survival rate is now almost 66% [2].
Given the increasing survival after a cancer diagno-
sis, identification and quanti ication of the late ef-
fects of cancer and its therapy have become critical.

L.B.Travis, MD, ScD
1275 East First Avenue, #159, New York, NY 10065, USA

Further, this growing and heterogeneous population
provides important opportunities for clinical and
epidemiologic research into cancer biology, long-
term treatment effects, and prevention. In Novem-
ber 2004, the National Cancer Institute sponsored
a workshop, whose major objective was to provide
perspective on the research agenda, design consider-
ations, and infrastructure needed to understand the
underlying genetic mechanisms of late neoplastic
effects in cancer survivors and thus, to facilitate the
development of evidence-based long-term manage-
ment and intervention strategies. Participants rep-
resented a group of experts in the fields of epidemiol-
ogy, statistics, molecular genetics, clinical genetics,
pharmacogenomics, informatics, radiation biology,
medical oncology, pediatric oncology, and radiation
oncology, and the advocacy community. Workshop
proceedings were published as a Commentary in
[3]. Although the focus of the workshop was second
primary cancers, given the high associated mortal-
ity [4-6], participants emphasized that most of the
infrastructural and design approaches that support
research in this area also provide a sound basis for
the study of other important physiologic late effects
and psychosocial concerns in cancer survivors [7].

Research Infrastructure for Studies of
Cancer Survivorship

Recommendations of the NCI-sponsored work-
shop are reproduced in Table 1.1. First, there was
a high level of enthusiasm for the establishment of
a multi-center cancer survivor cohort derived from
large institutions [3]. The advantages of such a can-
cer survivorship coalition, as now realized by the
Consortium for Cancer Research and Education
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Table 1.1. Workshop recommendations for future research: genetic susceptibility and second primary cancers (modified

from [3])

Develop research infrastructure for studies of cancer
survivorship

e Institute a systematic, national approach to develop re-
search infrastructure for studies of genetic modifiers of
late effects of cancer treatment, including second malig-
nancies

e Provide for rigorous ascertainment of multiple primary
cancers with clinical annotation, detailed treatment data,
and biospecimen collection

e Establish multicenter cohorts of cancer survivors, with
recruitment of trans-disciplinary research teams dedi-
cated to research the late effects of therapy

¢ Expand the capacity of National Cancer Institute coop-
erative groups to ascertain and study long-term outcomes
in clinical trial populations, in support of survivorship
research

Create a coordinated system for biospecimen collection

e Standardize biospecimen collection, laboratory pro-
cedures, and documentation for blood and other DNA
sources, normal tissue from target organs, and tumor
tissue

e Develop a centralized biospecimen repository or a track-
ing system (“virtual repository”) to permit sample re-
trieval from multiple storage centers. Institute mecha-
nisms for scientific review of specimen use and adminis-
trative procedures for specimen control

e Support methodologic research to enhance the quality
and lower the cost of biospecimen collection, processing,
storage, and distribution

Promote the development of new technology,
bioinformatics, and biomarkers

e Identify new technologies for the analysis of germline
and somatic genetic alterations to determine their con-
tributions to second cancer risk

» Reduce the amount of tissue and DNA needed for vari-
ous assays, with standardization of protocols for whole
genome amplification

e Develop molecular profiles of tumors that incorporate
analyses of etiologic pathways and therapeutic targets
related to second cancers and other late outcomes

Support the development of new epidemiologic methods

e Develop efficient epidemiologic study designs to investi-
gate the role of genetic susceptibility to multiple primary
cancers, including genetic modifiers of risk associated
with treatment effects or other etiologic factors

e Develop optimal approaches for selection of controls for
case-control studies in which both treatment and genetic
susceptibility play important roles

e Include a biospecimen component in all study designs

Develop evidence-based clinical practice guidelines

o Implement pilot studies of interventions to prevent sec-
ond cancers within genetically defined, high-risk groups
of patients

o Integrate smoking cessation programs into research de-
signs

e Support research to provide evidence-based follow-up
care for cancer survivors

(CONCURED), are numerous. In institutions which
comprise CONCURED, the status of cancer patients
is usually updated routinely through hospital-based
tumor registries. Detailed information with regard
to cancer diagnosis and exposure data (radiation
therapy and chemotherapy) is available and of high
quality. Even though a number of cancer centers have
independently initiated their own cancer survivor-
ship programs, as reviewed in TrRavIs et al. [3], NCI
workshop participants foresaw that only a coalition
of centers would have suf icient statistical power to
serve as a platform for additional research into late
effects, in particular gene-environment interactions.
CONCURED represents the irst step in the realiza-
tion of the vision published in 2006 [3]. The success of
this collaborative approach is already reflected in the
investigation by KLEM et al. [8] examining features of
breast cancer after Hodgkin lymphoma. In this study,
a total of 264 patients with second primary breast
cancer was assembled from numerous, collaborating
institutions across the US. In contrast, in the largest

previous study to date, an international effort among
population-based cancer registries, was required to
assemble 105 women who developed breast cancer
after being treated for HL at age 30 or less [9].

As pointed out by participants at the 2004 NCI-
sponsored workshop, CONCURED can also serve as
the source of patient subcohorts that are selected based
on eligibility criteria that enrich populations for those
at high risk of late effects. Such criteria include speci 1c
cancer treatments previously demonstrated to carry a
high risk of second cancers (e.g., high-dose, extended-
field radiation therapy for Hodgkin lymphoma [10];
long-term, high cumulative doses of alkylating agents
[11, 12]; a speci ic clinical phenotype at the time of the
first cancer diagnosis that might elevate the risk of
treatment-related cancer (e.g., nevoid basal cell carci-
noma syndrome); the presence of ield effects in nor-
mal tissues that represent an increased risk; or speci 1c
genetic traits). CONCURED might serve as a study
base to examine the potential risk of second cancers
and other late effects associated with newer treatment
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modalities such as intensity-modulated radiother-
apy (IMRT) [13], with the prospective identi ication
and follow-up of patients. Importantly, CONCURED
should also have suf icient statistical power to exam-
ine the under-studied area of the in luence of race and
ethnicity in the susceptibility to late effects of cancer
treatment, as reviewed at the May 2007 meeting [14].

A Platform for Studies of
Gene-Environment Interactions

Two of the five major recommendations put forth by
participants in the 2004 NCI-sponsored workshop
[3] were directed to the creation of a coordinated,
multi-center system for biospecimen collection and
the promotion of the development of new technol-
ogy, bioinformatics, and biomarkers, respectively
(Table 1.1). In this regard, it was noted that an infra-
structure based on large cancer centers also provided
the advantage that biologic specimens (peripheral
blood and tumor and normal tissue from target or-
gan) could be prospectively collected from cancer
patients at presentation. This is in contrast to other
cohort sources, such as population-based cancer
registries, in which available specimens must be re-
quested from constituent hospitals and laboratories,
who typically store only archived paraffin-embedded
tissues. The limitation of single cancer center stud-
ies to date has been the relatively small sample size;
it was recognized by participants in the 2004 NCI-
sponsored workshop [3] that only a multi-center ef-
fort would have sufficient statistical power to address
the role of gene-environment interactions in the late
effects of treatment. Thus, the vision outlined by NCI
workshop participants included the establishment
of programs at multiple centers using common in-
frastructure, common data collection instruments,
and common state-of-the-art biospecimen collec-
tion, processing, storage, and distribution systems,
in support of hypothesis-generating and hypothesis-
testing research, with a goal of the identification of
those genetic characteristics that might make cancer
survivors especially susceptible to treatment-related
second cancers [3]. This type of comprehensive ap-
proach to biobanking is another goal of CONCURED,
and at the recent meeting, several proposals which
address the issue of gene-environment interactions
in the role of late effects were presented [15, 16].

Development of Epidemiologic Methods
and Predictive Models

In the NCI-sponsored workshop, the use of a large
survivorship network to serve as the study base for
the development of new epidemiologic methods was
discussed (Table 1.1) [3]. The application of tradi-
tional cohort and nested case-control designs to
studies of treatment-related second primary can-
cers was recently reviewed [17], with both designs
applicable to the study of other late effects. However,
whereas standard methods have proven highly ef-
fective in de ining dose-response relations between
treatment and adverse outcomes, new analytic para-
digms are needed to explore gene-environment and
gene-gene interactions [18]. For case-control stud-
ies, these include counter-matching on therapy in
studies where both treatment and genetic suscepti-
bility may play important roles [18]. In general, new
types of hypothesis-generating models and custom-
ized research methods are needed to more ef iciently
study the various determinants of second cancers
and other late effects.

There is an increasing emphasis on the develop-
ment of predictive models for the occurrence of the
adverse sequelae of treatment. TRAVIS et al. [19] re-
cently published estimates of the cumulative abso-
lute risk of breast cancer 10, 20, and 30 years after
treatment for HL according to various dose catego-
ries of mantle radiotherapy and the administration
of alkylating agents. As emphasized in an accompa-
nying editorial by LonGo [20], these types of risk es-
timates, which are easily communicated to patients,
would be optimal for all adverse outcomes of cancer
treatment. Already in CONCURED, proposals are
being considered to predict the risk of second can-
cers comparing photon megavoltage IMRT versus
conformal proton treatment [21].

Evidence-Based Clinical Practice Guidelines

The implications for research opportunities in large
cohorts of cancer survivors also include the provi-
sion of definitive recommendations for evidence-
based care and cost-effective strategies for patient
follow-up [3] (Table 1.1). Pilot studies of interven-
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tions to prevent or ameliorate the risk of late ef-
fects can also be undertaken. Thus, as part of the
CONCURED effort, Ng et al. [22] present a progress
report of the effectiveness of breast MRI screening in
female survivors of HL. Moreover, a new proposal to
examine the feasibility of using chest CT to screen
for lung cancer in survivors of HL who smoke was
discussed by Ng, given the multiplicative interac-
tion reported between either chest radiotherapy or
alkylating agent treatment for HL and tobacco use
and subsequent lung cancer risk [23, 24].

At the CONCURED meeting, a proposal to screen
for second cancers of the gastrointestinal tract in
survivors of HL who received pelvic and abdominal
irradiation was also evaluated [25]. Based on ad-
ditional analyses of the results of an international
study by HopGsoN et al. [26], a cumulative risk
of 20% for colorectal cancer in HL patients over
50 years of age was predicted. Thus, the rationale for
such a feasibility study seems well-founded.

Whether long-term cardiovascular complications
in survivors of HL can be ameliorated by exercise
may also be explored in other CONCURED research
endeavors [27]. Already, a greater survival has been
shown in physically active breast cancer survivors
with high vegetable-fruit intake regardless of obe-
sity [28]. Thus, the application of interventions such
as lifestyle modifications in cancer survivors holds
great promise, and deserves further study.

A Trans-disciplinary Approach

The successful establishment of effective trans-dis-
ciplinary cancer survivorship programs requires the
attention of dedicated clinical and research teams
[3]. For example, in the Living Well After Cancer
Program (Www.pennhealth.com), a multidisci-
plinary team of clinicians (including medical on-
cologists, radiation oncologists, clinical oncology
nurse practitioners, nutritionists, cardiologists,
cancer rehabilitation specialists, psychiatrists, and
psychologists) and researchers (including those with
expertise in genomics, cancer biology, biostatistics,
epidemiology, and behavioral science) integrate the
clinical and research arms of the program. An in-
stitutional review board-approved clinical research
protocol follows data on symptoms, follow-up, and
quality of life; provides feedback to health care

providers regarding these problems in individual
patients; and manages the recruitment of patients
into studies. Participants at the 2004 NCI-sponsored
workshop [3] emphasized the importance of dedi-
cated survivorship staff and the need to budget for
the costs of screening, etc. in developing these re-
sources.

Comment

In 2005, the Institute of Medicine and the National
Research Council of the National Academies issued
a report, From Cancer Patient to Cancer Survivor:
Lost in Transition [29]. Indeed, one chapter of this
report was devoted to survivorship research, and
emphasized the need to study large number of pa-
tients who survive their cancers for many years. The
report pointed out that sample sizes should also be
large enough to include individuals who will mani-
fest unusual late sequelae. As did participants at
the 2004 NCI-sponsored Workshop [3], the report
stated that one mechanism to accrue large numbers
of cancer survivors who represent the diversity of
the US is to conduct multi-institutional collabora-
tive research [29]. Thus, CONCURED represents in
part the realization of the research component of the
IOM report. Until the results of research undertaken
in large survivorship programs are available, scien-
ti ic progress over the last few decades has made it
possible nonetheless to identify selected treatment
regimens which are associated with exceptionally
high risks of late effects. Although individual sus-
ceptibility factors remain largely unknown, groups
of exposed patients can still be selected for close
monitoring. Whenever effective screening methods
(e.g., mammographic examination) are available,
these should be included in patient follow-up. Pre-
ventive strategies (e.g., smoking cessation, avoid-
ance of ultraviolet light) may also diminish the risk
of selected late effects, and cancer survivors should
be encouraged to adopt practices consistent with a
healthy lifestyle. Even though cancer treatment rep-
resents a double-edged sword, it should be kept in
mind that many treatments have been accompanied
by sizable improvements in patient survival. Thus,
the benefits associated with many cancer treatments
greatly exceed the risk of developing adverse effects.
Further, it should always be kept in mind that the
late adverse effects of cancer and its treatment may
not necessarily be attributable to prior therapy, but
also relect the effect of shared etiologic factors,
environmental exposures, host characteristics, pa-
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tient co-morbidities, underlying hepatic and renal
function, lifestyle factors and combinations of influ-
ences, including gene-environment and gene-gene
interactions [30]. Research undertaken in large
well-constructed cohorts of survivors, such as CON-
CURED, should be able to clarify the roles of these
various influences on the risk of late effects, identify
genetically susceptible populations, and also pro-
vide the basis for evidence-based prevention and
intervention efforts.
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Summary

e Imaging is a powerful tool for measuring regional
radiation-induced normal tissue changes, inde-
pendent of radiation volumes.

e Several functional imaging tools (e.g., single
photon emission computed tomography [SPECT],
positron emission tomography [PET], and mag-
netic resonance imaging [MRI]), have been used
to monitor radiation-induced injury in a variety
of different tissues, including the lung, heart,
brain, liver, and salivary glands.

o The degree/extent of changes in regional imaging
may be associated with changes in global organ func-
tion (e.g., clinical symptoms) at various time points.
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Introduction

The utility of radiotherapy (RT) in cancer manage-
ment is based on the premise that treatment will
cause greater damage to tumor than to surround-
ing normal tissue. Thus, the risks of normal tissue
toxicity largely determine the dose and volume used
clinically.

Normal tissue injury encompasses a wide range
of effects with varying clinical impact, depending
on treatment site and organ of interest. Further, the
acceptability of RT-induced morbidities changes
over time as treatment techniques evolve. If we are
successful in our goals to cure more patients of their
cancers, late normal tissue effects will become of
greater concern. It is critical that improvements in
therapies maximize both cure and quality of life
(QOL).

Normal tissue injury can be expressed in several
ways (Table 2.1), and the reported frequency of “in-
jury” depends on the endpoint chosen.

The current review addresses functional imaging
as a means to assess regional RT-induced normal tis-
sue injury. Functional imaging allows for the early
detection and quantification of subclinical regional
injury, and is a powerful tool in this area of study.

Table 2.1. Example of different endpoints that can be used to
study RT-induced injury, organized on the basis of objective
vs. subjective and regional vs. global assessments

Objective Subjective

Regional Imaging (e.g., CT- Pain from local
defined increases in ulceration
tissue density)

Global Shortness of breath,

fatigue

Creatinine clearance,
pulmonary function
tests
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A variety of imaging modalities have been used, in-
cluding PET, SPECT, CT, and MRI. We herein review
organ sites with the most available data on func-
tional imaging and clinical endpoints: lung, heart,
liver, brain, and salivary glands.

Lung Injury

Symptomatic pulmonary injury following RT for
cancers in and around the thorax is common, oc-
curring in up to a third of patients. The early phase
of RT-induced lung injury (radiation pneumonitis)
usually presents within 6 months of RT, and is com-
monly characterized by cough and dyspnea [1]. Late
fibrotic injury usually evolves and becomes clini-
cally manifested > 6 months post-RT, and is charac-
terized by progressive dyspnea, radiologic findings,
and possible mortality [1, 2]. For patients treated for
lung cancer, ~5%-35% will develop symptomatic
lung injury, and 50%-100% will develop radiologic
evidence of lung injury (the majority of which are as-
ymptomatic) [3-8]. Similarly, for patients treated for
breast cancer, 0%-34% may develop symptomatic
lung injury, and 0%-63% of patients may develop
radiologic changes [9-14].

Review of RT-induced lung injury by several in-
vestigators using various non-invasive imaging
techniques has been previously described in detail
[15, 16]. In brief, nuclear medicine imaging provides
a sensitive means to assess regional lung function.
Investigators from the Netherlands Cancer Insti-

tute (NKI), Princess Margaret Hospital (PMH), and
Duke University have related changes in regional
perfusion/ventilation [via single photon emission
computed tomography (SPECT)] and/or tissue den-
sity [via computed tomography (CT)] to the 3D radi-
ation dose map. There is a clear association between
regional dose and changes in regional perfusion/
ventilation/density. Further, there appears to be an
association, albeit weak, between the integrated re-
sponse (e.g., the sum of changes in regional perfu-
sion) and changes in whole lung function [7, 17, 18].

Recentreports have focused on radiation-induced
lung injury in the context of stereotactic radiosur-
gery. In a study of 31 patients receiving stereotactic
radiosurgery for primary or metastatic lung lesions,
Aok et al. noted asymptomatic increases in CT den-
sity 2-6 months post-RT, and later fibrotic reactions
at 6-15 months post-RT [19]. While all 31 patients
developed radiographic changes, no patients devel-
oped severe symptoms (e.g., Grade >2 or requiring
steroids). When follow-up CTs were compared to the
dose distribution on the treatment planning CT, in-
vestigators observed that the minimal dose for the
development of CT-defined changes in lung tissue
ranged from 16 to 36 Gy. Figure 2.1 illustrates the
pre- and post-RT change in CT for a patient treated
at Duke with radiosurgery for synchronous pulmo-
nary lesions.

Contrast-enhanced magnetic resonance imaging
(MRI) may also be used to describe perfusion charac-
teristics of various phases of RT-induced lung injury
[20]. Several studies from Japan suggest MRI can de-
tect RT-induced lung injury in animal models. In the
clinical setting, YANKELEVITZ et al. and OGASAWARA
et al. used MRI to study perfusion characteristics of

Fig. 2.1. Patient with synchronous bilateral lung lesions treated with radiosurgery at Duke University. Follow-up CTs at
5 months post-RT showed marked increases in regional tissue density in the symptomatic patient
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Table 2.2. Frequency of radiographic and symptomatic changes following thoracic irradiation

Reference No. of Disease site

cases

CT/radiographs

[129] 54 Lung, breast,
Hodgkin’s disease

[12] 33 Breast

[130] 37 Breast

[131] 75 Hodgkin’s disease

[6] 184 Lung, breast,
lymphoma

SPECT/scintigraphies

[131] 75 Hodgkin’s disease

[137] 25 Lymphoma

[135] 110 Breast, lymphoma

[136] 106 Lung

[6] 184 Lung, breast,
lymphoma

[132] 79 Lung, lymphoma,
breast, other
thoracic tumors

[134] 20 Breast

MRI

[21] 10 Lung

[20] 9 Lung

[133] 40 Lung, esophagus

PET

[138] 73 Lung

[24] 36 Esophagus

[23] 101 Esophagus

Radiographic
follow-up

6 Months

9 Months
0.7-10 Years
3-10 Years

24 Months

3-10 Years

18 Months

48 months

3 Months
24 Months

~65 Months

1 Year

3.5 Years
0.5-7 Months
None

(pre RT image)
38 Months

1-3 Months

3-12 Weeks

Radiologic endpoint

1 Lung density
1 Lung density
1 Radiopacity
1 Radiopacity

1 Lung density

| Perfusion

Dose-dependent
reductions in perfusion/
ventilation and partial
recovery

Dose-dependent
reductions in perfusion/
ventilation and partial
recovery

Dose-effect relation for
perfusion and CT density

| Perfusion

Progressive dose-
dependent reductions in
regional perfusion

| Lung clearance

1 Signal intensity on T1
and T2 weighted images

Asymmetric enhancement
on dynamic perfusion MR

1 Vascular resistance on
velocity-encoded cine MR
in patients with RP

1 FDG uptake

Linear relation between
radiation dose and
normalized FDG uptake

Linear relation between
radiation dose and
normalized FDG uptake

36/54
(67%)

24/33
(73%)
16/37
(43%)
12/75
(16%)

162/259
(63%)

29/45
(64%)

25/25
(100%)

110/110
(100%)

25/25
(100%)

168/230
(81%)

79179
(100%)

10/10
(100%)

10/10
(100%)

9/9
(100%)

55/73
(75%)

36/36
(100%)

Clinical
endpoint

RP

Cough/
dyspnea

Dyspnea

RP

Dyspnea

Mild RP

Acute RP/
RT 1brosis

RP

10/54
(19%)

13/33
(39%)
0/37
(0%)
0/45
(0%)

34/175
(19%)

0/45
(0%)

4/25
(16%)

34/175
(19%)

2/20
(10%)

9/40
(23%)

>Grade 2 CTC 66/101

symptoms

(66%)

RP, radiation pneumonitis; FDG, fluorodeoxyglucose
Some data estimated from published reports
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RT-induced lung injury (Table 2.2) [20, 21]. In a re-
cent study by MuryaMA et al., velocity-encoded cine
(VEC) MRI was used to investigate whether pulmo-
nary arterial flow as a function of time could be used
to predict radiation pneumonitis (RP) [22].

A recent study from M.D. Anderson noted dose
dependent changes in regional FDG-PET activity in
101 patients assessed 3-12 weeks post-RT for esoph-
ageal cancer [23]. Further, the severity of these re-
gional in lammatory changes appeared to be signifi-
cantly correlated to the probability of symptoms.

Data from several studies regarding radiographic
changes in the lung following thoracic RT, seen

4SCY prerT| 45Gy 1 year

on SPECT, CT, MRI, and PET, are summarized in
Table 2.2. Figure 2.2 illustrates some of these imag-
ing findings and correlation to dose.

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. Patients with breast cancer

250
200
150
100

CT density change (HU)

100
80
60
40

20

Percent Reduction
in Regional Perfusion (%)

Qo

20 40 60 80
Dose (Gy)

w

Case 1

F=Y

[\ *]

=l

— = 0.47+0.069x R =0.96
— y=0.98+0.011x R=0.97

Normalized Lung ['*F]-FDG Uptake
w

(=]

10 20 30 40 50
Dose (Gy)

Fig. 2.2a-c. Pre- and post-RT lung CT (Panel a, from Duke), SPECT perfusion scans (Panel b, from Duke), and FTG-PET
images (Panel ¢ from MDAH, [24]). For each image pair, the associated isodose lines are shown. On the right side are dose
response curves for changes in regional density, perfusion, and metabolic activity, respectively
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and Hodgkin’s disease are particularly at risk for
developing late myocardial damage, due to their
longevity and possibly also due to the frequent use
of anthracycline-containing chemotherapy. In gen-
eral, one has to wait at least 10 years post-treatment
to see these effects manifest clinically [25]. The
use of radiologic methods may allow for the early
detection of treatment-associated dysfunction.
Recent studies have investigated the incidence of
cardiac effects on patients receiving RT for lung
and esophageal cancer. There are some prelimi-
nary data available on newer imaging technologies
such as cardiac MRI and PET to assess RT-induced
cardiac injury in patients with thoracic cancers.
The vast majority, however, of available data re-
garding the imaging of RT-induced heart injury
use SPECT myocardial perfusion imaging in pa-
tients with breast cancer and Hodgkin’s disease. An
in-depth discussion of RT-induced cardiovascular
injury in lymphoma patients is discussed elsewhere
in this book (see Chap. 10).

2.3.1
SPECT

SPECT scans provide a noninvasive assessment of
myocardial perfusion and function (changes in wall
motion and left ventricular ejection fraction). Scans
taken in early years following RT may be able to
assess early the subclinical damage. The incidence
of perfusion defects appears to be related to the
volume of left ventricle irradiated and largely per-
sists up to 6 years after RT in patients irradiated for
breast cancer [26-28]. Perfusion defects have been
associated with episodes of chest pain, and wall
motion abnormalities [26, 28-30], but their clinical
implications may not be well understood. Further,
relatively large perfusion defects may cause reduc-
tions in ejection fraction [26, 31]. Data from several
studies relating radiographic changes in the heart,
as seen on SPECT, in patients treated for breast can-
cer and Hodgkin’s disease, and preliminary data
from studies in esophageal and lung cancer are
shown in Table 2.3. Unlike the data for breast can-
cer, the results as assessed by SPECT for esophageal
and lung cancer are limited and somewhat mixed.
It may be more dif icult to draw conclusions about
the incidence of RT-induced cardiac injury in this
group of patients as many may have pre-existing
heart disease and associated related risks. Addi-
tional follow-up may be needed.

There is some concern that the abnormalities de-
tected on SPECT may be due to attenuation artifacts
related to RT-induced scarring of the breast/chest-
wall; i.e., RT causes pericardial scarring that may
lead to an “arti icial” defect in the anterior myocar-
dium. Additional study is underway to assess for
this confounding issue.

2.3.2
MRI

Nuclear medicine imaging provides both qualitative
and quantitative information about regional and
global cardiac function [32] and has been suggested
to be a sensitive means to assess myocardial injury
in patients with coronary artery disease [33, 34].
MRI provides assessments of myocardial wall thick-
ness and, with delayed hyper-enhancement, allows
direct visualization of myocardial injury/ ibrosis,
and is more sensitive in assessing subendocardial
injury. Both MRI and the nuclear medicine tech-
niques provide information regarding wall motion
and ejection fraction, but MRI has better spatial
resolution and thus may be more accurate [35-37].
Conversely, quantification of myocardial perfusion
is better developed with SPECT than with MRI [36,
37]. While SPECT images only the left ventricle,
MRI affords the possibility to assess global cardiac
function.

Atthistime, MRI hasonlybeenapplied to the study
of RT-induced cardiac disease for a small number of
patients with lung cancer. In preliminary abstracts
from MD Anderson and Duke University, no appar-
ent changes on cardiac MRI have been observed in
the small patient numbers evaluable [38, 139]

2.3.3
Cardiac PET

There is increased interest in the use of cardiac posi-
tron emission tomography (PET) to provide a map
of regional myocardial perfusion. PET has been sug-
gested as having improved resolution and accuracy
as compared to SPECT. In addition, PET may require
shorter exam times than SPECT, but is similarly lim-
ited to imaging only the left ventricle [39]. A case
report noted increased FDG uptake within cardiac
regions receiving >25 Gy approximately 4 years ear-
lier [40]. The patient was asymptomatic and had a
normal ECG.
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Table 2.3. Summary of studies using myocardial perfusion scintigraphy/SPECT to assess for RT-induced cardiac injury in
patients with thoracic malignancies. (Adapted with permission from [128])

Reference®* Years of RT No.of Median radiographic  Subgroup Perfusion defects

cases follow-up

Breast cancer - retrospective

[41] 1971-1976 37 18.4 Years Left-sided photons or electrons 25% (5/20)
19 Years Right-sided photons or electrons 0% (0/17)
[42] 1978-1983 90 13 Years Left-sided RT 12% (4/34)
Right-sided or no RT 4% (2/56)
[43] 1982-1990 16 7.9 Years Left-sided electrons 44% (4/9)
No RT 57% (4/7)
[44] 1987-1993 17 8.4 Years Left-sided photons 0% (0/17)
[30] 1987-1995 36 6.7 Years Left-sided photons 71% (17/24)
8.3 Years Right-sided photons 17% (2/12)

Breast cancer - prospective

[45] 1993-1994 12 1.1 Year Left-sided photons 100% (4/4)
Left-sided electrons 25% (2/8)
[26]° 1998-2001 114 0.5 Year Left-sided photons 27% (21/77)
1 Year Left-sided photons 29% (16/55)
1.5 Years Left-sided photons 38% (13/34)
2 Years Left-sided photons 42% (11/26)
[28]P 1998-2006 44 3 Years Left-sided photons 38% (3/8)
4 Years Left-sided photons 58% (7/12)
5 Years Left-sided photons 67% (4/6)
6 Years Left-sided photons 67% (2/3)

Other disease sites

[46] 1967-1985 16 9.3 (2.5-21.5) Years Lymphoma 0% (0/16)
[47] 26 15 (4-20) Years Lymphoma 61% (14/23)
[48] 1978-1988 31 7 (3-11) Years Lymphoma 84% (21/25)
[49] 1964-1992 112 11.2 (1.0-31.5) Years Lymphoma 7% (7/100)
[50] 49 75 (28-208) Months Lymphoma 78% (32/41)
[51] 1964-1994 294 6.5 (4.0-8.4) Years Lymphoma 12% (32/274)
[52] 2005-2006 51 3 Months Esophageal cancer 54% (14/26)
No RT 16% (4/25)
[38] 13 2 Months, 6 months Lung cancer - -2
[139] 2006-2007 12 3,6, 12, and 18 months Lung cancer, Mesothelioma 50% (6/12)

2 At least one patient with a new perfusion abnormality. Limited data in available abstract
bSome patient overlap, incidence of new perfusion defects listed
Some data estimated from published reports
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Liver Injury

Previous radiation therapy techniques limited the
utility of radiation to the liver, due to the liver’s
low whole organ tolerance. Data from studies dating
back to the 1960s indicated that doses to the whole
liver up to 30-35 Gy using standard fractionation
resulted in a 5% risk of radiation-induced liver dis-
ease (RILD), while smaller volumes of the liver could
tolerate higher doses [53-56]. With the advent of 3D
conformal therapy and more recently IMRT, it has
become increasingly important to assess the impact
RT-induced liver injury. Radiologic changes are of-
ten evident on irradiated livers prior to, or even
in the absence of, clinical symptoms [54, 57]. Such
imaging changes have been reported 6 months to
6 years post-RT [53, 54, 58] (Table 2.4).

2.4.1
CT Perfusion Studies

Investigators at the University of Michigan have
used CT to detect RT-induced liver injury. CTs ob-
tained 2-3 months post-RT revealed low attenua-
tion within irradiated areas in of 74% of 31 patients
studied [66]. Using CT-based perfusion imaging,
Cao et al. assessed the relationship between lo-
cal radiation dose and changes in regional por-

Table 2.4. Imaging assessment of RT-induced liver disease

No. of Disease
cases

Reference RT technique

median dose (range)

tal vein perfusion, similar to perfusion imaging
studies of the lung and heart post-RT from other
institutions noted above [58]. In 10 patients with
unresectable primary or metastatic hepatic tumors,
reductions in regional portal vein perfusion ~1.5
and 3 weeks into treatment (i.e., during RT) were
related to changes in perfusion at 1 month post-RT.
Conceivably, one may be able to alter therapy based
on normal tissue changes noted early-on during a
proposed course of therapy, thereby further indi-
vidualizing therapy.

MUNDEN et al. noted new CT liver abnormalities
in 40% (8/20) of patients ~ 8 (range 5-11) weeks post-
IMRT for mesothelioma [59]. The abnormalities
were in the liver periphery, corresponding to the re-
gions receiving > 45 Gy. All patients with CT-defined
abnormalities were asymptomatic and had normal
liver function tests. For those patients with limited
additional follow-up, the majority of the abnormali-
ties resolved; however, additional data with longer
follow-up is warranted.

2.4.2
MRI

MRI also provides a non-invasive method of im-
aging the RT-induced liver disease. On conven-
tional MR images, irradiated liver tissues show
T1-weighted hypointensity and T2-weighted hyper-
intensity, potentially due to increased water content

Clinical
RT-hepatitis

Radiologic
changes

Follow-up

[66] 31 Primary or High-dose conformal 8- to 12 -Week intervals ~ 74% 6%
metastatic RT 59 Gy (48-73 Gy)
hepatic tumors

[59] 20 Mesothelioma IMRT in 25 fractions 16 Weeks 40% 0%

to 45-50 Gy Range (3-116)

[58] 10 Primary or 67.5 Gy (48-78 Gy) 1.5, 3 Weeks during RT; | Regional -
metastatic 1 month post-RT perfusion
hepatic tumors

MRI

[60] 10 Hodgkin's - 2, 4, 6, 12 Weeks 30% 0%
disease

2For post-contrast T,-weighted images
Some data estimated from published reports
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[60, 61]. However, severe hepatic fibrosis can cause
hypointensity on T2-weighted images that has been
observed in irradiated patients with Budd-Chiari
syndrome [62].

Special MR imaging techniques may provide a
more precise differential diagnosis of radiation-
induced hepatic injury. In gadolinium-enhanced
dynamic studies, the irradiated liver parenchyma
shows early hyperintensity that becomes more
prominent and persists at the end of the dynamic
studies [61]. Superparamagnetic iron oxide-en-
hanced (SPIO) MR imaging may also be a sensitive
modality for early and late radiation-induced liver
injury [62-65].

Brain Injury

Symptomatic brain injury from radiotherapy is
common and likely underestimated due to limited
lifespan of the majority of treated patients and the
subtlety of findings [67-71]. Neurocognitive altera-
tions can range from subtle cognitive dysfunction,
such as mild short-term memory loss 1-6 months
after treatment, to global irreversible/progressive
neuropsychological deficits such as personality
change and an overt decrease in IQ > 6 months post
RT [72-75]. The situation is further complicated by
neurotoxic effects of the tumor as well as effects
of surgery and/or chemotherapy. The changes in
normal brain following therapy for brain tumors is
often complex; however there is an ever-increasing
volume of data using imaging studies to better dif-
ferentiate changes in normal brain tissue post-RT
from recurrent disease. There is, however, limited
data on the implications of these radiologic find-
ings and changes in the neurocognitive function of
patients receiving RT (Table 2.5).

Animal studies reveal that cranial irradiation
leads to deficits in learning and memory, which may
be comparable to human reports of cognitive dys-
function following RT [76]. In these animal reports,
there is anatomic variability in radiosensitivity, as
well as dose related deficits of learning and memory
[77-81].

Post-RT, conventional CT and MRI can reveal
morphologic abnormalities in the brain. However,
these are non-specific and may reflect RT-induced
normal tissue changes/inflammation/necrosis, tu-

mor-related changes, or surgery-induced changes
(e.g., enhancement along the resection margin) [82].
Functional brain imaging (e.g., SPECT and PET)
may be able to distinguish between recurrent tumor
and normal tissue changes such as radiation necro-
sis [82-85]. The majority of studies have evaluated
the response of tumor to radiotherapy rather than
the effect on normal tissue.

2.5.1
SPECT

SPECT can illustrate changes in cranial blood flow
following RT. A Japanese study by ARAKI et al. uti-
lized Xenon 133 SPECT to evaluate changes in mean
cerebral blood flow of non-tumor bearing areas in
40 patients as compared with 40 normal volunteers
[86]. Mean blood flow increased during therapy in
some patients, compared to normal controls. At
3 months post-RT, significant reductions in blood
flow were seen in three patients.

HARILA-SAARI et al. studied 25 patients with
acute lymphoblastic leukemia (ALL) treated with
either intrathecal (IT) chemotherapy or RT. SPECT
perfusion defects were noted in 11/25 (44%), eight of
whom received chemotherapy alone and three who
received cranial RT [87]. The degree of SPECT ab-
normality has not been associated with neuropsy-
chologic changes post-RT.

2.5.2
PET

There are limited data regarding the effects of RT on
glucose metabolism in the brain via FDG-PET and
clinical symptoms, and the available data is contra-
dictory. KAHKONEN et al. evaluated 40 long term
survivors of ALL, half of whom received methotrex-
ate and cranial RT [88]. No major differences were
found in regional glucose metabolism in various
defined cortical and subcortical anatomical areas
for irradiated vs. non-irradiated groups. Pre-RT im-
aging was not available in these patients. MUNLEY
et al. retrospectively evaluated eight patients with
both pre- and post-RT FDG-PET imaging [89]. There
were no changes in regional metabolic activity in
areas of brain receiving doses up to 50 Gy. Above
50 Gy, the effects varied, one decreasing and others
increasing to varying degrees. Both of these studies
were very small.
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Table 2.5. Radiographic changes to tne brain a er irradiation

Reference No.of Radiographic follow-up Post-RT radiographic response/outcome
cases
SPECT
[86]2 40 3 Months e 1 Mean blood flow during RT
e | Inblood flow in three RT patients post-RT
[87] 25 Varied (9-13 months)® e Defects in 44% (11/25) - eight chemo alone, three RT

Diffusion weighted (DW)-MRI

alone

e Impairment in neuropsychological functioning in 19/22
(86%)

* No significant difference in intelligence testing between
normal vs. abnormal SPECT

[110] 18 1-3 Month intervals e ADC ratios and means significantly | for recurrent vs.
starting 4 months post-RT  non-recurrent lesions
[111] 17 - o Marked hypointensity [67%, (8/12)], in lesions due to
RT-injury vs. recurrent tumor
e Maximal ADC values significantly | for recurrent vs.
non-recurrent lesions
'HMRSI
[97] 9 0.5-10.5 Years o Widespread chemical changes in white matter after RT
[112] 18 Mean 4.6 years e | NAA in RT-induced temporal lobe changes
3.0-9.6
(range years) o Cr levels relatively more stable than Cho or NAA levels
e Cho levels may be increased, normal, or reduced
[113] 55 2-Month intervals e Cho/ NAA, Cho/Cr, and ADC ratios and means signifi-
(MRS and DW-MRI) (1.5-12 months) cantly | in regions of RT injury vs. recurrent tumor
3-4 months intervals e MRS with DW MRI correctly classified 96.4% of subjects
(12-36 months) as recurrent disease or RT injury (100% correct for RT
injury group)
[114] 25 9.7 Months o IIMT SPECT significantly | for recurrent disease vs.
(I-IMT SPECT 'HMRS) treatment related changes
e SPECT yielded more favorable results in differentiating
recurrent tumor vs. post-RT changes
[115] 100 2 Years e Oscillations in Cho/NAA and Cho/Cr ratios seen in
8 month cycles
e Maxima in Cho/NAA and Cho/Cr ratios seen 2 months
after RT
PET
[91] 11 3 Weeks; 6 months o | FDG uptake, correlating with neuropsychological de icits

2Data extracted from abstract

PRadiographic follow-up not distinguished between patients with and without RT. Follow-up time measured from end of

systemic therapy or RT

"HMRS]I, proton MR spectroscopic imaging; ADC, apparent diffusion coef icient; NAA, N-acetyl-aspartate; DW, diffusion-
weighted; Cr, creatine; Cho, choline; I-IMT, 123-iodine-o-methyl tyrosine
Some data estimated from published reports
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MINEURA et al. reported on seven patients stud-
ied with >0 PET before and after RT for gliomas
[90]. At 1 month post-RT, there were increases in
PET-de ined regional blood flow in the contralateral
grey matter felt to be normal tissue by CT. At lon-
ger time points, there were significant decreases in
blood flow from pre treatment compared with later
studies.

Early data from a prospective Duke study of
11 patients utilizing FDG and O-15 PET revealed
reductions in FDG uptake in regions of the brain
receiving >40 Gy in comparison to pre-treatment
scans [91]. These FDG changes were found addi-
tionally to correlate with changes on neuropsycho-
logic testing. Additional study, however, is needed
to confirm and more precisely characterize these
findings.

2.5.3
MRI

In animal models, changes in brain tissue on MRI
have been found to be dependent on dose and are
progressive with time [92]. Diffusion-weighted MRI
has been used to characterize and differentiate
morphologic features including edema, necrosis,
and tumor tissue. This approach is based on dif-
ferences in apparent diffusion coefficient (ADC),
resulting from changes in the balance between
intracellular and extracellular water and changes
in structure of the two compartments, with these
conditions [93].

Prick et al. studied four patients who received RT
for low grade gliomas with MR perfusion imaging.
There appeared to be RT-induced decreases in rela-
tive cerebral blood volume (rCBV) and blood flow
(rCBF) within 3 months of RT in regions receiving
>32 Gy [94]. In children with brain tumors, radio-
therapy combined with or without chemotherapy
often leads to the development of late neurocogni-
tive sequelae. Using high-resolution MRI, L1u et al.
measured the thickness of the cerebral cortex in
medulloblastoma patients [95]. Cortical thickness
maps showed relatively thinner cortex in multiple
brain regions that were age and gender related. They
reported that the areas of cortex undergoing devel-
opment are more sensitive to the effects of treatment
of medulloblastoma.

2.54
Magnetic Resonance Spectroscopy

Magnetic resonance spectroscopy (MRS) can mea-
sure aspects of brain metabolism in vivo by showing
the spatial distribution and ratios of compounds
that are present within the neurons, or participate
in membrane or energy metabolism, e.g., N-acetyl
aspartate (NAA), choline (Ch), and creatine (Cr) [96,
97]. Signals from multiple metabolites can be non-
invasively measured within a single measurement
period. In normal brain tissue, the largest signal
arises for NAA, which serves as a marker of neuronal
density and neuron functionality [98, 99]. Several
studies have demonstrated decreases in NAA levels
in normal brain after conventionally fractionated
radiotherapy, which may occur even with low dose
RT (<6 Gy) and recover within months after com-
pleting RT.

KaMmINaGa and SHIRAI serially studied 20 pa-
tients with MRS pre-RT, and ~ 9 days and 15 months
post treatment. They noted decreased NAA and in-
creased choline at the longer follow-up time [104].
Choline was found in cellular membranes at high
levels, which investigators suggested led to rapid
membrane turnover or disruption. In a similar
study from ZENG et al., MRS and diffusion-weighted
imaging were performed 6 weeks post-RT, and seri-
ally every 2 months for the first year, then at 3- to
4-month intervals over 2 and 3 years [105]. Investi-
gators found significantly lower levels of CH/NAA
and Ch/Cr ratios (p <0.01) in 55 patients assessed
for radiation injury vs recurrent disease. These two
variables reportedly could differentiate recurrent
disease vs. normal tissue toxicity in 85.5% of the 55
subjects. With the addition of diffusion weighted
imaging data [and the apparent diffusion coefficient
(ADCQ)], authors reported a higher accuracy when
differentiating radiation-induced injury vs. recur-
rent gliomas. PLOTKIN et al. compared the ability of
I-IMT SPECT and H'MRSI to differentiate recurrent
tumor vs. radiation changes in 25 patients previ-
ously treated with RT for glioma. Using a 1.62 cutoff
for I-IMT SPECT uptake, SPECT yielded a higher
sensitivity, specificity, and accuracy as compared to
H!MRSI.
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2.5.5
Functional Magnetic Resonance Imaging

Another modality being utilized increasingly to
study brain plasticity in diseased patients is func-
tional magnetic resonance imaging (fMRI) [106].
Blood-oxygen-level-dependent (BOLD)-based fMRI
is based upon changes in brain oxygen content,
which occur with changes in neuronal activity
[107]. These changes can be induced by a number
of stimuli, most commonly visual but inclusive of
cognitive tasks [108]. One small study of 16 survi-
vors of childhood cancers and 27 healthy subjects,
demonstrated feasibility of using this technique to
investigate brain function in survivors of childhood
cancer, and found that the BOLD signal for both sur-
vivors and healthy subjects was qualitatively similar
in timing and shape [109]. However, computer-aided
analyses did detect significant quantitative differ-
ences in the BOLD signal of the survivors vs. healthy
subjects.

Parotid Gland Injury

The parotid glands may be injured by RT during
therapy for head and neck tumors, and can impact
speech, chewing, and swallowing [117]. The inci-
dence of clinical parotid dysfunction appears to be
most related to the RT dose delivered, the percent of
parotid volume irradiated, and the pre-RT parotid
function [118].

2.6.1
SPECT and PET

"'C-methionine PET activity in the parotid glands is
reduced following RT for head and neck cancer [119].
As has been done for the lung and heart, changes in
planar salivary gland scintigraphy (SGS) and SPECT
can be related to the RT dose in order to define the
dose-response relationship for parotid dysfunction
[118, 120]. It appears that doses as low as 10-15 Gy
can result in a >50% loss of salivary gland func-
tion, measured by comparing the pre- and post-RT
salivary excretion fraction (SEF) seen on SPECT. Ina

study from Medical University of Liibeck (Germany),
significant alterations in radiotracer uptake in irra-
diated salivary glands of rabbits demonstrated that
functional impairment could be assessed by scintig-
raphy as early as 24 h post-irradiation [117].

2.6.2
MRI

MRI has been used to evaluate salivary gland dis-
eases, due to its excellent soft tissue contrast and
the visualization of characteristic changes resulting
from RT [121, 122]. A reduction in MRI-defined ap-
parent diffusion coefficients (ADC) has been noted
in patients with RT-induced dysfunction as assessed
by scintigraphy [122].

Data from several studies relating radiographic
changes in the parotid gland using PET, SPECT, and
MRI, are shown in Table 2.6.

Conclusions

Functional imaging can be used quantitatively to
detect RT-induced normal tissue injury in a variety
of organs. In general, these imaging abnormalities
manifest soon after (or even during) RT. Hence, it
may be a powerful tool for the early detection of
normal tissue injury and for the study of potential
mitigators of such injury in humans. Radiologically
defined normal tissue injury may be related to short/
long-term clinically meaningful injury (e.g., global
organ function), but further study is needed to bet-
ter quantify this association (Table 2.7). Additional
work is needed to develop methods and standards
to quantitatively score radiologic injury.
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Table 2.6. Radiographic changes in the parotid glands after irradiation of the head and neck

Reference

[119]

[123]2

[124]

[121]
[122]

[125]

[126]

[127]

[120]

[118]

No. of Radiographic follow-up

cases

12

52
21

39

96

16

21

months post-RT
Median (range)

6 Months (minimum)

21 Months (8-54)

1.5 and 6 months

Type of radiographic
study

C-methionine PET

C-methionine PET

Magnetic resonance

sialography (MRS)

Within 24 months post-RT MRI

1 Month

1 and 4 months

1.5 and 12 months

1 and 9 months

1 Month

7 Months (6-10)

MRI and salivary

gland scintigraphy

(SGS)

Salivary gland
scintigraphy (SGS)

Salivary gland
scintigraphy (SGS)

Salivary gland
scintigraphy (SGS)

Salivary gland
scintigraphy (SGS)
plus SPECT

Salivary gland
scintigraphy (SGS)
plus SPECT

Radiographic response/outcome

Metabolic clearance of ''C-methionine in the
parotid and submandibular glands decreased
with increasing RT dose

Dose-response analysis revealed a sigmoid
relationship with a threshold dose of 16 Gy, and
mean TD;; of 30 Gy

Comparison of pre- and post-RT images revealed
RT-induced decreases in visibility of the parotid
and submandibular ducts, at 1.5 months, but
subsequent improvement at 6 months

RT-induced volume reduction of parotid

e Mean apparent diffusion coefficient (ADC) of
dysfunctional parotids decreased by 23% on
diffusion-weighted imaging post-RT

« No significant change of ADCs of functional
parotids

The mean loss of SEF in the spared parotid
was 67% and 19% in 1 and 4 months post-RT,
respectively. Normal excretion function was
regained in 75% of the spared parotids

Reduction in salivary excretion fractions (SEF)
from 44.7% to 18.7% at 6 weeks and to 32.4% at
12 months post-RT

Maximal excretion ratio dropped from 53.5% to
10.7%, and 23.3% 1 and 9 months post-IMRT,
respectively

Linear correlation between RT-induced changes
in SEF on SGS-SPECT and RT dose

Median reduction in salivary excretion
fractions (SEF) of 100% (range 17%-100%)
observed 7 months post-RT

*Includes four of the same patients as the other Buus study [123]
SEF, salivary excretion fraction

Some data estimated from published reports

Table 2.7. Sample attempts to relate changes in regional radiologic studies to changes in global organ function

Parotid

Regional radiologic assay

CT, SPECT PET
SPECT, MRI, PET
CT perfusion, MRI
MRI, PET

PET, SPECT, MRI

Degree of regional injury associated with reported global injury?

Yes; PFTs (Duke, NKI), symptoms (MDAH)

Unclear; EF (Duke, NKI, MDAH)

Unclear, hepatitis (University of Michigan; University Tsukuba, Japan)

Yes; neuropsychological deficits (Duke)

Mixed; SEF (University of Leuven, Beligium; Toyko Medical and Dental

University, Japan)

PFT, pulmonary function test; EF, ejection fraction; SEF, salivary excretion fraction.
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Summary

A small, but significant number of radiotherapy
patients develop adverse responses to treatment,
manifested as either normal tissue/organ damage
or the development of a radiation-induced cancer.
The ability to predict which patients are at greatest
risk for radiation toxicity would be of great benefit
in optimizing treatment decisions. One promising
approach for the development of a predictive as-
say is through the use of genetic information. The
main source of genetic variation among individuals
is single nucleotide polymorphisms. Much of the
early work to identify single nucleotide polymor-
phisms (SNPs) associated with the development of
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radiation injury focused on candidate genes. These
studies have provided results indicative of a genetic
basis for radiosensitivity, but it is clear that this ap-
proach is too limited in its scope to identify the SNPs
that could serve as the basis for a predictive assay
with clinical applicability. However, with comple-
tion of HapMap II and the development of high den-
sity SNP microarrays, it is now feasible to conduct
genome wide studies which promise to lead to the
identification of SNPs that will serve as the basis of
an assay with suf icient sensitivity and specificity to
be useful in the routine screening of cancer patients
to identify those individuals at greatest risk for the
development of adverse effects resulting from ra-
diotherapy.

Introduction

The widespread recognition that modern radiation
therapy can provide a sustainable cure for many
people diagnosed with cancer, or at least delay dis-
ease progression, has led to its acceptance as a stan-
dard treatment option. However, as is true with all
forms of cancer therapy, some patients experience
morbidity resulting from their treatment. Although
there are well-documented dosimetric explanations
or underlying medical conditions responsible for the
injury experienced by some patients who received
radiotherapy, this explanation is not appropriate for
many people. Often, the adverse response is simply
ascribed to unknown individual variations. Impor-
tant evidence in support of genetic factors being
responsible for the differences in radiosensitivity
between patients was obtained through an exami-
nation of radiation-induced telangiectasia in breast
cancer patients [1]. It was observed in this study
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that the variation in the progression rate to the
development of telangiectasia was relatively large
for the same radiation treatment. A determination
was reached that 80%-90% of the disparity was due
to deterministic effects related to the existence of
possibly genetic differences between individuals,
whereas only 10%-20% of the variation could be
explained through stochastic events arising from
the random nature of radiation-induced cell kill-
ing and random variations in dosimetry and dose
delivery. In addition to normal tissue injury, it must
be recognized that radiation is a carcinogen. As a
result, radiotherapy may increase the risk for the
development of a new cancer. Extensive epidemio-
logic evidence has been obtained consistent with
the conclusion that radiotherapy may cause many
of the second malignancies observed in long-term
cancer survivors for whom radiation successfully
controlled their initial tumor [2-12].

Predictive Assays

The development of an assay capable of predict-
ing which radiotherapy patients are most likely
to manifest adverse radiation effects represents a
long sought after goal [13]. Despite modest suc-
cess, the effort to achieve this aim continues since
an assay capable of predicting clinical radiosensi-
tivity would allow customization of radiotherapy
protocols. It has been estimated that a signi 1cant
improvement in the therapeutic index could be
achieved using this approach [14, 15]. These efforts
are also re lective of the new era of “personalized”
medicine [16-18], which recognizes the increasing
importance of cancer survivorship for the roughly
10 million Americans who have survived a can-
cer diagnosis [19]. For these individuals, there is
an increased focus on the quality of life 5, 10 or
20 years following treatment. The goal for this field
of research is therefore to develop a robust, spe-
ci ic assay for cancer patients who are eligible for
radiotherapy to enable individual dose adjustment
based upon the response of each patient to this test
[14, 15, 20, 21]. It is suggested that the area of re-
search utilizing assays to predict the response of
radiotherapy patients based upon genetic pro iles
be termed “radiogenomics”. Hence, radiogenomics
is a new manifestation of the developing field of

personalized medicine, which uses detailed infor-
mation about a patient’s genotype in order to select
a medication, therapy or preventative measure that
is particularly suited speci ically to that patient.

There have been numerous efforts to identify pre-
dictors of clinical radiosensitivity. However, none of
these assays has been implemented in the routine
practice of radiotherapy as these efforts have failed
to yield biomarkers that could serve as the basis for
an assay which would possess the level of level of sen-
sitivity and specificity necessary for a clinically use-
ful predictive test [22]. In recent years, attention has
focused upon the identification of genetic factors as
the basis for an assay to predict which patients are at
increased risk for complications secondary to radia-
tion treatment. With the recognition that large and
well-characterized patient populations are essential
for the performance of these genetic studies, several
broad international efforts have begun whose aim
is the creation of biorepositories and databanks of
radiotherapy patients. Major biorepositories have
been established under the auspices of the Gene-
PARE (genetic predictors of adverse radiotherapy
effects) project [22], GENEPI [23] which was initi-
ated by ESTRO and RadGenomics [24] which is com-
prised of Japanese patients.

Although the emphasis for much of the research
performed has focused upon susceptibility to tissue
and organ damage from radiation, there is increas-
ing recognition that the development of second ma-
lignancies, particularly in children, is of great con-
cern. Due to the success of radiotherapy and other
forms of cancer treatment, many young people are
being cured of their cancers only to develop a new
radiation-induced cancer some years later. It would
therefore also be advantageous if a predictive assay
could be advanced that would help to identify which
of these patients are most likely to develop a second
malignancy from the radiation used to treat their
first cancer.

Hence, the overall goal of this area of research is
to identify those individuals from the general pa-
tient population who are most likely to suffer pro-
nounced radiation-induced normal tissue damage
and/or a radiation-induced malignancy. Although
these radiosensitive patients may be better suited
to a surgical treatment approach, paradoxically,
these people could alternatively represent a subset
of patients who are optimal candidates for radio-
therapy, given that their cancers presumably harbor
the identical sequence alterations associated with
normal tissue toxicity. This highlights the potential
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for radiotherapy dose modification as radiosensi-
tive tumors theoretically could require lower total
treatment doses than their genetically non-variant
counterparts. Conversely, for the vast majority of
patients who do not possess genetic variants associ-
ated with radiosensitivity, it may be possible to dose
escalate and potentially achieve a larger number of
cancer cures.

It should also be noted that through this research,
genetic markers may be identified that are associ-
ated with radioresistance. For these patients, it may
be possible, and even necessary if the possession of
the SNP confers radioresistance to their cancer, to
treat them with a greater dose of radiation.

Candidate Gene Studies

The sequence of the genetic material between all
people is roughly 99.9% identical. However, approxi-
mately once every 1,000 nucleotides, a person may
have a alternate nucleotide in the DNA sequence,
which is referred to as a single nucleotide polymor-
phism (SNP). Many of the estimated 10 million SNPs
that are thought to be present in the human genome
can lead to a substitution of one amino acid for a
different one in a protein, or could occur in an im-
portant functional region of a gene that can cause
a person to be more likely to develop a certain dis-
ease, affect drug metabolism, or possibly render that
individual more susceptible to the development of
complications resulting from a radiation treatment
[25].

A great deal of work has been performed in recent
years in an effort to identify the candidate genes
and SNPs in these genes that are associated with
clinical radiosensitivity. This work is summarized
in Table 3.1. Although candidate gene studies have
provided critical evidence supportive of a genetic
basis for clinical radiosensitivity, this approach has
reached an impasse in terms of its ability to provide
findings that will translate into a useful predictive
assay for the following reasons: (1) Although a num-
ber of studies have detected correlations between
possession of a minor SNP allele with an increased
incidence of either radiation injury or second ma-
lignancy, the results of early studies have not been
routinely validated in subsequent work (Table 3.1);
(2) There is relative ignorance of the full spectrum of

genes and proteins that are associated with the de-
velopment of radiation injury and/or radiation-in-
duced cancers; (3) Even if all of the important genes
that encode the essential protein products associ-
ated with radiation toxicity were included in can-
didate gene studies, it is not certain whether any of
these genes would possess SNPs that would both al-
ter protein function and be present at a high enough
frequency in the population to be of importance; (4)
Critical SNPs associated with radiosensitivity may
not be located within genes, but in regulatory por-
tions of the DNA.

Genome Wide SNP Association Studies

It has become now clear that candidate gene studies
are far too limited in scope to enable identification
of SNPs to meet two criteria for useful biomark-
ers to form the basis of a predictive assay. These
two essential characteristics are that the SNP must
be present in at least a few per cent of the overall
population and that possession of the SNP confers
a significant elevation in the relative risk for the
development of radiation toxicity. Therefore, it is
now recognized that only through the performance
of genome wide association studies will it be pos-
sible to identify SNPs that could form the basis of a
predictive assay. This approach has just become fea-
sible within the past few years due to two important
scienti ic advances that have provided the ability
to screen the entire human complement of genetic
material to identify SNPs associated with clinical
radiation responses. The first is the HapMap Project
that has identi ied a substantial portion of the SNPs
present in the human genome [26]. The second criti-
cal advance is the development of high density SNP
microarrays which has enabled genotyping for less
than $0.001 per SNP [27, 28]. Hence, it is likely that
the path leading to the identi ication of SNPs that
will form the basis of a predictive assy for clinical
radiosensitivity will involve the performance of ge-
nome wide association studies. This approach has
achieved a great deal of success in other areas of bio-
medical research which is reflected in the marked
increase in the number of genome wide association
studies being reported in which SNPs associated
with a series of diseases and treatment reactions
have been discovered [29].
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Table 3.1. Candidate gene studies

Reference First author

[24]

[30]

[31]

(32]

(33]

[34]

(35]

(36]

(37]

(38]

(39]

[40]

[41]

[42]

[43]

SuGga

Harn

DuEeLL

SEVERIN

IANNUZZI

OFFIT

ANDREASSEN

ANGELE

BREMER

MOULLAN

QUARMBY

ANDREASSEN

DERuYCK

MILLIKAN

ANDREASSEN

Irradiated Gene(s)

site screened

Breast 999 SNPs in
137 candidate
genes

Prostate ATM

¢Self reported XRCCl1

d Multiple RAD21

sites

Breast ATM

Hodgkin’s ATM

disease

Breast ¢TGFBI,
SOD2, XRCC3,
XRCC1, APEX

Breast ATM

Breast ATM

Breast XRCC1

Breast TGFB1

Breast TGFBI1, SOD2,
XRCC1,
XRCC3, APEX
and ATM

Cervix / XRCC1,

endometrium XRCC3 and
0GG1

¢Self reported XRCC3, NBSI,
XRCC2 and
BRCH2

Breast ATM

Number of
subjects?®

399

17

1286

19

46

64

41

566

1100

566

103

52

62

4333

41

Result

Association between haplotype GGTT in CD44
with an increased incidence of early skin reac-
tions. Association between haplotypes CG in
MAD2L2, GTTG in PTTGI, TCC and CCG in
RADYA and GCT in LIG3 with a reduced risk
for early skin reactions

b Association between “significant mutations”
with proctitis and cystitis

No association between the codon 399 SNP with
an increased incidence of breast cancer

Association between the nucleotide 1440 SNP
with adverse radiation effects

Association between "significant" SNPs with
subcutaneous fibrosis and telangiectasia

No association between protein truncation mu-
tations with the development of breast cancer

Association between the SNPs in TGFB1 codon
10 and nucleotide -509, SOD2 codon 16, XRCC3
codon 241 and XRCCI1 codon 399, with an in-
creased risk for subcutaneous fibrosis

Association between the codon 1853 SNP with
an increased risk for adverse effects. Association
between the SNPs at nucleotides 1VS22-77 and
1VS48 + 238 with a decreased risk for adverse
radiation responses

No association between protein truncation mu-
tations with either acute or late radiation effects

Association between codons 194 and 399 SNPs
with adverse radiation effects

Association between the nucleotide -509 and 869
SNPs with subcutaneous ibrosis

Association between the TGFB1 codon 10 and
nucleotide -509 SNPs with an increased risk of
altered breast appearance

Association between the XRCC3 nucleotide
1VS5-14 SNP with an increased risk of late ra-
diation effects and the XRCC1 codon 194 SNP
with a reduced incidence of late effects

Association between possession of the minor al-
lele for 2-4 SNPs in the screened genes with an
increased risk for breast cancer and number of
lifetime mammograms

Association between the codon 1853 SNP with
subcutaneous fibrosis
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Table 3.1. Continued

Reference First author  Irradiated Gene(s) Number of Result
site screened subjects®
[44] ANDREASSEN  Breast TGFBI, 120 No association for any of the screened SNPs with
XRCCl1, risk for subcutaneous fibrosis
XRCC3, SOD2
and ATM
[45] CESARETTI Prostate ATM 37 Association between missense SNPs (cause sub-

stitution of the encoded amino acid) with rectal
bleeding and erectile dysfunction

[46] DAMARAJU Prostate fMultiple Association between the LIG4 codon 568 and
genes ERCC2 codon 711 SNPs and the CYP2D6*4 splic-
ing defect, with bladder and rectal toxicity
[47] DERuUCK Cervix / TGFBI1 218 Association between the SNPs at nucleotides
endometrium -1.552delAGG, -509 and in codon 10 were as-
sociated with development of late radiotherapy
effects
[48] CESARETTI Prostate ATM 108 Association between multiple SNPs with procti-
tis when the radiation dose to rectal tissue was
quantified
[49] EDVARDSEN Breast ATM 462 Association between the rs1801516 SNP with

a reduced frequency of telangiectasia and the
rs1800058 SNP with a reduced risk for pleural
thickening and lung ibrosis

[50] GI0TOPULOS  Breast TGFBI1 and 167 Association between the TGFB1 -509 SNP with
XRCC1 an increased risk of ibrosis and an association
between the XRCC1 codon 399 SNP with an in-

creased risk of telangiectasia

[51] Ho Breast ATM 131 Association between the codon 1853 SNP with
the development of fibrosis and telangiectasia

[52] MEYER Prostate ATM 721 No association between the codon 1054 SNP
with either urinary morbidity or erectile dys-
function

[53] PETERS Prostate TGFB1 141 Association between SNPs at either nucleotide

-509, codon 10 or in codon 25 with a decline in
erectile function. Association between the SNP
at nucleotide -509 with an increased risk of late

rectal bleeding
[54] EDVARDSEN Breast GSTM1, 542 Association between the GSTP1 codon 105 SNP
GSTP1, and with pleural thickening

GSTT1

?Includes cases and controls.

b Use of the term “association” indicates that a statistically significant association was reported (generally based upon use
of a p-value of 0.05). It should be noted that most studies did not correct the p-value for multiple testing.

¢ Self-reported occupational and medical irradiations.

d Breast, tonsillar fossa, cervix, anus, vagina, testis, thymoma, and lymphoma.

¢ When multiple genes and SNPs were screened, a note was indicated only for significant associations that were detected.

fBRCA1, BRCA2, ESR1, XRCC1, XRCC2, XRCC3, NBN, RAD51, RAD52, LIG4, ATM, BCL2, TGFB1, MSH6, ERCC2, XPF,
NR3C1, CYP1A1, CYP2C9, CYP2C19, CYP3A5, CYP2D6, CYP11B2, and CYP17Al.
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Identification of the genetic factors associated
with clinical radiosensitivity will have important
and direct implications upon patient care as this
will provide a basis to predict which patients di-
agnosed with cancer are at greatest risk for radia-
tion toxicity resulting from radiotherapy. Upon
detection of one or several SNPs associated with
normal tissue injury or a heightened risk for a sec-
ond malignancy in a particular patient, either a
surgical approach to treatment can be considered,
or recommendations may be made that can reduce
the risk of morbidity resulting from radiotherapy.
An added bene it of genetic testing is that once a
potentially radiosensitive population is identi ied,
then the vast majority of cancer patients who prove
negative for possession of the SNPs associated with
susceptibility to the harmful effects of radiation
can consider radiotherapy with less concern re-
garding complications. In fact, it is possible that
traditional treatment doses have been limited by
the subset of radiosensitive patients as radiation
oncologists generally treat to normal tissue toler-
ance, the dose at which complications that cause
signi icant morbidity begin to appear in the patient
population. It may therefore be feasible as a result
of genetic testing to increase the standard treat-
ment dose and possibly achieve more cancer cures
among the population of people who do not harbor
the genetic alterations associated with adverse ra-
diotherapy responses.

Conclusion

The performance of genome wide studies to iden-
tify SNPs associated with a susceptibility for the
development of either radiation injury or a second
malignancy from radiotherapy will be of great
value as this will permit the creation of a predic-
tive assay that will help patients and their doctors
to decide upon an optimal treatment plan for each
individual.
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Introduction: Radiotherapy-Related
Second-Cancer Risks

The ability to predict radiation-induced cancer
risks associated with modern radiation therapy
protocols should allow the risks of second cancers
to be included, and potentially minimized, in ra-
diation therapy treatment plan optimization. This
consideration is of increasing importance in light of
the increasing number of younger patients undergo-
ing radiation therapy, and with increasing survival
times. As screening programs lead to earlier treat-
ment and at younger ages, and as improvements
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in radiotherapy result in longer survival times, the
issue of radiation-induced second cancers is becom-
ing increasingly important [1, 2]. The 5-year rela-
tive survival rate for prostate cancer in the US has
increased from about 67% in the mid 1970s to about
98% in the 1990s [3], while the mean age at diagno-
sis decreased from 72 to 69 [4]. The corresponding
10-year relative survival rates are now 76% for both
prostate and breast.

Of particular importance in this regard are radia-
tion-induced second cancersin childhood radiother-
apy survivors [5-7], who: (a) are probably inherently
more sensitive to radiation-induced carcinogenesis
than adults, and (b) hopefully have more years of life
remaining.

An example of the magnitude of the risks of con-
cern can be seen from the results of a retrospective
tumor-registry-based study [8] which compared
second cancers in prostate cancer survivors who
had radiotherapy, vs. those who had surgery: Here,
the risks of developing a radiation-associated sec-
ond malignancy after prostate cancer radiotherapy
were estimated as 1in 290 (all years), 1 in 125 for 5+
year survivors, and 1 in 70 for 10+ year survivors.
As expected, second-cancer risks are much higher
inlong-term survivors of pediatric radiotherapy, ap-
proaching 25% at 30 years [6].

Using retrospective techniques, many such stud-
ies of second cancer risks after radiation therapy
have been reported [2, 8-19]. However, radiother-
apy treatment techniques are constantly changing,
particularly in terms of escalating treatment dose
[20-22], altered dose fractionation/protraction
[23-26], and, as discussed in the next section, differ-
ing normal-tissue dose distributions, such as from
intensity-modulated radiation therapy (IMRT) [27,
28]. Consequently, results from second-cancer stud-
ies which are typically the results of treatments that
took place several decades ago, cannot generally be
directly applied to modern-day protocols. This is-
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sue can be addressed, as is described in this chapter,
by developing models that prospectively predict,
through use of organ doses or dose distributions,
second cancers associated with current radiation
therapeutic treatments. Such models also provide
insight into the basic mechanisms of radiation car-
cinogenesis [29] and, as we argue, are an essential
first step towards systematic reduction of long-term
radiotherapy-induced second-cancer risks.

The Potential Significance of Altered
Normal-Tissue Dose Distributions:
Intensity-Modulated Radiation Therapy
and Second-Cancer Risks

There are two potential reasons why the change
from 3D conformal radiotherapy (3D-CRT) to IMRT
might result in a change in radiation-induced sec-
ond malignancies risks [27, 30-35]. First, compared
to 3D-CRT IMRT involves smaller volumes of nor-
mal tissues receiving higher doses, but larger vol-
umes of tissues receiving smaller doses. Clearly the
significance of this in terms of radiation-induced
malignancies will depend will depend on the shape
of the dose-risk relationship. Second, delivery of a
specified dose to the isocenter from a modulated
field requires the accelerator to be energized for
longer, and so more monitor units are needed, typi-
cally increases being factors of about 3, but with a
range of from about 2-8 [35-37], compared with
delivering the same prescribed dose from an un-
modulated field. It follows that patient dose due to
leakage radiation may be increased, although its
spatial distribution and magnitude will depend on
many interrelated factors, including the head shield-
ing design, design and operation of the multileaf
collimator, beam energy, and the details of the IMRT
modulation.

To date, there have only been fairly crude esti-
mates of second cancer risks after IMRT compared
with 3D-CRT. FoLLOWILL et al. [34] estimated a fa-
tal cancer risk after pelvic IMRT of 1.0%, compared
with 0.4%-0.6% for the corresponding 3D-CRT
treatment. HALL and WuU’s cancer mortality esti-
mates [27] were 1.8% (IMRT) vs. 1.0% (3D-CRT), and
the fatal cancer risk estimates by Kry et al. [35] were
2.9%-3.7% (IMRT) vs. 1.7% (3D-CRT). So each of
these estimates concluded that IMRT would roughly

double the second-cancer risk, compared with 3D
conformal radiotherapy.

These estimates are, however, all very crude [38].
In particular they are based on linear extrapolations
of low dose (< 2 Gy) cancer risks that were generated
for radiation-protection purposes from A-bomb
survivors, to high, fractionated, radiotherapeu-
tic doses. There has been a considerable literature
suggesting that this is not a reasonable approach
[11, 39], though to date alternatives have not been
available. Here we describe some new approaches
towards understanding and predicting dose-effect
relations for radiation-induced cancer at radiother-
apeutic doses.

Mechanisms of Radiation-Induced Cancer
at Radiotherapeutic Doses

4.3.1
The Standard Model

Radiation therapy can deliver very high doses of
radiation to regions in organs that are in or close
to the target volume [40]. In earlier approaches to
high-dose risk estimation, radiation-induced car-
cinogenesis at high doses was assumed to be gov-
erned primarily by two competing cellular processes
[41], “initiation” and “inactivation”. Initiation is the
production of changes that make a stem cell pre-
malignant; examples are chromosomal transloca-
tions, such as the Philadelphia chromosome [42], or
other cytogenetic abnormalities such as inversions,
small-scale mutations, deletions, duplications, or
aneuploidy [43-45]. Inactivation prevents a stem cell
from having viable progeny, examples being mitotic
death or apoptosis.

The assumption that radiation carcinogenesis is
primarily governed by initiation and inactivation
has generally been quantified using the standard
linear-quadratic-exponential (LQE) equation [41];
for reviews, see [29, 46, 47]. The LQE equation de-
scribes the excess relative cancer risk (ERR) after a
single acute dose of radiation (D) as
ERR = (aD + bD?) exp(-aD - BD?) (4.1)
where a and b are linear and quadratic coefficients
for initiation, and o and B are linear and quadratic
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coefficients for inactivation. The LQE equation uses
the classic linear-quadratic (LQ) form both for ra-
diation-induced initiation (aD + bD?) and for radi-
ation-induced inactivation exp(-aD - BD?).

For small and intermediate radiation doses,
Equation 4.1 predicts that ERR is an increasing
function of dose, as is seen epidemiologically [11,
12, 48, 49]. At high doses, however, the exponential
cellular inactivation term, exp(-aD - BD?), in this
LQE equation leads to very small predicted ERRs;
that is, essentially all radiation-initiated premalig-
nant stem cells would be inactivated by the radia-
tion. As shown in Figure 4.1 [29], this prediction of
the LQE equation is inconsistent with recent esti-
mates of radiation-induced solid cancer risks, in
that a rapid decrease in the ERR at high doses is not
observed.

4.3.2
A More Realistic Model

Consequently, the standard LQE initiation-inac-
tivation model has been extended [29] to include
a third mechanism, in addition to initiation and
inactivation, of radiation-induced carcinogenesis at
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high doses. Speci ically, symmetric stem-cell prolif-
eration (i.e., a stem cell dividing into two daughter
stem cells) occurs in response to radiation-induced
cell killing [55-58], and replenishes the number of
stem cells in that organ. Because repopulating cells
can only travel very small distances, at least for solid
organs, they will have been near the treatment field
at the time of irradiation, so will have received sig-
ni icant doses, and so will contain a significant frac-
tion of stem cells with pre-malignant damage. Sym-
metric proliferation, which takes place both during
and after radiation therapy, and will thus increase
the high-dose cancer risk, as any proliferating stem
cell that has pre-malignant damage can pass that
damage on to its progeny.

In fact there is a great deal of quantitative biology
in the literature about repopulation kinetics [55-58],
which can be reasonably grafted on to the standard
initiation/inactivation model, resulting in a quanti-
tative initiation/inactivation/proliferation model, as
discussed in the next section.

Figure 4.2 schematizes the three mechanisms
which appear to dominate radiation-induced car-
cinogenesis at radiotherapeutic doses. The standard
model incorporates only the first two mechanisms,
namely initiation and inactivation.
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Fig.4.1a,b. Excess relative risks for radiation-induced lung cancer (a) and breast cancer (b). The lower-dose data points from
A-bomb survivors [50, 51], and the data points at high doses are from studies of lung cancer [52] and breast cancer [53, 54]
after radiotherapy of Hodgkin’s disease patients. The solid curves in each panel represent fits to the A-bomb data using the
standard “initiation + killing” LQE model [41], which involves a balance solely between induction of pre-malignant cells
and cell killing, without considering cellular repopulation. It is clear that the predictions of this standard LQE model are
inconsistent with the high-dose data
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Fig. 4.2. The three dominant processes affecting the probability of radiation-induced cancer at radiotherapeutic doses. The
standard model incorporates only the first two of these mechanisms

An Application: Prospective Estimation of
Radiotherapy-Induced Second-Cancer Risks

The stem cell initiation/inactivation/proliferation
model [29, 59, 60] outlined here provides a prac-
tical approach [61] for predicting organ-specific
high-dose cancer risks based on: (a) cancer risk
data from A-bomb survivors (who were exposed
to lower doses), (b) the demographic variables
(age, time since exposure, gender, ethnicity) of
the population/individual of interest, and (c) an
organ-specific parameter describing radiation-in-
duced cellular repopulation, which has previously
been estimated both for breast and lung [29]. First,
ERRs are directly estimated for single radiation
exposures at moderate doses, based on cancer in-
cidence data among A-bomb survivors [50, 62].
Second, a well established methodology described
by LAND and colleagues [63] (and almost identi-
cally in the recent BEIR-VII report [64]) is used to
adjust the dose-dependent ERRs from the A-bomb
survivors to apply to the demographics (age, time
since exposure, gender, ethnicity) of the individual
or group under study. These two steps are imple-
mented through publicly available on-line software
(Interactive RadioEpidemiological Program, IREP
version 5.3 [65]). Finally, these moderate-dose ERR
estimates for single exposures are adjusted to frac-
tionated high-dose radiation exposure, using the
initiation/inactivation/proliferation model [29]
outlined above.

This augmented cancer risk model is able to well
describe demographics-specific epidemiological
data for radiotherapy-induced carcinogenesis [29,
59]; examples are shown in Figure 4.3.

The approach can, in principle, generate organ-
specific ERR estimates for any given radiotherapeu-
tic dose and fractionation scheme, for any given set
of demographics (in particular age at exposure, and
time post exposure). Essentially all that is needed
are dose-volume histogram (DVH) data for the or-
gan or organs of interest. In this “dosimetric + risk-
modeling” method, each incremental small volume
in the DVH, AVj, is associated with a total dose Dj
= jAD. Given the associated ERR(Dj), estimated as
described above, the overall predicted ERR is the
volume-average of these local ERRs, i.e., ERR=(1/V)
Zj ERR(DJ-) AV, where V is the organ volume. An
example is given in Figure 4.4, based on results re-
ported by KoH et al. [61].

Future Directions

Understanding and quantifying second cancer risks
is, we believe, the first step towards being able to re-
duce them, through hardware and software optimi-
zation - conceptually in the same way as classic early
and late sequelae have been reduced by advances in
hardware and by treatment planning. Having said
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Fig. 4.4a-c. Estimation of radiation-induced second-cancer
risks based on (a) an appropriate dose-volume histogram
(DVH), in this case for the breasts of a 30-year-old female
given 35 Gy of fractionated mantle radiotherapy, and (b) an
estimated dose-risk relation (using the approach described
in the text) for fractionated radiation-induced breast can-
cer, 20 years after exposure. For this individual, the result is
an estimated [61] excess relative risk for radiation-induced
breast cancer, 20 years post exposure of 2.1 [95% CI: 1.1,
6.1]. The lower graph (c) shows the estimated contribution
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this, it is crucial to ensure that any changes in treat-
ment technique designed to decrease second-cancer
risks do not impact negatively on primary tumor
control.

We are a long way from being able to estimate
radiation-induced cancer risks ab initio, i.e., solely
based on biologically-based models. The approach
described here, which appears to be reasonably
promising, is to use cancer risks originally esti-
mated in A-bomb survivors, modify them for the
demographic cohort or individual of interest, and
then extrapolate these risks to higher doses using
the quantitative biological models described here.
Finally, combining the results using organ-specific
dose volume histograms allows realistic prospective
estimates of radiotherapy-related second cancer
risks.

Of course, there remain considerable uncertain-
ties in these modeling approaches. For example, it
remains unclear to what extent radiation-induced
second cancer risks depend on the primary cancer,
over and above the different dose distributions. A
recent study of CNS tumors in survivors of child-
hood cancers concluded that “after adjustment for
radiation dose, neither original cancer diagnosis
nor chemotherapy was associated with risk” [5], but
the question is still open and important.

DonNALDsON and BoYER, commenting on IMRT,
suggested [66] that “the impact of multi-field, low-
dose radiation exposure, and higher total body
doses from leakage radiation associated with longer
“beam-on” times and leaf transmission, carry risks
of radiation carcinogenesis that cannot be accurately
addressed”. In this regard, we have reported here
some advances towards quantitative prospective
estimation of radiotherapy-induced second-cancer
risks.
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Introduction

5.1.1
The New Paradigm for Understanding lonizing
Irradiation Tissue Damage

While the basic principles of radiation chemistry
and radiation molecular biology have not changed,
there has been significant modi ication in our un-
derstanding of cellular interactions involved in ir-
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radiation tissue damage [1-5]. Ionizing irradiation
induces radiation chemical changes in cells, princi-
pally targeting oxygen and water molecules which
results in formation of superoxide, hydroxyl, and
other free radical moieties, within fractions of a sec-
ond after radiation exposure [2]. Formation of nitric
oxide, and its combination with superoxide leads
to formation of peroxynitrite, a potent pro-oxidant
[6, 7], which in combination with the other radical
oxygen species leads to significant lipid peroxida-
tion as well as direct binding to nuclear DNA that
results in single and double strand breaks [8-11].
In the last decade, it has become clear that DNA
strand breaks are repaired rapidly, certainly within
15 min after irradiation of cells in culture [4, 5], and
that this repair involves a complex interaction of
multiple rapid response genes, which initiate by site
specific phosphorylation of the ataxia telangiecta-
sia protein (ATM) on a specific phosphorylation site
[12]. Concatenation of multiple proteins at the site of
DNA strand break leads to induction of pathways for
homologous recombination or homologous end join-
ing in the case of double strand break repair [11, 12].
Deletion or inactivation or one or more components
of the complex protein concatenation at DNA strand
break sites leads to a reduced kinetics of DNA repair,
radiosensitivity of cells in culture, and increased ir-
radiation damage to tissues or organs in vivo [12].

While our understanding of the initial events
involved in DNA strand breaks and repair, remain
basically the same, there has been new apprecia-
tion for the distal steps in the pathway of ionizing
irradiation response that follow rapid repair of DNA
strand breaks.

Nuclear to cytoplasmic, and specifically mito-
chondrial communication of signals from DNA
strand breaks has become the focus of intense in-
vestigation in basic radiation biology [4, 5, 13-17].
Translocation of multiple proteins from the nucleus
to the mitochondria has been described following ir-
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radiation of cells in culture, including movement of
p53,activation of p21,and the stress activated protein
(SAP) kinases including BAX [4, 5, 18-20]. Localiza-
tion of these nuclear proteins to the mitochondria
after irradiation has been associated with profound
biochemical and physiological changes in the mito-
chondrial membrane. Increased calcium transport
across the mitochondrial membrane, is associated
with activation of mitochondrial (neuronal) nitric
oxide synthase, resulting in mitochondrial produc-
tion of nitric oxide [6, 19]. Mitochondrial membrane
changes associated with SAP kinase concentration
include increased production of superoxide which in
combination with nitric oxide leads to peroxynitrite
formation and lipid peroxidation [6-9, 15]. A poten-
tially critical element in the mitochondrial changes
that are associated with irradiation induced apop-
tosis (programmed cell death) is the step involving
interaction of Cytochrome C with cardiolipin [14].
Recent evidence has indicated that Cytochrome C, a
natural component of the electron transport cascade
which normally functions to stabilize mitochondrial
generation of ATP during respiratory metabolism,
has been shown to be associated 70% in binding to
the mitochondrial phospholipid cardiolipin [14].
Only around 30% of cytochrome c is free within the
inter-cisternae space between the outer and inner
mitochondrial membranes [14]. Lipid peroxidation
associated withionizingirradiationinduced changes
in the mitochondria results in release of cardiolipin
from Cytochrome C [14]. Furthermore, changes in
Cytochrome C induced by ROS convert Cytochrome
C into a peroxidase which can further denigrate
cardiolipin and other mitochondrial lipids [14, 15].
Shunting of one of the breakdown products of cardi-
olipin, phosphatidyl-serine from the mitochondrial
to the cell membrane is associated with annexin 5
expression, leading to one of the signals for apopto-
sis and/or signal for phagocytosis by inflammatory
cells in the microenvironment [14, 15]. Cytochrome
Cleakage from the mitochondria, follows the release
of Cytochrome C from cardiolipin, and represents a
“point of no return” [14] in the apoptotic pathway
since free Cytochrome C in the cytoplasm has been
associated with activation of caspase-3, leading to
PARP (poly-ADP-ribosylpolymerase) and the for-
mation of DNA strand breaks in the nucleus that are
observed in the apoptosis [4, 5].

Thus, the “new paradigm” for irradiation in-
duced cellular injury involves initial DNA damage
which is rapidly repaired, but results in a signal
through the cytoplasm to the mitochondria which

results in lipid peroxidative changes in the mito-
chondrial membrane [4, 5, 14], and release of Cy-
tochrome C that then induces a secondary damage
effect called apoptosis. There follows a delayed se-
ries of DNA strand breaks which are detected in the
apotag or Olive-tail assay in vitro or identi ication
of apoptotic bodies in vivo [4, 5, 21]. Studies from
the 1960s and 1970s with alkaline sucrose gradient
analysis of DNA fragmentation of the nucleus, fol-
lowing increasing doses of irradiation, may actually
have been measuring those strand breaks induced
by secondary apoptosis, rather than the initial DNA
strand breaks [1].

5.1.2
General Concepts of Bioengineering for
Tissue Repair

There is great enthusiasm for combining biological
materials with chemically synthesized scaffolds in
tissue repair. Synthetic polymer, and micro-porous
materials have been utilized in maxillofacial surgery
and in the therapy of non-union of bone fractures
[74-81]. Combining tissue culture grown bone mar-
row stromal cells (progenitors of osteoblasts and
chondrocytes) with scaffolding has led to novel ap-
proaches for experimental bone reconstruction [78,
81]. Biological engineering has also incorporated
techniques utilizing keratinocytes, or bone marrow
stromal cells, genetically engineered to express in-
creased levels of humoral factors, including colony
stimulating factors, and cytokines, involved in tissue
repair [82]. Such approaches have been used to mod-
ify skin grafts for burn therapy, and also in the repair
of vascular grafts including coronary microvascula-
ture. Transplantation of embryonic stem cells, tissue
derived stem cells, or bone marrow stem cells into
stereotactically defined regions of the brain has been
utilized in experimental approaches to treat Parkin-
son’s Disease, stroke, and damaged tissues following
brain or spinal cord injury [79, 80]. Biologically en-
gineered cells secreting neurotrophic growth factors
have also been applied in these approaches [79].

In all the above examples, the role of the tissue
microenvironment into which complex organic and
in-organic repair modules are inserted, has been de-
scribed as of critical importance.

Ionizing irradiation damaged tissue poses a
unique challenge for the use of stem cell therapies
in tissue repair. Unlike burn, or traumatic tissue in-
jury, ionizing irradiation damaged tissue may show
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only microscopic histopathology [2]. In the case of
the oral cavity mucosa, esophagus, and lung, micro-
vascular edema, inflammatory cell in iltrates, and
then delayed apoptotic body formation may be the
only indications of early irradiation damage. Circu-
latory elaboration of cytokines may rapidly cause
systemic symptoms, but the sites of major irradia-
tion injury may reveal damage days to weeks after
injury [2]. Furthermore, the kinetics of induction
of the late effects (fibrosis, vascular telangiectasias)
may vary dependent upon dose, fraction size, and
volume irradiated as well as sources of co-morbidity
including prior surgery.

While ionizing irradiation damage poses unique
challenges to tissue engineering, there are common
factors which link many forms of tissue injury and
can guide strategies for using stem cell transplan-
tation in tissue repair. A common challenge in the
development of stem cell therapies for bioengineer-
ing of irradiated tissue repair, is focused on the
pathophysiology of the irradiated microenviron-
ment. Irradiated tissues demonstrate many com-
mon associations with premature aging, including
graying of hair, loss of elasticity of skin, and delayed
healing of wounding [3]. At the biochemical level,
reduction in antioxidant pools is associated with
increased cumulative injury from radical oxygen
species production [83-86]. Transplanting unirra-
diated stem cell populations into an irradiated tis-
sue results in oxidative stress induced damage to
the donor cells. In vitro systems [84] document cell
contact and humoral mechanisms of induction in
non-irradiated cells of molecular biologic changes
and biochemical changes induced by the irradiated
cells of the microenvironment [85, 86].

While recent work in experimental model systems
suggests that administration of antioxidant trans-
genes such as MnSOD-plasmid liposomes locally to
the target irradiated organ, can facilitate improved
engraftment [47], it remains to be demonstrated
whether sustained engraftment and robust tissue
repair will follow. It may be that transient reduc-
tion in ROS by MnSOD-PL gene therapy facilitates
engraftment of cell populations that can help in the
initial repair of tissue integrity, but that surviving
recipient stem cells provide the repopulation neces-
sary for sustained organ function [21]. Furthermore,
tissue repair of epithelial organs by bone marrow
derived stem cell transplantation, may not obviate
other life shortening effects of irradiation which
may be a consequence of irradiation damage to the
microenvironment [48, 83].

Bone Marrow Origin of Stem Cells for
Epithelial Tissues

The bone marrow origin of hematopoietic pro-
genitor cells was first demonstrated in the mouse
by Till and McCullough who also established a
quantitative approach toward calculation of the
frequency and density of multilineage stem cells
in the marrow [22]. In vitro colony assays for com-
mitted stromal or hematopoietic progenitors were
next described [23, 24]. Since these pioneering
studies in mouse models of marrow transplanta-
tion and correlation to human marrow, mobilized
peripheral blood, and cord blood stem cell popu-
lations; the concept of a limited and quantifiable
number of multilineage progenitor cells from the
marrow, capable of reconstituting hematopoietic
tissues has been established [25]. The entire field
of bone marrow transplantation developed from
these pioneering studies. Preparation of the host
for accepting bone marrow stem cell engraftment
by total body irradiation [23, 25] defined the role
for both cells of the hematopoietic microenviron-
ment (bone marrow stromal cells) and humoral
cytokines produced by irradiated tissues, in the
process [23, 24].

The bone marrow origin of cells of other than the
hematopoietic lineage has remained a subject of in-
tense investigation and continues to be controver-
sial. Bone marrow stromal cells, recently renamed
mesenchymal stem cells, were demonstrated origi-
nally by FRIEDENSTEIN et al. [92] to have a quan-
ti iable and limited number [27], and were shown
to be transplantable in vivo [23]. WERTS et al. [28]
first demonstrated the capacity of bone marrow
stromal cells to migrate from one non-irradiated site
into a heavily irradiated site in the mouse marrow.
ANKLESARIA et al. [29, 30] showed that cell lines de-
rived from bone marrow as well as uncloned popula-
tions of marrow stromal cell lines could repopulate
serial niches of irradiated target tissue by intrave-
nous injection.

The capacity of bone marrow stromal cells to dif-
ferentiate to osteoblasts, chondrocytes, adipocytes,
as well as supportive tissues of the hematopoietic
microenvironment is well established [31, 32]. There
is controversy over the subdivisions of marrow
stromal cells, and whether there is a true subpopu-
lation that is capable of multilineage differentiation.
Alternatively, all bone marrow stromal cells have
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been suggested to retain a multilineage differentia-
tion capacity and the term “transdifferentiation” of
the marrow stromal cell suggests that these cells
have a different capacity for a lateral transfer from
one epithelial lineage to another (osteoblast to chon-
drocyte) [111].

A very important experiment by TERRY and
TraAvis [33], irst demonstrated that abdominal ir-
radiation of mice could be rendered sublethal by
bone marrow transplantation. Among the potential
explanations discussed, include the possibility that
bone marrow contained cells capable of reconsti-
tuting gastrointestinal stem cells. KARuUS et al. [34]
identified epithelial marked cells of donor origin,
in mice reconstituted with a single hematopoietic
stem cell. In the last 8 years, numerous publica-
tions have suggested the possibility that a subset of
bone marrow stem cells is capable of reconstituting
epithelial organs including liver, GI tract, esopha-
gus, skin, glandular tissues including the pancreas,
beta-islet cells of the pancreas, central nervous
system, striated muscle, cardiac muscle, lung, and
other tissues [35-42]. These studies can be char-
acterized by several degrees of rigorousness: most
studies demonstrate histochemical or immunohis-
tochemical markers of epithelial tissue, in the same
cells with donor chromosome or histo compatibility
markers [34, 35]. A second level of rigorousness in-
volves the serial transfer assay of sorted cells from
a first generation recipient to a second generation
recipient, documenting the self-renewal capacity of
such cells of bone marrow origin [49]. The most rig-
orous assay for demonstrating bone marrow origin
of epithelial tissues, is the use of a functional as-
say in which biochemical or immune or structural
de iciencies in a recipient animal, are corrected by
transplantation of bone marrow derived cells [50].
In this latter and most rigorous category of proof of
bone marrow origin of epithelial tissues, partial re-
constitution of the recipient organ should be dem-
onstrated. An example of rigorous proofis the MDX
mouse model of Duchenne muscular dystrophy in
which striated muscle cells are deficient in compo-
nents of contractile proteins and render muscles in
a mouse incapable of significant functional activity
[51-58]. Transplantation of subsets of muscle de-
rived stem cells from normal donor mice into these
animals has shown partial correction of the func-
tional defect [58]. Utilizing bone marrow stem cells
in this assay has also shown some positive results;
however, even these studies fall short of significant
correction of the defect [51-53].

Recent studies have attempted to prove that bone
marrow derived cells can either replace defective
lung function in (CFTR) cystic ibrosis transmem-
brane receptor mutant mice [59]; replace defective
liver protein synthesis in mouse models of liver pro-
tein deficiency [42], or correct cardiac functional
defects in mouse models of myocardial damage
[53].

The present state of research in this area has
gained some support from studies utilizing em-
bryonic stem cell lines. Embryonic stem cell lines,
have been demonstrated to differentiate to speci 1c
tissue elements in vitro, and subsets of ESCs can be
transplanted in vivo forming organ speci ic tissue
foci [60-62]. For applications to tissue engineer-
ing, and bioengineering, either embryonic stem
cell lines or sorted subpopulations of bone marrow
stem cell lines provide an attractive potential re-
source for repairing tissue. The challenge remains
one in which absolute proof of the concept can be
demonstrated, and then more importantly that
subpopulation of the cells can provide reconstitu-
tion of a signi icant relative volume of the target
organ to provide for a functional and quantifiable
repair.

A compelling reason to continue research in the
area of marrow stem cell reconstitution of irradia-
tion damaged tissue is the observation that cells of
bone marrow origin naturally repair radiation dam-
aged tissues in vivo. Bone marrow origin cells have
been demonstrated to reconstitute the liver of bone
marrow transplant recipients [35]. Allogeneic bone
marrow transplant recipients have been shown to
have significant replacement of lung tissue by donor
derived cell populations [63-69]. Finally, there is
evidence that stem cell populations sorted from epi-
thelial organs using the same cell separation tech-
niques, can be transplanted into recipient animals
and will reconstitute the same organ, or in some
cases the bone marrow itself suggesting that there is
a reversed epithelial to bone marrow reconstitution
capacity [54-57]. Thus, these data suggest that mul-
tilineage epithelial stem cell populations can exist
not only in the bone marrow, but in the target organ
itself. It remains a major challenge of cell biology to
define the parameters of isolation of bone marrow
progenitors for epithelial organs, to develop ways
of amplifying such cells for transplantation, and
then most importantly to demonstrate reproduc-
ible engraftment of target organs with bone marrow
derived cells leading to functional reconstitution in
the recipient.
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5.2.1

Repopulation of Recipient Target Organs with
Bone Marrow Derived Stem Cell Progenitors:
A Double Edged Sword

Since the first demonstration of the use of total
body irradiation to prepare recipient animals for
bone marrow transplantation, there has been con-
troversy over the role of irradiation in the process
[70-73]. Clinical bone marrow transplantation has
gone through cycles of evolution of either utiliz-
ing total body irradiation, either single fraction or
fractionated, for nearly all patients with hematopoi-
etic malignancies, or going to protocols in which
irradiation is removed and substituted with use of
Busulfan and Cytoxan to reduce the pulmonary tox-
icity of irradiation. Over the last 30 years, marrow
transplant centers have luctuated back and forth
between using total body irradiation as desirable in
the preparatory method, or as undesirable because
of toxicity. The most recent evolutionary step in this
process has been to design a “non-myeloablative”
total body irradiation dose [70-73], designed to be
low enough to prevent pulmonary toxicity, but high
enough to produce microenvironmental changes in-
cluding upregulation of cytokines and depopulating
hematopoietic stem cell niches in the recipient. The
cellular and molecular mechanisms of the effect of
total body irradiation are still unknown. Table 5.1
demonstrates the hypothesized positive and nega-
tive effects of total body irradiation preparing a host
for bone marrow transplant.

The irradiation dose dependent “clearance” or
“preparation” of a marrow site for transplantation
has been demonstrated [29, 30].

5.2.2

Bone Marrow Derived Stem Cells in
Bioengineering Repair of Irradiated Oral Cavity
and Oropharyngeal Mucosa

Animal models of irradiation damage to the oral
cavity and mucosa have been published [87, 89]. In
these models, single fraction and fractionated ir-
radiation is associated with induction of apoptotic
bodies, micro-ulceration, and then sloughing of
mucosal tissue. This apoptosis leads to secondary
infection, severe damage to the mucosa also leads
to severe dysphagia, dehydration, and weight loss.
A common acute side effect of radiotherapy of head
and neck cancer is mucositis. Salivary gland dam-

Table 5.1. The role of total body irradiation (TBI) in prepar-
ing the host for bone marrow transplantation

Putative positive effects of TBI
1. Removal of malignant cells from the marrow

2. Clearing “space” in bone marrow stem cell niches, re-
moving recipient cells and providing for homing of do-
nor cells

3. Inducing stimulatory cytokines from the marrow mi-
croenvironment which facilitate engraftment

4. Removing immuno-competent cells from the recipient
to prevent graft rejection

Putative negative effects of TBI

1. Damage to the hematopoietic microenvironment, vas-
cular and stromal cells and production of toxic cytok-
ines and ROS

2. By removing differentiated cells stimulation of repopu-
lation by surviving recipient stem cells which compete
with donor stem cells

3. Co-morbidity of lung toxicity, GI stem cell toxicity, and
toxicity to mucosal stem cells

age from irradiation has also been well documented
[87]. In studies with epitope-tag, hemagglutinin-
tagged MnSOD transgene, intraoral administration
in the mouse model have been demonstrated to
result in transgene penetration to cells in the basal
layer of the epithelium, at sites where cycling stem
cells are known to reside [89]. Quiescent stem cells
in the mucosal basal layer are induced to cycle as
part of the repopulation response of irradiated tis-
sue. An hypothesis tested in recent experiments
was that MnSOD-PL treatment of the oral mucosa
could result in stabilization of the mucosal cells
such that post-irradiation cell cycling would be
decreased [89]. This would presumably lead to de-
creased destruction of stem cell populations dur-
ing the fractionated irradiation program and better
healing.

The question of whether bone marrow derived
stem cell populations can reconstitute the oral cavity
and oral mucosa has recently begun to be addressed.
A recent report [90] demonstrated that mouse sali-
vary glands are repopulated with cells coming from
the bone marrow. With three-dimensional culture
in vitro and in vivo explants, ductal epithelium and
branching microscopic ducts were demonstrated to
be of bone marrow origin. In one experiment cells
were removed from the first generation recipients of
bone marrow transplant, stem cell populations iso-
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lated and transplanted into a second generation of
irradiated mice in which the glandular epithelium
was shown to be replaced by cells originally of bone
marrow origin [90]. The question of how much bone
marrow derived stem cells contributes to repair of
theirradiation damaged oral cavity and oral mucosa
isnotknown. Stem cell repopulation in both salivary
gland and oral cavity/oropharynx are known to oc-
cur and are part of the response to fractionated irra-
diation, but the question of whether circulating stem
cells mobilized from the bone marrow can compete
for the repopulation with the in situ epithelial stem
cells is not yet known.

Other experiments in radiation protection of
the oral cavity using MnSOD-plasmid liposomes in
both single fraction and fractionation models have
shown significant stabilization of the oral mucosa,
and parotid glands [87]. In these experiments, de-
creased micro-ulceration, decreased weight loss,
and improved survival were noted. In addition,
increased saliva production by the irradiated oral
cavity was demonstrated. Several experimental
paradigms have been derived to determine whether
bone marrow stem cell populations can replace ir-
radiation damaged oral cavity tissues.

Fibrotic areas in the high dose irradiated sites,
that receive in excess of 70 Gy, have been limited
to high dose boost areas in programs of IMRT or
brachytherapy. The question of whether fibroblasts
forming the fibrosis come in part from marrow
stromal cells (mesenchymal stem cells) that are mo-
bilized from the bone marrow has not been conclu-
sively demonstrated with the oral cavity or orophar-
ynx, but since similar studies have been carried out
in lung [48] and esophagus, it is possible that sec-
ondary immobilization of cells involved in oral cav-
ity fibrosis may involve progenitors of bone marrow
origin.

5.2.3

Bioengineering for Repair of Irradiation
Damage in the Esophagus Using Bone Marrow
Derived Stem Cell Progenitors

Recent studies in an experimental model of mu-
rine irradiation esophagitis have demonstrated
significant preservation of the esophageal lining by
MnSOD-plasmid liposome administration [21, 47,
91, 93-98]. Mice receiving either MnSOD-PL prior
to single fraction irradiation or every third day dur-
ing six- or eight-fraction radiotherapy [94] showed

improved survival, which was directly related to
MnSOD biochemical levels in the irradiated tissue
[96]. In the esophagus model, a stem cell popula-
tion has been isolated from the basal layer of the
esophageal mucosa [95]. Using techniques originally
designed to isolate stem cell populations from bone
marrow, and striated muscle, single cell suspensions
of esophagus were sorted for Hoscht/Prodium Io-
dide or side population cells [95]. These side popula-
tion cells have been shown to contain quiescent stem
cell populations from bone marrow or from smooth
muscle [95]. In a second technique a serial preplate
method was utilized whereby single cell suspensions
of esophagus were plated in tissue culture medium
on plastic plates, and then daily for 7 days non-
adherent cells removed and placed into a second
cell culture [95]. By serial removal of adherent cell
populations over 7 days, those cells found to be non-
adherent and still in suspension on day 7 had prop-
erties of stem cells [95]. In both model systems (side
populations and serial preplate) cells were isolated
which when injected intravenously into esophagus
irradiated mice, homed to the esophagus and formed
donor origin foci. Furthermore, in mice which were
chimeric for sex mismatched GFP+ bone marrow,
esophagus irradiation resulted in migration to the
irradiated esophagus of cells of bone marrow origin
which produced GFP+ foci in the esophagus [47].
The esophageal stem cells from either primary or
secondary recipients in serial transfer demonstrated
properties of multilineage differentiation in vitro
[98]. Cells formed multilineage colonies containing
cells with myeloepithelial morphology, fibroblast
morphology, and endothelial morphology [95, 98].
Histochemical staining showed that single cell de-
rived colonies contained cells positive for vimentin,
endothelin, and F480 (which was originally used as
a macrophage specific marker, but has now been
found in peripheral blood multilineage progenitor
cells) [95, 98].

The question of whether bone marrow derived
stem cell populations can reconstitute and facilitate
repair of radiation damaged esophagus has recently
been tested. In these experiments (Fig. 5.1) donor
male mice containing ROSA marked bone mar-
row, Y-probe+, G418 resistance marker, and LAC-Z
marker were engrafted into female C57BL/6] mice
that had received 31 Gy to the esophagus 5 days
previously. Unlike bone marrow, esophageal cells
undergo apoptosis at 5 days after irradiation sug-
gesting a delayed turnover of irradiation damaged
cells in this squamous mucosal organ compared to
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Fig. 5.1. Experimental model

system to show donor marrow - /
stem cell origin of esophageal |:.:J;:ﬁon S Inksde “ | sPecell
MnSOD-PL &

stem cells. ROSA male donor  and V. % L m transplant
mice have three markers marow. or AT A b .. S
(Y chromosome, G418 resis- gspophagaal C57BLEJ 9 l 5 days
tance, LAC-Z production). transplant ROSA SP donor
Recipient esophagus is ir- +MnSOD ROS ROS ROS cells &
radiated 24 h after intraoral pretreatment g / . 7 : 4 Sh Esq_ﬂ'!agteal
administration of MnSOD-PL, (0 o> O > 0 o O > 0 5 s::rlg:ceiis
then donor marrow is given l Score LacZ + ROSA donor foci
intravenously. Esophagus is
removed. Cells shown to be Antioxidant
donor origin in vivo and in l treatment

. MnSOD-PL
vitro, and donor esophageal
side population (stem cells) Explant esophagus
show self renewal by serial Sort SP cells
transfer to recipient second Sort LacZ® SP colls
generation irradiated esopha- Explant to l
gus (With permission from Culture in Safaltanstsr
Greenberger JS (2008) Gene G418 1
Therapy ApProaches for Stem Shore LaiZs ] \(ﬂ
Cell Protection. Gene Therapy G418 % ‘(&
15:100-108) colonies . o

the more rapidly proliferating hematopoietic cells in
the bone marrow [97].

Removing the esophagus from marrow trans-
planted mice at serial time points after transplant
and out to 21 days demonstrated that a significant
contribution to the esophageal repair was attribut-
able to cells that had been injected intravenously
and had markers for LAC-Z, Y-probe in vivo, and
following explant in culture in the presence of 50 pg/
ml G418, demonstrated G418 resistance. Colonies
growing in G418 also contained Y-probe and had
multilineage differentiation markers [98].

Serial transfer or self-renewal of esophageal pro-
genitor cells that were derived of bone marrow has
recently been carried out. SP cells removed from
the esophagus of first generation recipient mice at
14 days after marrow injection, were sorted for SP
cells, and then either SP or non-SP cells injected in-
travenously into a second generation of C57BL/6] fe-
male mice that receive 31 Gy to the esophagus. The
esophagus from the second generation mice demon-
strated significant LAC-Z positive foci in situ, which
were also Y-probe+, and explant of these cells to cul-
turerevealed multilineage G418 resistant esophageal
colony forming cells [98].

Whether cells of bone marrow origin which pro-
vided esophageal repair, and were capable of serial
transfer, are in fact multilineage stem cells remains
to be rigorously tested. However, there is striking

c57BLEBd @

evidence that in both the irst and second genera-
tion recipients, administration of MnSOD-PL intra-
esophageally prior to irradiation, and intravenous
injection of bone marrow cells enhanced bone mar-
row engraftment into the esophagus [98]. These data
suggest that irradiation may remove a population
of esophageal progenitor or stem cells, eliciting a
cell cycling response in the esophageal basal layer,
recruiting quiescent stem cells into cycling for the
repair process. However, the persistence of irradia-
tion damage effects in the microenvironment may in
fact work against the repopulation response [98]. The
irradiation induced changes in the esophagus mi-
croenvironment have been shown to include contin-
uous production of radical oxygen species (ROS) and
in lammatory cytokines [93, 96]. Administration of
MnSOD-PL prior to irradiation (and stem cell trans-
plant) has been shown to reduce both ROS production
and in lammatory cytokine production [93, 96]. Since
bone marrow derived cells engrafted more efficiently
into the irradiated esophagus that had been treated
with MnSOD-PL, we hypothesized that irradiation
cleared the space but that MnSOD-PL “cleans” the
space and facilitated engraftment (Fig. 5.2). Another
phenomenon associated with bone marrow derived
cell migration and engraftment of the esophagus is
the phenomenon of cell fusion. Bone marrow derived
cells fused to esophageal as well as lung cells provid-
ing heterokaryon formation [99].
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Irradiation Induced Stem Cell and
Microenvironment Damage
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Fig. 5.2a,b. Hypothesis: MnSOD-PL administered to target organ before irradiation reduces both acute and late effects of
ionizing irradiation by reducing oxygen species production. Untreated microenvironment (a), MnSOD-PL treated microen-

vironment (b)

The repair of mucosal surfaces including those in
the oral cavity and esophagus is a complex phenom-
enon, butappears to involve a repopulation response
which can be enhanced by providing additional cells
from the circulation [100].

5.2.4

Bioengineering of Irradiation Damaged Lung
Through Use of Bone Marrow Derived Stem Cell
Progenitors

Radiation protection of the lung by antioxidant
gene therapy has been described [101-108]. There
has been much work describing the complex bi-
ology of the pulmonary stem cell [59, 63-69, 109,
110]. Work of Barry Stripp and Susan Reynolds [109,
110] demonstrated two populations of Clara cell se-
cretory protein positive cells (CCSP) in the mouse
bronchioles, one quiescent, and the other cycling.
Both these cell populations appear capable of restor-
ing the integrity of chemically damaged bronchial
tissue. A cycling CCSP cell subset was removed by
Naphthalene treatment and serial histopathologic
examination studies of the drug treated bronchi-
oles demonstrated repopulation by a CCSP popula-
tion that was resistant to Naphthalene [109, 110].
The CCSP+ quiescent cells which resisted Naphtha-
lene treatment, were, however, removed in another
transgenic mouse strain (HSV-TK-CCSP), when the
mice were treated with Gangcyclovir. This interest-

ing mouse strain has been genetically engineered
to have the Herpes virus thymidine kinase gene at-
tached to the CCSP promoter such that its induction
by Gangcyclovir results in production of toxic free
radical species in both the cycling and quiescent
CCSP populations [110]. Recent studies suggested
that ionizing irradiation damage to the lung, either
single fraction or fractionated, does destroy lung
stem cells although rigorous dose response curves
have not yet been carried out.

The question of whether bone marrow derived
progenitors can reconstitute the irradiation dam-
aged lungis a subject of intense investigation. Recent
data [63] indicate that mouse lung when irradiated,
can be reconstituted by bone marrow derived cells if
animals are supplemented with G-CSF (granulocyte
colony stimulating factor) mediated mobilization of
bone marrow into the circulation. Confocal micro-
scopic studies of lung sections revealed bone mar-
row origin cells with lung specific markers including
TTFI in experiments carried out in sex mismatched
marrow chimeric mice [63]. However, in these ex-
periments relative numbers of cells of bone marrow
origin were very small, less than 5%. Similarly, small
numbers of bone marrow derived progenitors were
detected in the lungs of cystic fibrosis transmem-
brane receptor (CFTR) knockout mice, the animal
model system for cystic fibrosis [59].

Under baseline conditionsirradiated lung may not
elicit a significant repopulation or repair response
from bone marrow derived cells. However, in recent
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experiments, delivering by inhalation technique
[104]. MnSOD-Plasmid Liposome antioxidant gene
therapy (as was described above for intraesophageal
administration of MnSOD to enhance bone marrow
derived stem cell repair of the esophagus) increased
numbers of bone marrow origin cells were found
homing to and proliferating in the irradiated lung.
When MnSOD-PL inhalation gene therapy was sup-
plemented by G-CSF administration after radiation,
further numbers of bone marrow derived cells were
detected in the lungs. G-CSF alone may not be the
optimal way to mobilize bone marrow cells into an
epithelial organ for purposes of post-irradiation re-
pair. Use of FLK-3 ligand, and VEGF supplementing
G-CSF may be a more appropriate way to optimally
mobilize stem cell populations from the marrow
into the lung. The question of whether significant
volumes of lung tissue can be replaced by bone mar-
row origin stem cells is still unanswered, but tech-
niques are available to facilitate such experiments in
several animal model systems.

Less controversial is the clear involvement of
bone marrow derived marrow stromal cells (mesen-
chymal stem cells) in irradiation pulmonary fibro-
sis as well as the fibrosis associated with bleomycin
injury to the lung [48]. Several experimental model
systems have shown using intravenous bone marrow
injection, or in sex mismatched chimeric mice with
mismatched bone marrow, that bone marrow de-
rived cells contribute to the fibrotic response in the
irradiated lung. An attractive hypothesis is the pos-

Irradiation of GFP+
AN 7 chimeric mice -14Gy x1
-3.5Gy x 10

. + =
— & Gt
T @wo

AL
Fig. 5.3. Experimental model . g,
system to show bone marrow E, I g :
origin of pulmonary epithe-
lial cells. GFP+ male marrow
chimeric C57BL/6] female Early 30-60
mice are irradiated to the days

lungs to 14 Gy in single dose

sibility that MnSOD-PL antioxidant inhalation gene
therapy can ameliorate both the acute and chronic
effects of lung irradiation damage through mobi-
lization of repairing stem cells in their early phase
and inhibition of mobilization of deleterious ibrotic
cells in the late time frame (Fig. 5.3). The ease of ad-
ministration of inhalation MnSOD-Plasmid Lipo-
somes, which has been carried out in fractionation
irradiation experiments [1, 4]. indicates that mice
in these chimera experiments could be treated with
inhalation MnSOD-PL weekly, during the period of
latency between the acute response and late radia-
tion ibrosis response [48].

If bone marrow derived stem cell populations are
naturally involved in repairing irradiation damaged
epithelial organs perhaps at low levels, then accel-
eration and enhancement of this response during
tissue injury may enhance this component of the
irradiation damage response. Furthermore, meth-
ods by which to harness this natural pathway and
direct it, may involve enhanced marrow mobiliza-
tion (G-CSF, VEGF, FLK-3 ligand administration),
and homing and repopulation by engrafting cells
(MnSOD-PL administration to the lung microenvi-
ronment). Such methods may prove a realistic strat-
egy for tissue engineering to ameliorate the acute
effects of irradiation lung damage.

Recent research efforts have focused on the devel-
opment of superoxide dismutase mimic molecules.
While MnSOD may provide an efficient antioxidant
gene therapy approach for organ specific radiation
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: /" :Z-""‘\

late

or to 3.5 Gy daily for 10 days.
Subgroups received inhala-

| >

late

120-150 days " e

tion MnSOD-PL treatments MSC
Rrior to ﬁr§t irradiation frac- B CCSP+ D Progenitor
tion, or twice weekly. Early P it \

marrow migration of GFP+ B/wB rogenitor a -.../_/d

male CCSP+ marrow origin n/B - N Vol

cells repopulate the func- [ o B T Fibroblast
tional lung. Late migration of e, progenitor
GFP+ male marrow stromal : ;

cells (MSC) contribute to f ; "
fibrosis [112] fibrotic




50

J. S. Greenberger

protection, systemic protection may require a small
molecule analog of MnSOD which could be admin-
istered either orally or by skin patch technique to
facilitate irradiation repair in multiple organs. Pos-
sibly, local administration through inhalation of
an aerosolized small molecule-MnSOD mimic may
provide a more efficient method of prevention of
acute and chronic radiation side effects to the irra-
diated lung.

Summary

At the present time, there is no effective way to
replace significant components of the microenvi-
ronment in irradiated epithelial tissues, except by
transplantation of the entire organ, and even here
“bystander” damage may be sustained to the trans-
planted organ as a result of a continuous exposure
to humoral factors including long lived free radicals
that are produced for prolonged periods after irra-
diation [48]. Demonstrating the replacement of stem
cell populations in epithelial organs, by progenitor
cells derived from the bone marrow may provide a
first step in understanding the role of the marrow
in the pathophysiology of repair of irradiation in-
duced tissue damage and may identify new targets
for therapy. While simply transplanting new cell
populations into an irradiated microenvironment,
and reducing ROS production in the target organ by
sustained administration of antioxidants may not
reverse irradiation damage, an understanding of the
consequences of these therapeutic approaches may
provide valuable insights towards ameliorating the
late effects of ionizing irradiation damage.
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Introduction

Clinical trials and oncology data management have
undergone considerable change in the past decade.
Imaging has become a key tool for clinical trials
management and a biomarker for clinical trial vali-
dation as imaging technologies improve and be-
come more precise. Images have become extremely
helpful in determining staging/eligibility, treat-
ment response, and outcome determination includ-
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ing disease recurrence and progression. In modern
protocols, images are often reviewed in real time
to validate these points in order to improve com-
pliance to study requirements and create uniform
patient populations for clinical trials analysis. Data
acquisition and management systems are currently
in use to acquire and display images in electronic
digital formats for view by both on site and off site
radiology reviewers. As clinical trials become more
global in focus, the ability for databases to accom-
modate diverse imaging acquisition strategies will
become increasingly important for information re-
view. It will likewise become increasingly important
for tools to be created that support facile digital im-
age transfer and review including image annotation
clinical trial validation.

Imaging has become the key vehicle in radiation
oncology in order to define and validate the fields of
radiation therapy to use in clinical trials as well as
to determine which areas receive full dose or lower
dose of radiation treatment. Radiation therapy plan-
ning systems are now fully image based for tumor
target de inition and sparing of normal tissue. Ra-
diation treatment execution is rapidly becoming
image guided in order to accommodate for changes
in position and target motion during therapy. The
fusion of metabolic and anatomic images may sig-
ni icantly alter target volume definition at presenta-
tion and subsequent imaging on treatment may help
validate deformable changes in the target volume as
a function of treatment. This may improve tumor
targeting and further serve to decrease radiation
dose to normal tissue.

Moving forward, clinical protocols are collecting
patient serum and tumor tissue at presentation and
at later time points. Microarray analyses for genom-
ics and proteomics are Dicom objects and can be
thought of as images, therefore the potential exists
for these objects to reside side by side with both imag-
ing and radiation therapy objects as part of a queri-
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able database for clinical oncology analysis. Linking
this information with patient outcome would greatly
facilitate the development of clinical translational
science. This can be accomplished with established
databases housed within the cooperative groups or
by creating prospective patient registries to track
treatment administration and patient outcomes.
With improvements in patient outcome docu-
mented in many disease sites including breast, pe-
diatrics, and prostate, patients are now available for
analysis of normal tissue function. Although the
primary clinical endpoint remains tumor control,
normal tissue tolerance, both as an acute and late
effect of therapy, is becoming of increasing impor-
tance in evaluation of the effects of therapy includ-
ing the genesis of second malignancies which may
be treatment driven. In many disease sites we are
learning how to adjust and subtract therapies as
well as decrease the duration of treatment. For ex-
ample, in Hodgkin’s disease treatment protocols are
designed to reflect response to initial chemotherapy
with secondary randomization points built into pro-
tocols based on chemotherapy treatment response
validated by both metabolic and anatomic imaging
performed and reviewed in real time. A patient de-
termined to have a rapid early response to chemo-
therapy will have a shorter course of chemotherapy
and possibly not undergo radiation therapy based
on the completeness of their response to induction
therapy. Outcome images are obtained and incor-
porated as part of protocol evaluation. This strategy
requires real time review of images and radiation
therapy treatment objects for protocol compliance.
Previous iterations of protocols in Hodgkin’s dis-
ease have demonstrated a discordance of 37% in
site versus central review of images with respect to
response and an equal rate of discordance in com-
pliance to radiation therapy treatment schema. This
could have considerable in luence on study analysis
and outcome. Central real time review of objects has
had a considerable impact in improving the discrep-
ancy between site and central evaluation with devia-
tion rates on study now at or below 5% in many stud-
ies. Resolving these issues prior to randomization
and pre-therapy has become an important aspect of
clinical trials moving forward, and promoting these
processes is expected to improve uniformity of data
for clinical trials. A key objective in improving clini-
cal trials is to promote facile data acquisition strate-
gies and display data in a uniform database format
for queriable research. Promoting media for off site
clinical review strategies and establishing electronic

vehicles for query will be crucial to improving access
to data and will signi icantly enhance the productiv-
ity and quality of our translational science. Integrat-
ing information germane to clinical trials including
imaging, radiation therapy, genomics/proteomics,
treatment, and clinical outcome will be the objec-
tive for improving the quality of translational sci-
ence. Making this information available through a
single electronic format will promote clinical inves-
tigation for outcome analysis for patients treated for
malignancy.

Physicians and scientists participating in the
CURED effort are interested in the late effects of
therapy management including the effect of treat-
ment on normal tissue function and the generation
of second malignancies [1]. The protocols in devel-
opment by this group intend to capture data includ-
ing images, radiation therapy treatment objects, mi-
croarray, and patient outcome data and house the
information in a database that can be queried for
analysis. The intent is to also collect data on cancer
survivors. These patients may/may not have been
treated on previous clinical trials. Integrating this
data and objects including outcome into a uniform
database is an important objective for this group. In-
corporating existing platforms into this effort may
provide the appropriate efficiency of scale to provide
a robust platform for clinical research.

Efforts to Date

6.2.1
Quality Assurance Review Center

The Quality Assurance Review Center (QARC) has
a long-standing interest in developing processes
and initiating process improvements in imaging
and radiation therapy for both clinical cooperative
group and industry clinical trials. QARC became
independently funded through CTEP in 1980 with
initial mission focus in radiation therapy planning
for both children and adults enrolled on cooperative
group protocols. As radiation therapy became image
based in target definition, QARC began a process in
1985 for diagnostic image acquisition to validate the
fields of radiation therapy. As part of study review
investigators required that the diagnostic images
and the radiation therapy treatment objects resided
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in a side-by-side format for protocol object review.
During the past decade institutions preferred to for-
ward objects to QARC via many forms of electronic
media and QARC has established a diverse portfo-
lio for data acquisition including images in order
to create a facile and all inclusive strategy for data
acquisition. Institutions worldwide forward objects
in many diverse electronic formats to QARC. This
is often dependent on the informatics expertise and
equipmentateachssite. Radiation therapydigital data
is submitted to QARC in multiple formats and me-
dia including RTOG objects. The submitted objects,
including images and radiation therapy treatment
data, reside in a uniform format in the QARC data-
base housed in a facile retrievable format. Imaging
and radiation therapy objects reside in a side-by-side
format for object review. The database is the central
aspect of QARC function and serves as the epicenter
of activities with each division of QARC using the
platform for data management including real time
review of objects and world-wide inter-institutional
communication for problem solving [1-3].

6.2.2
Database Function

QARC: This report of the QARC Information Systems
is organized in the following sections: I. Network In-
frastructure; II. Web Interface and Security; III. MAX
Database Operating System; IV. Digital Data Manage-
ment; and V. Data Integrity and Backups.
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I. Network Infrastructure

The QARC network includes 17 servers, 46 PCs, 16
laptops and 10 printers. Every node on the network
connects to one of ive central switches running at
1 Gigabit per second. The server group consists of
Windows 2003 Enterprise Server, one Red All desk-
top and portable systems at QARC run Windows XP
Professional Service Pack 2.

1. Web Interfaces and Security

QARC is responsible for managing its own network
security. QARC has full T1 1.5 megabits per second
connection to the internet. Security is implemented
using Cisco 2821 I0S and Checkpoint NG Firewall.
Three “demilitarized zones” (DMZs) allow protected
access to QARC information. One public DMZ serves
general internet users and the other two DMZ’s are
used to collaborate with external organizations and
Cooperative Groups. Virtual Private Network (VPN)
is supported using both Cisco and Checkpoint tech-
nologies.

Ill. MAX Database System

QARC’s database, called MAX, is a validated re-
lational operating system with its foundations in
SQL server in 2005 Enterprise. It includes query by
form functionality that allows any user to intui-
tively query data on any field or set of fields in the
database. MAX includes over 300 tables, over 600
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and approximately 200 customized reports. There
are over 40,000 patient records in MAX. Within the
patient record are links to the tables that include
information about the cooperative group and in-
stitution contacts and benchmarks, protocols, cor-
respondence, DICOM and non-DICOM digital data.
MAX features integrated messaging systems which
allow users to communicate with each other, the IS
Department and with external contacts at all in-
stitutions. Patient data is routinely extracted from
MAX and sent to the statistical centers of the Coop-
erative Groups and Pharmaceutical companies via
password-protected e-mail and data iles.

Internal to MAX, the QKB is an indexed help fa-
cility and library tailored for QARC staff. It is a re-
pository of knowledge specific to QARC. MAX creates
multiple audit trails of stored data and user activity
within the database. QARC has undergone a system-
atic validation process of its information systems to
be compliant with 21 CFR Part 11. A standard operat-
ing procedure (SOP) generator has been incorporated
into the MAX system and is used to produce the QARC
SOPs. QARC follows standard procedures to assure
maintenance of compliance, including multiple au-
diting mechanisms, documentation templates, regu-
lar backups of the database and associated 1les, and
strict adherence to a change management processes.

IV. Digital Data Management
The MAX system manages all electronic media re-

ceived at QARC. Electronic media is divided into
three categories in MAX: (a) DICOM imaging which

QARC Digital Data Archives
6 months intervals 2004-2007

refers to all diagnostic digital imaging that con-
forms to the DICOM standard and (b) DICOM RT
data or RTOG data exchange data which is submit-
ted via FTP, imported into the database and viewed
using either the ATC remote review tool (RRT) or
the computational environment for radiotherapy
research (CERR) program; and (c) eMaterial which
encompasses all electronic data that is not DICOM
compliant. The growth of the acquisition of digital
imaging and electronic data is demonstrated in the
graph below. MAX has evolved into a PACS system
which resolves patient imaging to patient records,
stores out the imaging onto four PACS servers which
are built and maintained onsite, and facilitates the
transfer and viewing of all digital imaging. There
approximately 25,000 diagnostic studies with over
6 million images archived in the QARC PACS.
DICOM Imaging: MAX is fully integrated with a
software program, Dicommunicator, which was ini-
tially written by Dr. Keith White of Primary Chil-
dren’s Medical Center (Salt Lake City, Utah) and is
used at institutions around the world to facilitate
the submission of DICOM imaging to QARC. Dicom-
municator was donated by Dr. White for use in the
clinical trials process in 2000 and has since been
managed and developed at QARC. Successful trans-
fer has occurred between QARC and the following
PACS systems: Agfa, GE, Integrad Web by Dynamic
Imaging, Kodak, Philips, Siemens, Stentor. In ad-
dition to 35 installations, major accomplishments
include streamlining the interface of the software
to increase ease of use and improving the remote
installation process.
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The Dicommunicator software is a critical com-
ponent in managing digital DICOM data at QARC.
Dicommunicator is used to import DICOM studies
into the MAX database and match them to the ap-
propriate patient. A CRA reviews this imaging and
resolves it to the patient’s diagnostic record where

it can be launched and viewed by a physician. The
workflow process for receiving, identifying, log-
ging and importing digital imaging has become
completely digital and is managed through a MAX
utility called the “Dicommunicator Import Form
Administrator” [4].

*Dicommunicator ‘ 1 - Digital Data Arrives at QARC 2 ‘- Digital Data Processed

Fig. 6.4. Dicommunicator at OARC to manage imaeine and facilitate reviews
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V. Data Integrity/Backups

Regular backups of systems and data are realized in
a number of ways. Redundant array of independent
disks (RAID) is implemented on all servers. Tape
Backups are performed on all servers weekly, using
Symantec BackupExec Suite 10 and a robotic tape
drive. These backups have been successfully utilized
in the past to rebuild two servers during tests of
QARC’s Disaster Recovery Policy.

Peer-to-peer (P2P) routines occur at various
times throughout each day, which copy data from
servers and PCs to other systems and external hard
drives. Database files are written to DVD disks each
weeknight. For increased security the backup tapes,
external hard drives and DVDs are taken offsite
weekly to rotating locations.

6.2.3
Advanced Technology Consortium

The advanced technology consortium (ATC) is
composed of the image guided therapy center (ITC),
the Radiation Therapy Oncology Group (RTOG),
the Radiological Physics Center (RPC), and QARC.
The principal investigator of the grant/consortium
is Dr. James Purdy, currently the Director of Phys-
ics and Vice Chair of Radiation Oncology at the
University of California at Davis. The consortium
has worked over the past decade to provide uniform
credentialing mechanisms for institutions using
advanced technology radiation therapy including
image guided and intensity modulated therapy in
clinical cooperative group trials. The consortium
has had signi icant success developing a uniform
data acquisition strategy for full three-dimensional
radiation oncology data sets. Drs. Purdy and Bo-
sch developed RTOG objects in collaboration with
CMS planning system (St. Louis, Mo.) and this is
the platform used by the RTOG for volumetric data
acquisition in all clinical trials involving advanced
technology treatment execution. Three-dimen-
sional data sets including dose volume histograms
are available for web based protocol review for ra-
diation therapy objects. Aside from their efforts in
facilitating publications for primary protocol in-
tent, Dr. Purdy and the ITC group have generated
many secondary endpoint publications using the
database. Many of these publications have included
remote review strategies including re-drawing of
unintended treatment objects for radiation target

dose definition. ATC members have shared exper-
tise and informatics process improvements. They
have collaborated on many projects for process
improvement strategies. One of the most success-
ful projects was the introduction of RTOG objects
into the QARC portfolio for data transfer. This per-
mitted institutions to forward objects for review
in a transparent manner independent of coopera-
tive group membership. QARC, in turn, imbedded
RTOG objects into the database housed at QARC.
The RTOG objects reside in a side-by-side format
with the diagnostic images at QARC linked to each
speci ic patient. Therefore investigators can view,
using on and off site mechanisms, both image and
radiation therapy objects through the same data-
base. Outcome images can be linked directly to the
patient and compared to radiation therapy objects
thus facilitating analysis of outcome and late ef-
fects of anti-cancer therapy in cancer survivors.
One objective moving forward is to migrate the
QARC database to ATC partners to share the plat-
form for image and radiation therapy object review,
thus creating a uniform platform for object review
for investigators in clinical trials [5-9].

6.2.4
American College of Radiology Imaging
Network (ACRIN)

ACRIN began as a clinical cooperative group in 1999
with an outstanding portfolio of trials as well as sig-
ni icant interactions with other cooperative groups.
During this period of time ACRIN has established
a well tested informatics infrastructure and has
become a very strong organization for conducting
multi-center clinical trials with a particular focus on
cancer screening. ACRIN has developed the infra-
structure to promote and support image transfer as
well as successfully enhance the quality assurance of
imaging. ACRIN developed, in partnership with the
American College of Radiology and a private part-
ner, an electronic image transfer mechanism called
Preview 32. This system has many of the same fea-
tures of Dicommunicator at QARC. It has a robust
infrastructure that supports image anonymization,
transmission, and quality assurance. It has been
successfully deployed at more than 150 sites with
engagement of PACS and IT infrastructure at par-
ticipating sites. The system has acquired images on
76,000 patients including more than 13 million im-
ages on clinical trials [10, 11].
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As part of the process improvement strategy,
ACRIN recognized that Preview 32 required effort
at the site to maintain; therefore a key focus was
to evaluate an alternative image transfer strategy
moving forward. Similar to QARC, Preview was
built on proprietary software platforms, thus limit-
ing interoperability with the caBIG workspace. As a
response to this challenge, ACRIN, in partnership
with the American College of Radiology, has devel-
oped a new generation of imaging management soft-
ware. This new platform is called TRIAD. The ACR
is providing the programming resources for this ef-
fort as the ACR intends to use this platform for edu-
cation and credentialing strategies moving forward
as well as being made available to ACRIN. TRIAD
is a thin client web-based system that can be easily
installed over the web on computers currently in use
at sites and connected to the Internet. The advantage
to TRIAD is that it will promote review of in vivo ob-
jectsimage related issues in a direct fashion through
the Internet. As will be discussed in the following
section, integrating TRIAD into the QARC database
is an objective moving forward which will promote
and facilitate data review.

ACRIN has developed processes similar to QARC
to conduct in house reader assessments through
the deployment of diagnostic quality workstations
at the ACRIN headquarters local network as well as
establish a mechanism for distributed assessments
via image transfer to the reader’s home institution.
These strategies have greatly facilitated review of
data for clinical trials and have served to promote
the uniformity and quality of the data used for clini-
cal trials analysis.

6.2.5
Virtual Imaging Evaluation Workspace (VIEW)

Imaging has evolved to become an important bio-
marker for clinical endpoints in for both industry
and cooperative group clinical trials [12-14]. A chal-
lenge, however, has been to acquire, archive and
centrally review, in an independent fashion, the im-
ages obtained on cooperative group treatment trials.
The NCI has supported formation of a consortium
for this purpose. Consortium members include
those members of the cooperative groups that had
electronic infrastructure in place for digital image
transfer and ability to generate the audit trails nec-
essary for regulatory compliance. The consortium
consists of ACRIN, QARC, and the imaging core

lab of the CALGB housed at the Ohio State Univer-
sity directed by Dr. Michael Knopp. The members
of the consortium are in the process of developing
an inter-operative IT infrastructure transparent to
VIEW members and the cooperative groups served
by the consortium. This infrastructure will be 21
CFR Part 11 compliant and compatible with caBIG.
The consortium will develop standard operating
procedures for data acquisition and assessment
of imaging endpoints for cancer clinical trials for
both anatomic and functional imaging as well as
develop an assessment strategy for newer advanced
technologies moving forward. This will include both
institutional credentialing for participation in clini-
cal trials as well as the development of standardized
quality assurance metrics for reviewer assessment.
The consortium will work with the FDA and clinical
trials sponsors to develop imaging charters compat-
ible with regulatory guidelines and data manage-
ment standards. The consortium will further ex-
plore strategies to advance the science of alternative
imaging strategies and establish database functions
that can be mined for queriable research. As these
ideas mature and gain strength, integration of imag-
ing databases with both patient outcome data and
other therapy objects will further promote the field
of translational science. VIEW will play a key role in
the integration of imaging science with translational
science and further serve to help integrate imaging
objectives with clinical research strategies.

6.2.6
CaBIG

In recognition of the need to develop integra-
tive database structure and the paucity of tools to
achieve this objective, the National Cancer Institute
developed a strategy to move this science forward
through the development of the cancer biomedical
informatics grid initiative (caBIG) in February 2004.
The overarching responsibility of the caBIG initia-
tive was to develop an informatics infrastructure to
facilitate exchange of information among clinical
cancer centers and other institutions and develop
databases for research. The caBIG community is
adopting and in some cases, developing informat-
ics standards and policies using an open source ap-
proach. The “informatics grid” strategy was estab-
lished as the vehicle of choice for this purpose using
open source software platforms and takes advantage
of the power of grid computing and the excellent
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open source software developed by this commu-
nity. One of the most important developments of
the caBIG project is the establishment of the in vivo
imaging workspace. Eliot Siegel, MD of the Univer-
sity of Maryland (clinical lead) and Paul Mulhern
of Booz Allen Hamilton (administrative lead) coor-
dinate this effort. One of the most important par-
ticipants is Joel Saltz, MD. Dr. Saltz is the chair of
Biomedical Informatics at the Ohio State University
and a pathologist and computer scientist by train-
ing. Dr. Saltz has been instrumental in the develop-
ment of the in vivo imaging middleware project,
which provides inter-operability between computer
systems that historically, have not been integrated.
One of his responsibilities has been to help develop a
software strategy to integrate these diverse systems
for data storage into the national archive. Dr. Saltz
and his team are responsible for analytical service,
security infrastructure, and grid-service platforms
compatible with caBIG infrastructure. The in vivo
imaging middleware library supports interoperabil-
ity between caGrid and DICOM data models and
exposes DICOM aware data resources as caGrid
compliant services.

The informatics toolkit developed by the middle-
ware project focuses on federated data potentially
arriving for archival from diverse sources and per-
mits this data to be formatted and reviewed with

multiple query functions. The middleware project
makes use of the caGRID informatics infrastruc-
ture, which will be attractive to the cooperative
groups, and quality assurance centers because it
can be used to enhance data review and integrate
diverse data platforms by exploiting the semantics
of the data rather than the representative formats of
the data. The transition of legacy data archives to
strongly typed grid data services is one of the key
thrust areas of the in vivo imaging workspace mov-
ing forward. Access to the QARC database was dem-
onstrated via the grid architecture during the 2006
Radiological Society of North American meeting.
The effort of integrated metabolic imaging formats
with the CALGB imaging core service, directed by
Michael Knopp MD, was demonstrated by the caBIG
team as well. These are examples of legacy databases
with which the in vivo imaging workspace group has
begun the process of integration. The next key deci-
sion for caBIG, the cooperative group statistical data
centers, and the quality assurance centers will be to
decide whether caBIG efforts should be the primary
data acquisition model or to integrate on the back
end with existing systems for data management.
Both approaches have merit, therefore an integrated
plan may be strategic and provide flexibility for
an all inclusive data acquisition strategy including
worldwide institutions with diverse informatics
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platforms. This will become especially important as
clinical trials become more international in practice
[15-19].

Future Strategies for Cancer Clinical Trials

The key objective for clinical trials is to promote
the development of queriable databases for clinical
research. Housed within the database available for
query should be all information required for the
evaluation of translational science including patient
characteristics, imaging, radiation therapy treat-
ment objects, treatment information, microarray
for genomics and proteomics, and patient outcome.
This information currently is available, however it
is housed in segregated legacy informatics formats
without integration. A strategy for integration is a
key objective to improve our clinical science and
provide an infrastructure for validating clinical tri-
als in a facile manner.

Clinical trials are becoming more complex in
scope and have multiple endpoints embedded into
each trial that include images and tissue acquisi-
tion and use this information to assess secondary
endpoints as part of the study. Often trials require
real time review of images and object data as part
of the protocol to trigger secondary and tertiary
study endpoints. In COG protocol AHOD 0031 (in-
termediate risk Hodgkin’s disease), anatomic and
metabolic images are reviewed after two cycles of
chemotherapy in order to determine the rapidity of
response. This evaluation triggers a randomization
to the duration and type of chemotherapy. Images
are reviewed again after four cycles of chemother-
apy as patients who had rapid early responses to
chemotherapy and are deemed in complete response
after four cycles are then randomized to involved
field radiation therapy or no further treatment. For
those who receive radiation therapy on this trial the
planned fields are centrally reviewed pre-therapy for
protocol compliance. Outcome images are collected
on this protocol in order to con irm location of re-
lapse and its relationship to previous sites of disease.
Real time review of imaging objects is used on many
adult and pediatric cancer clinical trials including
trials with international participation. At QARC the
database is used as the format for site and investiga-
tor review of objects in both a real time and retro-

spective format. Therefore future database strate-
gies must have the nimble functionality to permit
real time review of objects and integrative strategies
to permit mid-cycle evaluation of data for adaptive
statistics. Query function that is diverse is impor-
tant in order to review data in a complete and thor-
ough manner [3, 4, 20].

For potential protocols for CURED, functionality
that is diverse, adaptive, and complete will be very
important. Because the focus of CURED will be on
patient outcome and normal tissue function, data
acquisition must focus on diverse strategies as pa-
tient treatment occurred using varied informatics
platforms with years of informatics transition. The
protocols under development by CURED include
the evaluation of breast MR for patients treated for
Hodgkin’s disease and the use of helical computer
tomography of the chest to evaluate the risk of lung
cancer in patients treated for Hodgkin’s disease.
It will be important in these protocols to acquire
patient information including imaging, radiation
therapy treatment objects, and treatment programs
in order to perform appropriate risk hazard analy-
sis for these important secondary events. Likewise
it is anticipated that tissue/blood analysis for these
patients will also be important, particularly for as-
sessment of germline polymorphisms that might in-
crease the risk of late adverse events. If these patients
were treated on previous cooperative group clinical
trials, it will be important to link this data, includ-
ing imaging and biospecimens, from established
databases housed in cooperative group data centers.
Because imaging and radiation therapy treatment
objects on these patients would have been estab-
lished at diverse time points, it will be important for
the integrated database to accept data in multiple
formats using a uniform strategy for data review
likely through a web based mechanism. For many
CURED patients their cancer therapy may have been
delivered in a pediatric protocol and the patients are
evaluated as adults. Therefore a strategy integrating
all data centers for the cooperative groups will be an
important feature for this initiative as a long-term
strategy [21-24].

Quality assurance groups and data centers have
the potential of meeting the objective of integration.
It will require cooperation by all interested parties
with active use of middleware integration platforms
and the caBIG in vivo imaging database system.
Each area of interest including imaging, radiation
therapy objects, microarray, and patient outcome
will require a different approach for data integra-
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tion with integrated display available for queriable
research on a uniform display platform.

Imaging will be accomplished with integration
of the informatics infrastructure between ACRIN,
QARC, and the CALGB through the VIEW initiative.
ACRIN has developed a strategy for uniform data ac-
quisition with both the PREVIEW and TRIAD sys-
tems. This has been a very successful strategy. The
image acquisition strategy at QARC has included a
uniform image transfer system (Dicommunicator)
as well as a platform to accept computer disc and
display the objects in a uniform data set. The South
West Oncology Group has a partnership with AG
Mednet for image transfer and review. This program
can be integrated into the developing process as
well. Each center involved in the VIEW consortium
will be able to receive and accept images from each
member. Therefore each member will have both CD
and direct image transfer capability. QARC, in turn,
will be able to integrate and launch TRIAD through
the QARC database for display review.

Display of radiation therapy objects has pro-
gressed very well through the Advanced Technology
Consortium. RTOG objects are available at QARC
and are launched side by side to the image objects
for review of protocol patients. These objects are re-
viewed in real time and in retrospect by QARC staff
and investigators either through Webex or distrib-
uted through the .net service featured by Dicom-
municator. Web based strategies for off site review
of radiation therapy objects are currently used by
the RTOG. Integration with VIEW investigators will
insure image integration with the radiation therapy
objects for simultaneous display.

In collaboration with Dr. Foran at the University
of Medicine and Dentistry in New Jersey, the Saltz
group has developed caGrid enabled infrastruc-
ture to support Pathology virtual slide and tissue
microarray image management and analysis. This
effort is now supported by R0l funding from the
National Library of Medicine. This virtual slide in-
frastructure effort is now over 10 years old; the cur-
rent virtual image management infrastructure is
caGrid compliant and leverages the in vivo imaging
middleware library [25, 26].

The Ohio State University houses tissue banks for
the COG and the CALGB through the efforts of Drs.
Qualman and Jewel. Each has considerable experi-
ence in housing microarray data in digital formats as
well as establish platforms for distributed review of
pathology objects. The next iteration of this strategy
will be incorporating the objects into a uniform file

format housed with imaging and radiation therapy
objects for queriable research. In the first generation
of this platform the QARC database will be modi-
fied to incorporate pathology objects and this will be
further developed through cooperation of caBIG for
enterprise function and archive [27-29].

Linking this information with patient outcome
will be the next step in establishing the platform for
queriableresearch. The data could beretrieved by the
cooperative group from the QARC database for in-
ternal use by investigators in the cooperative groups
as a first step in the development of this strategy. The
QARC database is relational with each cooperative
group statistical center; therefore the informatics
base for initiating this objective is in place. It can be
significantly improved with integration of the caBIG
middleware software. For patients treated on coop-
erative group clinical trials a long-term strategy may
include speci ic protocol information with outcome
data potentially made available with permission
from the sponsoring cooperative group including
data on relapse and normal tissue toxicity. At the
appropriate time point and with permission from
the cooperative group, the patient outcome data
could be made available to the national archive for
queriable research linked to the specific patient in
the QARC database for review of images, radiation
therapy objects, and microarray and other biologi-
cal data. This may create database utilization across
protocols with similar disease site orientation.

As stated previously, patients entered on CURED
protocols may/may not have been treated on coop-
erative group trials. If so, data may exist on the pa-
tient that could be mined for outcome analysis. Thus
images, treatment objects, and tissue may be housed
within the established database. Tissue and images
obtained as part of the CURED protocol could be
linked to the previous platforms for outcome analy-
sis. Likewise, the database can be used to acquire
and display information for CURED patients who
were not treated on cooperative group protocols as
needed.

Thus cooperation between established centers
for quality assurance in clinical trials and coopera-
tive group data centers can lead to a new strategy
for clinical translational research. Integrating imag-
ing, radiation therapy objects, biological data, and
patient treatment/outcome data may help facilitate
patient analysis and help navigate the development
of new protocols and initiatives. The database at
QARC currently links images and radiation therapy
objects in a side-by-side format with a plan to link
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microarray objects to this data through cooperation
with tissue banks of the cooperative groups. Mid-
dleware software generated through caBIG can be
used to support this process and perhaps permit
links to the established data centers of the existing
cooperative groups to permit analysis of outcome
events. It is possible that tissue/germline DNA may
be obtained on patients treated/evaluated on sepa-
rate clinical trials housed in separate databases on
patients evaluated by CURED. Middleware linkages
will facilitate review of these objects and promote in-
teractions between data centers as this may become
important for patients on CURED protocols. These
patients may have diverse data acquisition platforms
for data entry and have been treated at different time
points in cancer management, however display in a
common uniform file format for queriable research
is possible with expertise currently at hand. Promot-
ing this strategy may help facilitate improvements in
cancer patient management, improve the outcome
for cancer patients and generate new insights into
the pathogenesis of cancer that can be tested in the
next generation of clinical trials.
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Swallowingis a complex process that begins with the
placement of food in the mouth and ends when the
food enters the stomach. It involves voluntary and
involuntary stages which are coordinated through
several cranial nerves and a multitude of muscles
that control the function of the oral cavity, the phar-
ynx (skull base to the lower border of the cricoid),

the larynx, hyoid bone, and esophagus [1, 2].
Swallowing is initiated by the stimulation of re-

ceptors in the oropharyngeal area. Sensory impulses

reach the brain stem through cranial nerves VII, IX,

and X, while motor control is exercised through

cranial nerves IX, X, and XII. The cricopharyngeal
sphincter (CPS) relaxes as the bolus reaches the pos-
terior pharyngeal wall before it reaches the CPS.

Cranial nerve V contains both sensory and motor

fibers and is important to chewing.

Swallowing physiology consists of three phases

[3]:

1. Oral phase (1 s): The oral tongue and teeth reduce
thefood toabolus. Asthefoodistransported back
toward the pharynx, receptors in the oropharyn-
geal mucosa trigger the pharyngeal phase.

2. Pharyngeal phase (1s): During this stage, the
velopharyngeal port closes to prevent food from
entering the nose. The hyoid bone and larynx
begin their forward and superior ascent, the epi-
glottis is folded down to an inverted position, the
tongue base moves toward the posterior pharyn-
geal wall, and pressure is generated by the top-to-
bottom contraction of the pharyngeal constrictor
muscles, which push the bolus of food toward the
esophagus. Lastly, through laryngeal and hyoid
elevation and anterior movement, the cricopha-
ryngeus muscle relaxes, resulting in the opening
of the CPS.

3. Esophageal phase: When the CPS opens, the
bolus of food enters the upper esophagus and is
transported down to the stomach through peri-
stalsis.
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Patients with head and neck cancer tend to be
elderly. With advanced age, swallowing physiology
becomes compromised, resulting in increased bolus
“holding”, delayed onset of swallow, slower pharyn-
geal transit time, and reduced generation of pharyn-
geal pressure [4, 5].

Evaluation of the Swallowing Mechanism

711
Objective Evaluation: Instrumental Assessment

® Videofluorography (VFG) is the most commonly
used procedure to assess swallowing dysfunc-
tions. VFG, including modiied barium swal-
low and esophagogram, can visualize the oral,
pharyngeal, and esophageal phases of swallow-
ing. During VFG, the patient is given food in
measured volumes and viscosities. Swallowing
physiology is viewed in the lateral and anteropos-
terior planes and temporal measures are made.
The duration of physiologic events during the
entire swallow can be measured as they change
during swallows of boluses of various volumes
and viscosities. Oropharyngeal residue and aspi-
ration can be quanti ied. Oropharyngeal swallow
efficiency (OPSE), a global measure of the safety
and speed of swallow, is calculated by measur-
ing the total oral and pharyngeal transit time of
the bolus divided by the percentage of the bolus
swallowed [6-9].

® Manometry, in which the patient swallows a
soft tube containing pressure sensors, measures
pressures generated in the mouth, pharynx, and
esophagus during swallowing. Manometry is
used primarily to measure pressure changes in
the esophagus and has value for studying oropha-
ryngeal swallowing dysfunctions [10, 11].

® Functional endoscopic evaluation of swallowing
(FEES) provides views of the laryngopharynx
different from those seen with VFG. This pro-
cedure, which is easy to perform, uses iberoptic
endoscopy (FE) to view mucosal and anatomical
integrity, pharyngeal residue, swallowing with
sensory testing, and aspiration [12]. Wu et al. [13]
have discussed the advantages and disadvantages
of using the fiberoptic endoscope vs VFG to eval-
uate patients with swallowing disorders.

® Ultrasonography can be used to study tongue
physiology during swallowing [14]. However, this
procedure has no value for assessing other phases
of deglutition.

7.1.2
Objective Evaluation: Observer-Assessed

Several tools are available to assess short- and long-
term cancer treatment-induced swallowing dysfunc-
tions. Common Terminology Criteria for Adverse
Events (CTCAE) are frequently used to assess acute
toxicity. Late toxicities can be assessed using the Ra-
diation Therapy Oncology Group (RTOG)/European
Organization for Research and Treatment of Cancer
(EORTC) criteria and the Subjective Objective Man-
agement Analytic (SOMA) scale [15-17].

71.3
Subjective Evaluation: Patient-Reported
Quality of Life

Some of the instruments used to assess quality of life
(QOL) in patients with head and neck cancer, includ-
ing swallowing dysfunctions, include: the University
of Washington Quality of Life tool (UWQOL) [18];
the M.D. Anderson Dysphagia Symptom Inventory
(MADSI-HN) [19]; the EORTC-QLQ H&N [20]; the
Performance Status Scale for Head and Neck Can-
cer patients (PSS-H&N) [21]; the Radiation Therapy
Instrument Head and Neck (QOL-RTI/H&N) [22];
the Functional Assessment of Cancer Therapy-H&N
(FACT-H&N) [23]; and the Head and Neck Radio-
therapy Questionnaire (HNRQ) [24]. While these
instruments all measure some aspects of head and
neck cancer-related QOL, it is not clear which one
best applies to the assessment of swallowing dys-
functions in patients with head and neck cancer and
to various treatment modalities.

7.2
Baseline Swallowing Function in Patients
with Head and Neck Cancer

PauLoskI etal. [25] compared 352 patients with head
and neck cancer with 104 controls. Pretreatment,
59% of patients complained of dysphagia. On VFG
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study, the majority of these patients had functional
study suggesting inconsistency in perception of
swallowing and actual swallowing ability. However,
compared to controls, patients had significantly
longer oral and pharyngeal transit time, greater
oropharyngeal residue, and lower swallowing effi-
ciency. Swallow function worsened with increased
tumor stage and in patients with oral and pharyn-
geal lesions compared to those with laryngeal le-
sions. It is not clear if the swallowing decrement was
the result of tumor infiltration of muscles and nerves
or of pain and ulceration.

7.3

Swallowing Disorders Induced by Radiation
Alone

Radiation-induced late toxicities, including swal-
lowing disorders, are unevenly distributed, with
some patients exhibiting more cellular radiosen-
sitivity. Con licting data have emerged related to
target-tissue sensitivity (fibroblast vs DNA repair
capacity vs lymphocytic chromosomal damage) and
late radiation damage [26-28]. DENHAM et al. [29]
have categorized radiation-induced normal tissue
injury as direct, indirect, and functional, in addition
to resulting from genetic susceptibility. A number of
tumor and radiation variables [30-35] also in 1uence
the incidence of late damage. Several investigators
have documented cervical and pharyngeal fibrosis
and laryngeal dysfunction resulting in swallowing
disorders following standard or accelerated radia-
tion schemes [36-41]. Therefore, it is essential to un-
derstand the biomechanics of swallowing disorders
and to know the anatomical organs that are critical
for swallowing and the radiation dose-volume re-
lationship of these organs in order to prevent and
reduce the incidence of swallowing disorders and
devise effective rehabilitation techniques [42].
Radiation of the head and neck area produces xe-
rostomia and short-term laryngopharyngeal edema,
resulting in acute dysphagia. Radiation-induced swal-
lowing disorders can manifest months to years later
as a result of extensive ibrosis and vascular and neu-
ral damage [43]. The biomechanics of these disorders
have been studied by LazaRrus et al. [44] using VFG in
a group of patients with dysphagia 10 years following
radiation. These patients demonstrated a number of
oropharyngeal motility disorders, including reduced

tongue-base contact with the posterior pharyngeal
wall, reduced laryngeal elevation, and compromised
vestibule and true vocal cord closure. These disor-
ders resulted in pharyngeal residue, which was as-
pirated after swallow. Despite different tumor sites,
all patients exhibited similar altered biomechanics,
which most likely resulted from the large radiation
doses and volumes that encompassed the orolaryngo-
pharyngeal area during treatment. In 1995, a similar
observation was made by DEJAEGER et al. [43] who
used manofluorography in a patient 5 years following
radiotherapy for a pharyngeal carcinoma. KENDALL
et al. [45, 46] used VFG to evaluate 20 patients with
head and neck cancer previously treated with radia-
tion. These patients were able to maintain nutrition
and none complained of dysphagia. When compared
with 60 normal subjects, all 20 patients demonstrated
abnormal swallow mechanics and prolonged oropha-
ryngeal time for all bolus sizes. The onset of aryepi-
glottic fold closure relative to the onset of swallow was
delayed and there was a trend toward delayed hyoid
elevation. In this study, there was a trend toward ear-
lier opening of the upper-esophageal sphincter rela-
tive to the arrival of the bolus, most likely as a com-
pensatory mechanism. Patients with base-of-tongue
cancer had worse swallow mechanics compared to
patients with pharyngolaryngeal cancers.

To assess pharyngeal dysfunctions following ra-
diation, Wu et al. [12] used iberoptic endoscopic
examination in 31 patients with dysphagic nasopha-
ryngeal cancer, with a mean follow-up of 8.5 years
following radiation. They observed pharyngeal re-
tention (93.5%), post-swallow aspiration (77.4%),
atrophic changes in the tongue with or without fas-
ciculation (54.8%), vocal cord paralysis (29%), ve-
lopharyngeal incompetence (58%), delay or absence
of swallow reflex (87.1%), and poor pharyngeal con-
striction (80.6%).

JENSEN et al. [47] made a similar observation us-
ing functional endoscopic evaluation of swallowing
(FEES) and EORTC-QOL questionnaires in 25 pa-
tients with pharyngeal cancer treated with radiation
alone and followed up for a minimum of 2.5 years
(mean 5 years). Of these patients, 83% had subjective
swallowing complaints. The most frequent objective
finding was reduced sensitivity in the oropharynx
(94%) and reduced range of motion at the tongue
base (79%). Pharyngeal residue appeared in 88% of
these patients, 59% experienced laryngeal penetra-
tion, and 18% aspirated. Penetration and aspiration
were observed primarily with thin liquids. All of the
six patients with aspiration were smokers.
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7.4
Surgery and Radiation-Induced Swallowing
Dysfunctions

Surgery-related swallowing disorders usually occur
during the first few months following surgery. Ab-
normal swallowing biomechanics depend on the site
of surgery, the extent of resection, and the type of
reconstruction [1, 48, 49].

PauLoskI et al. [50, 51] studied the effect of post-
operative RT in a surgical resection-matched patient
population. Patients receiving postoperative radia-
tion had increased oral transit time, greater pha-
ryngeal residue, lower OPSE, and shorter duration
of cricopharyngeal opening. Patients without post-
operative radiation demonstrated improvement in
swallowing ef iciency up to 12 months post-surgery,
while patients with adjuvant radiation did not show
any improvement in swallow function.

7.5

Chemoradiation-Induced Swallowing
Dysfunctions

Over the past two decades, the intensity of treatment
using chemotherapy and radiation has increased,
resulting in better tumor control and organ preser-
vation. However, acute and late toxicities have also
increased [52, 53]. FORASTIERE et al. [54] reported
RTOG 91-11 data where 1 year post-treatment only
9% of patients treated with radiation alone needed
liquid or soft food, compared to 23% of patients in
the chemoradiation group.

In two separate studies, LAZARUS et al. [55, 56] re-
ported that the swallowing mechanics in head and
neck cancer patients treated with concomitant chemo-
radiation protocols and compared the results with
age-matched controls. A large percentage of patients
exhibited abnormal swallow mechanics similar to
those seen in patients treated with radiation alone; also
seen were reduced tongue-base movement toward the
posterior pharyngeal wall, reduced tongue strength,
reduced laryngeal elevation, lower OPSE, an increased
number of swallows needed to clear the bolus, and a
high incidence (89%) of aspiration of liquids.

NEUMAN et al. [57] compared the effects of treat-
ment using high-dose intra-arterial cisplatinum
with radiation vs intravenous chemotherapy and

radiation. A large percentage of patients exhibited
abnormal swallow measures that were similar in
both groups, except that the intra-arterial group ex-
hibited less aspiration with 1-3 ml of liquids.

E1sBURCH et al. [31], KoTz et al. [58], MITTAL et
al. [30], and NGUYEN et al. [59] have also reported a
high incidence of oropharyngeal dysfunctions fol-
lowing concomitant chemoradiation. Most of these
patients exhibited some degree of aspiration, base-
of-the-tongue weakness, pharyngeal residue, re-
duced laryngohyoid movement, decreased epiglottic
inversion, swallow reflex delay, and velopharyngeal
incompetence. Upper esophageal stricture was also
observed in several patients.

Disorders resulting from radiation and chemo-
therapy can affect both oral and pharyngeal phases
of swallowing. Swallowing biomechanics are altered
as a result of reduced lingual manipulation and
propulsion of bolus, reduced tongue strength, de-
layed triggering of the pharyngeal motor response,
impaired tongue-base motion, pharyngeal contrac-
tion, laryngohyoid motion, laryngeal vestibule clo-
sure, and cricopharyngeal opening [60].

Over time (3-12 months), these disorders may re-
duce in severity [61], although this is not always the
case. A substantial number of patients experience
deterioration of swallowing function over time as a
result of vascular damage and fibrosis [44, 62-64].
This discrepancy highlights the importance of ob-
jective evaluation of swallow physiology before and
at several points following treatment. Additional re-
search is needed on the measurement and treatment
of swallowing disorders after various chemoradia-
tion protocols [3]. The confounding effects of tumor
site and stage, pre-existing dysphagia, dental status,
smoking history, and other comorbidities also need
to be studied.

Dysphagia resulting from radiation and chemo-
therapy could also be a result of stricture formation
in the hypopharyngeal or upper esophageal area.
There is evidence to support the increased incidence
and severity of stricture formation following treat-
ment with radiation plus chemotherapy compared
to radiation alone. LAURELL et al. [65] reported a
3.4% incidence of stricture formation in head and
neck cancer patients treated with radiation alone
compared to an incidence of 21% observed by LEE et
al. [66] in a group of patients treated with radiation
plus chemotherapy. This study reported a higher in-
cidence of stricture formation in patients receiving
hyperfractionation, in patients with hypopharyn-
geal primary tumors, and in women.
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7.6

Organ at Risk and the Dose-Volume-Effect
Relationship

Laryngopharyngeal disorders resulting in late dys-
phagia and aspiration are not regimen-specific and
are the result of edema and fibrosis [51]. To cor-
relate the relationship of radiation dose-volume-
effect, it is critical to know the relative importance
of the organs involved in swallowing physiology.
PauLoskI et al. [67] used VFG to evaluate the “or-
gan at risk” in 170 patients. Laryngeal elevation,
tongue-base retraction, and the cricopharyngeal
opening consistently predicted patients’ ability to
swallow different food consistencies. EISBRUCH et
al. [68] reviewed the literature and identified the
structures that, if damaged, could potentially cause
abnormal swallowing physiology. From their study
of 26 patients assessed with VFG, direct endoscopy,
and CT scan they identi ied pharyngeal constric-
tors (PC) and glottic and supraglottic larynx (GSL)
as dysphagia- and/or aspiration-related structures
(DARS).Inaprospectivestudy, FENG [69] established
the dose-volume-effect relationship for DARS and
the esophagus in 36 patients with stage 3/4 head
and neck cancers treated with chemoradiation. For
intensity-modulated radiation therapy (IMRT) dose
optimization, planning treatment volume (PTV)
was excluded from the target organ (swallowing
structures, major salivary glands, and oral cavity).
However, the entire organ was used to establish
the dose-volume-effect relationship. A strong cor-
relation was observed between the mean dose to
DARS and dysphagia endpoints. Aspiration was
observed when the PC mean dose exceeded 60 Gy
and the dose-volume threshold was V40 = 90%,
V50 = 80%, V60 = 70%, and V65 >50%. For aspira-
tion to occur, the GSL dose-volume threshold was
V50>50% (>50% of volume receiving 50 Gy). For
stricture, a mean dose of >66 Gy and a dose-volume
threshold of V50 = 85%, V60 = 70%, and V65 = 60%
for PC was observed. For stricture formation to oc-
cur, no relationship between mean dose to the GSL
and esophagus was observed. The mean dose to the
PC and esophagus was correlated with liquid swal-
lowing, while only the mean dose to PC was cor-
related with solid swallowing on patient-reported
and observer-rated swallowing scores.

In a retrospective study of 25 patients managed
with radiation alone, JENSEN et al. [47] studied the
dose-volume-effect relationship using FEES and

the QOL questionnaires EORTC C30 and H&N 35. In
this study, radiation dose to base-of-tongue and PC
did not correlate with swallowing endpoints. How-
ever, doses <60 Gy to the supraglottic area, larynx,
and upper esophageal sphincter resulted in a low
risk of aspiration.

DoRrRNEFELD et al. [70] reported on 27 patients with
head and neck cancer who were treated with IMRT
radiation + chemotherapy and free of disease for at
least 1 year following treatment. Swallowing diffi-
culties and the type of diet tolerated (Diet Score) de-
creased progressively with radiation doses >50 Gy
to the aryepiglottic folds, false vocal cords, and lat-
eral pharyngeal walls near the false cord.

LEVENDAG et al. [71] reported on 81 patients with
oropharyngeal carcinoma treated with three-dimen-
sional CRT or IMRT with or without brachytherapy
+ chemotherapy. A significant correlation was ob-
served between the mean dose to the superior and
middle pharyngeal constrictor muscles and patient
complaints of severe dysphagia. A median dose of
50 Gy predicted a 20% probability of dysphagia.
This probability increased signiicantly beyond a
mean dose of 55 Gy, with an increase of 19% asso-
ciated with each additional 10 Gy to superior and
middle constrictors.

DOORNAERT et al. [72], using RTOG and EORTC-
QOL questionnaires in 81 patients with head and
neck cancer, correlated the mean dose to the pha-
ryngeal wall structures (PWS), including mucosa
and pharyngeal constrictor muscles and swallow-
ing outcome. They reported a steep dose-effect re-
lationship beyond 45 Gy to PWS and concluded that
a mean dose of 45 Gy is the optimal threshold dose
for predicting swallowing difficulties.

COGLAR et al. [73], in a study of 96 patients with
head and neck cancer treated using IMRT + chemo-
therapy, observed no aspiration when the mean ra-
diation dose to the larynx and inferior pharyngeal
constrictor was <48 Gy and <54 Gy, respectively. A
dose-volume effect was observed. At V50 = 21% for
the larynx and V50 = 51% for the inferior constric-
tor, no aspiration or stricture were observed. No
stricture was observed if the mean dose to the in-
ferior constrictors was kept below 54 Gy. The mean
dose to the larynx did not correlate with stricture
formation.

O’MEARA et al. [74] retrospectively reviewed the
data of head and neck cancer patients treated with
two-dimensional radiation + concurrent chemo-
therapy. They observed an association between the
median dose to the inferior hypopharynx (pharyn-
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goesophageal inlet) and severe late toxicity (grade
>3 pharyngolaryngeal dysfunction). The incidence
was 46%. The median dose to the inferior hypo-
pharynx was 58 Gy among patients with severe late
dysphagia, compared to 50 Gy in patients without
severe dysphagia.

There is a paucity of dose/volume data about hy-
popharyngeal/upper esophageal stricture in head
and neck cancer patients treated with radiation +
chemotherapy. LAURELL et al. [65] compared radia-

tion dose-volume data in 22 patients with proximal
esophageal stricture vs 22 reference patients with
no stricture following radiation. They recommend
a mean dose of <65 Gy to the first 2 cm of proxi-
mal esophagus and a mean dose of <60 Gy to the
first 5 cm of proximal esophagus as a tolerance dose
below which the incidence of esophageal stricture
is low. However, further studies are needed to es-
tablish the dose-modifying effect of chemotherapy
given concurrently with radiation.
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Table 7.1. Organs at risk and dose-volume relationship above which swallowing dysfunctions increases significantly

Reference No.of  Critical organs Dose (Gy)
patients Mean Median
[68, 69] 26/36 Larynx
o IMRT
* RT + Chemo PC =60
PC >66
[73] 96 Larynx <48*
o IMRT
e RT £+ Chemo Ic <>4
[72] 81 Pharyngeal 45
RT = Chemo Mucosa and
constrictors
[74] 148 Pharyngoesoph- 50
2DRT ageal inlet
+ Chemo
[71] 81 Superior and 55
3DCRT/IMRT middle
+ Brachy constrictors
+ Chemo
[70] 27 Aryepiglottic fold 50
o IMRT False cord
¢ RT + Chemo Lateral pharyngeal
Wall near false cord
[47] 25 Larynx 60
e 3DCRT Upper esophageal
* RT alone sphincter

Volume data (%) End point Evaluation method
V50 V60 V65
50 Aspiration VFG
80 70 50 Aspiration
8 70 60 Stricture
21 Aspiration VEG
= and stricture
QOL * RTOG
e EORTC C-30 &
H/N 35
Grade 3 + RTOG late toxicity
Pharyngoe-
sophageal
dysfunction
e Grade > 3 e RTOG
e EORTC * QOL
e PSS - H&N
e MDADI e QOL
e Diet score e QOL

e H & N QOL e Clinical Assessment
e Weight loss

e PEG Tube

« EORTC
« QOL
« FEES

e Aspiration
* QOL

2 No correlation with stricture formation

PC, pharyngeal constrictors; IC, inferior constrictor; FEES, functional endoscopic evaluation of swallowing

Table 7.1 summarizes some of the published data
for organs at risk and the radiation dose-volume
relationship resulting in objective and/or subjec-
tive swallowing disorders. The differences between
dose-volume-effect relationship and organs at risk
between various studies could be due to lack of uni-
formity in dose reporting, differences in organ con-
touring, use of 2D vs 3D data for treatment planning,
dose optimization, and the endpoints used to mea-
sure swallowing dysfunctions.

7.7

Preventive Intervention to Reduce Swal-
lowing Disorders

There are no large phase 3 trials to suggest that pre-
vention is possible. However, several single-institu-

tional studies suggest that with the use of physical,
technical, and biochemical agents and exercise of the
oropharyngeal muscles it is possible to reduce the
incidence and severity of swallowing disorders [42].

7.8
Radiation Modulation

Using current technologies, it is possible to reduce
the radiation doses and the volume of critical struc-
tures involved in swallowing without compromising
the target. EIsBRUCH et al. [68] identified the larynx
and PC as playing an important role. By decreasing
radiation to these structures using IMRT, they were
able to reduce the incidence of aspiration and swal-
lowing disorders [69]. Similarly, MiTTAL et al. [30]
were able to decrease swallowing disorders with the
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use of static multisegmental IMRT. The incidence
of early and late feeding tube placement was also
decreased with IMRT [75]. However, MILANO et al.
[76] and GARDEN et al. [77] observed no difference in
swallowing disorders with the use of IMRT. GARDEN
[78] and CHAO [79] also observed no difference in the
need for a feeding tube when IMRT was used.
IMRT is time-consuming and organs at risk need
to be defined to prevent excessive doses to the larynx
and postcricoid esophagus, which can be spared us-
ing conventional radiation techniques with a small
midline shield [80]. The use of this technique is also
supported by the dosimetry study of Fua et al. [81].
They were able to decrease the pharyngoesophageal
axis (PEA) mean dose from 55.2 Gy to 27.2 Gy using
junctional IMRT (J-IMRT) with a midline shield as
opposed to whole-field IMRT (WE-IMRT). The in-
cidence of dysphagia and the duration of a feeding
tube requirement were significantly less when the
J-IMRT technique was used. However, the PEA can
be classified as a dose-avoidance structure during
WE-IMRT in order to decrease the radiation dose to
the PEA. Further studies are needed to identify the
dose-volume relationship to the critical organs and
neuromuscular systems involved in swallowing.

Oral Feeding vs Feeding Tube

More than 70% of patients treated with intensive
concurrent chemoradiation for head and neck
cancer required a feeding tube by the end of treat-
ment [66, 82, 83]. At 1 year following treatment, at
least 20% of patients still required a feeding tube
to supplement their oral intake [70, 82, 83]. The
use of a prophylactic feeding tube is controversial
[84]. ROSENTHAL et al. [85] support the use of oral
feeding to the maximally tolerated food viscosity
as long as possible even if the patient already has a
feeding tube. GILLESPIE et al. [86] reported a worse
swallowing outcome in patients who had not had
oral intake for more than 2 weeks. Patients should
continue oral intake to reduce the risk of long-term
tube dependency and dysphagia [87]. ROSENTHAL
et al. [85] and MIKHAL et al. [88] suggest that a na-
sogastric (NG) feeding tube decreases the need for
esophageal dilatation vs a percutaneous endoscopic
gastrostomy (PEG) tube. They hypothesized that
the NG tube serves as a stent to prevent stricture

formation. However, when using the NG tube, it is
necessary to take care to avoid trauma to the PEA.
We also support continual oral feeding so long as it
does not compromise the patient’s nutritional status
and increase the risk of aspiration.

Cytoprotectors

Amifostine (WR 2721) is the most commonly used
cytoprotector for reducing the incidence of xeros-
tomia and mucositis [89-91]. However, there is no
data to support its role in decreasing late swallowing
disorders. Further studies are needed.

Oropharyngeal Exercises

Oropharyngeal exercises are designed to improve
swallowing biomechanics by increasing the excur-
sion of swallowing organs and strengthening the
musculature involved in deglutition. Range-of-mo-
tion exercises are available for the oral tongue, base
of tongue, and the hyoid-laryngeal complex [1, 3, 92].
Isometric resistance exercises are used to strengthen
the tongue, jaw, larynx, and lips [93]. Some exer-
cises can facilitate opening of the upper esophageal
sphincter [94].

Therapeutic Intervention to
Improve Swallowing Disorders

Rehabilitation of swallowing disorders should be
started as soon as possible following treatment.
LoGEMANN [1] suggests less benefit with delay in
swallowing therapy. WATERs et al. [95] report that
the extent of swallowing dysfunctions at 6 months
post-treatment predicts long-term function. Kotz
et al. [96] recommend treatment for oropharyngeal
dysphagia as soon as possible post-chemoradiation.
Rehabilitation techniques canbe categorized broadly
as compensatory and speci ic therapy procedures.
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Compensatory procedures are used to manipu-
late the bolus flow and reduce aspiration, which can
be accomplished by:
® Postural adjustments such as chin down, head

tilt, head back, and head rotation toward the

weak side; lying down can be effective in decreas-

ing aspiration [97, 98].
® Bolus adjustment and dietary modification [1,

99-101]; patients with decreased awareness of

food in the oropharyngeal area may benefit from

a larger bolus, while patients requiring multi-

ple swallows to clear a bolus may benefit from

smaller bolus size.
® Customized oropharyngeal prosthetic devices

[102-108] should be used to compensate for the

loss of tissues during surgery; these devices will

result in the reduction of oral residue and effi-
cient clearance of food from the oral cavity to the
oropharynx.

Therapy Procedures

Oropharyngeal exercises to improve strength and
excursion range of the oral tongue, base of tongue,
and the laryngohyoid complex will improve oral
transit time, decrease pharyngeal residue, improve
oropharyngeal swallowing efficiency, and decrease
the risk of aspiration [92, 101, 109, 110]. Therapy
exercises developed by SHAKER et al. [94, 111] have
been shown to improve dysphagia resulting from
dysfunction of the upper-esophageal sphincter.

Patients can also be taught voluntary maneuvers
to improve OPSE and prevent aspiration during de-
glutition. Supraglottic swallow protects the airway
by holding the vocal folds closer together [1]. Super-
supraglottic swallow prevents aspiration by facili-
tating closure of the laryngeal vestibule [112]. The
effortful swallow causes increased pressure in the
oral cavity and pharynx, resulting in better bolus
clearance [112]. The Mendelsohn maneuver works
by increasing the opening of the upper-esophageal
sphincter during swallow [113, 114].

Optimum rehabilitation requires pre- and post-
treatment assessment of swallowing physiology and
observation of modified barium swallow (MBS)
changes while various therapeutic swallow pro-
cedures and maneuvers are implemented. Patient
education techniques such as biofeedback using FE,

MBS, and surface electromyography have been used
to help patients learn various exercises and improve
swallowing dysfunctions [115, 116]. Several random-
ized trials are in progress to assess the outcome of
various treatment strategies to improve dysphagia
[117].

AL
Summary

Swallowing is a complex process involving neuro-
muscular coordination of several oropharyngeal
muscles and cranial nerves. Swallowing physiology
can be studied using VFG, FE, and oropharyngeal
manometry. Patients’ symptoms and treatment tox-
icity can be assessed using validated QOL measures
and observer assessment.

Dysphagia is often present before treatment of
head and neck cancer begins.

Radiation, surgery, and chemotherapy result in
anatomical and functional changes in swallow me-
chanics. Radiation-induced xerostomia results in
increased bolus transit time. Primary radiation-in-
duced neuromuscular dysfunction causes increased
oropharyngeal transit time, incoordination of bo-
lus movement through the oropharynx, reduced
tongue-base contact with the posterior pharyngeal
wall, impaired laryngohyoid movement, poor vesti-
bule and true vocal cord closure, and impaired upper
esophageal sphincter function. These abnormalities
result in pharyngeal residue and aspiration.

The use of radiation therapy following surgery ex-
acerbates the damage caused by surgical resection.
Surgery-related swallowing disorders usually mani-
fest during the first few months after surgery. The
additional effects of RT on swallowing are the result
of neuromuscular damage, fibrosis, and uncoordi-
nated oral and pharyngeal phases of swallowing.

Patients treated with concomitant chemoradia-
tion protocols show a higher incidence of swallow
disorders compared to patients treated with RT alone
[118]. Most orolaryngopharyngeal dysfunctions are
similar to those observed in patients treated with RT
alone. It is not possible to quantitate the roles played
individually by RT and chemotherapy in causing
swallowing disorders.

Preliminary clinical and dosimetry data charac-
terize the radiation dose-volume and toxicity rela-
tionship of some of the critical structures involved
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with pharyngeal swallowing. Several studies are in
progress to expand this knowledge.

Further studies are needed to tease out the con-
founding effects of patient age, tumor location and
stage, pre-existing dysphagia, dental status, xeros-
tomia, smoking history, and other comorbidities.

Several preventive and therapeutic strategies can
be implemented to reduce the incidence or prevent
some swallowing disorders. Pre- and post-treatment
assessment of the swallowing physiology of all head
and neck cancer patients is essential to best imple-
ment these measures.
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Introduction

Radiotherapy remains a major treatment modality
for primary and metastatic brain tumors, as well
as leukemia and lymphoma involving the central
nervous system (CNS). Cranial irradiation is also
used as prophylaxis for patients at high risk of in-
volvement of the brain by neoplasia, for example
small-cell lung cancer. Despite important advances
in diagnosis and therapy of malignant solid tumors,
brain metastases continue to present signiicant
problems for clinicians attempting to prevent pro-
gression of disease and limit morbidity associated
with therapy. Indeed, up to two thirds of all brain
metastases cause clinical symptoms [1, 2]. In addi-
tion, there is evidence that the overall incidence of
brain metastases is increasing because of improved
systemic therapy for cancer [3]. Further, the survival
rates of children with both primary [4-7], and sec-
ondary [3] brain tumors are increasing.

Although important advances have been made,
cranial radiation therapy continues to present signif-
icant problems for clinicians attempting to prevent
and limit morbidity associated with the therapy. The
radiation dose that can be administered safely to the
tumor is limited by the potential toxicity on normal
surrounding CNS tissue. The primary factors influ-
encing the likelihood of developing complications
include the volume of normal brain tissue treated,
the total radiation dose, and the fractionation sched-
ule. Thelikelihood of brain damage also increases in
the young [8, 9, 10-14], especially < 5 years old, and
the elderly [10]. Furthermore, the use of concurrent
or sequential chemotherapy can significantly affect
the incidence and severity of radiation-induced tox-
icity. In addition, the tumor burden often impairs
cognitive function, making it difficult to assess ac-
curately the separate effect of radiation. These side
effects impact dramatically the quality of life and
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are associated with decreased education and in-
creased unemployment when these treated children
reach adulthood [8, 15, 16]. Moreover, the cognitive
defects occurring after radiation therapy seem to be
progressive and irreversible [17, 18].

A full understanding of the potential complica-
tions such as cognitive impairments associated with
cranial irradiation is needed to develop novel strate-
gies for toxicity prevention.

Neurotoxicity from Brain Radiotherapy

The complications of radiation therapy are usually
divided into acute effects that can occur during the
course of radiation, early-delayed effects that ap-
pear 2-4 months after radiation, and late effects
that can develop more than three months after the
initiation of radiation therapy. Complications that
might occur many months or even years following
cranial irradiation are generally not important as
a consideration for patients with brain metastases
or grade IV primary brain tumors, where a median
survival in the range of 6-12 months is expected.
Late effects are a more important consideration for
patients with a much longer life expectancy (e.g.
low-grade glioma patients or pediatric patients with
acute lymphocytic leukemia) [19, 20]. The distinc-
tion between early and late complications is also
important since acute and early-delayed complica-
tions are usually reversible while late reactions often
are not. Finally, a recent study also suggests that the
ability to focus and sustain attention in children
with primary brain tumors changes during the 6- to
7-week period of cranial irradiation and the subse-
quent 5 years, and remain relatively stable over time
after irradiation [21]. The following is a brief review
of potential radiation-induced side effects, with an
emphasis on late neurocognitive injury.

8.2.1
Acute Complications

Acute encephalopathy generally occurs within
2 weeks of the onset of irradiation. The disorder
is usually mild, characterized by headache, nau-
sea, drowsiness, fever, and sometimes worsening of
neurological signs [22]. Exceptionally, the encephal-

opathy is severe in patients who already had a syn-
drome of intracranial hypertension at the onset of
treatment (multiple metastases, large posterior fossa
tumor) or who received high-dose fractionation. In
these cases, patients may develop a clinical picture
of brain herniation [22]. Radiation-induced break-
down of the blood-brain barrier with increased
intracranial pressure is incriminated in the patho-
genesis of the syndrome. Acute encephalopathy is
generally most severe following the first radiation
dose and gradually lessens in severity thereafter.

8.2.2
Early-Delayed Complications

Early-delayed complications occur between 2 weeks

and 3-4 months after the completion of radiother-

apy and may take several forms:

® The somnolence syndrome develops in many
patients (particularly children) who have
received whole brain or large volume irradiation
[23]. It is mainly characterized by hypersomnia,
drowsiness, irritability and sometimes headache
and fever [24]. At this stage, neuropsychological
evaluation often demonstrates attention deficits
and alteration of recent memory functions. The
somnolence syndrome usually resolves sponta-
neously within 2-3 weeks. Corticosteroids reduce
the duration of the syndrome and may prevent its
development [25, 26].

® Inabout 15% of patients, early-delayed complica-
tions simulate local tumor recurrence. Patients
may complain of recurrent focal symptoms, with
headache and/or recurrence of pretreatment
neurologic symptoms and signs. Improvement
occurs spontaneously, but steroids accelerate its
resolution [27].

® A severe leukoencephalopathy with cognitive
dysfunction is a very rare early-delayed compli-
cation of cerebral irradiation, which may be tran-
sient or persistent. Reversible defects in memory
also occur, and do not necessarily predict long-
term impairment [28, 29].

8.2.3
Delayed Complications

Delayed complications occur 3 months to many
years after completion of radiotherapy. Unlike early-
delayed reactions that are usually reversible, late
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reactions are generally irreversible. The likelihood
that the irradiation will induce delayed damage to
the nervous system depends on many factors includ-
ing the total dose delivered to the nervous system,
the dose delivered with each treatment, and the total
volume of nervous system irradiated. On the brain,
a dose of 60 Gy delivered with 1.8- to 2-Gy fractions
represents the upper limit of the “safe dose”. Other
factors that in luence tolerance of the nervous sys-
tem include the length of survival after completion
of radiation therapy, the presence of other systemic
diseases that enhance the side effects of irradiation
(e.g., diabetes, hypertension), concomitant chemo-
therapy and other unidentifiable host factors [30].
Cognitive dysfunction/leukoencephalopathy and
radionecrosis are the main delayed complications
of brain irradiation.

8.2.3.1
Neurocognitive E fects

Differentiating adverse effects of cranial irradiation
upon neurocognitive function from the effects of
the underlying malignancy can be very difficult.
Within the last decade, prospective studies have
been performed to characterize accurately the ef-
fects of cranial irradiation upon neurocognitive
function [31]. It is important for such studies to
include long follow-up whenever feasible, because
impaired neurocognitive function may become evi-
dent as a late effect of treatment [32]. Important data
on the impact of radiotherapy on neurocognitive
function has been derived from studies in adults
treated with prophylactic cranial irradiation and
low-grade gliomas, as well as in pediatric patients.
Indeed, a large follow-up study of children who sur-
vive acute lymphoblastic leukemia [33] showed that
men and women in the irradiated group had higher-
than-average unemployment rates compared to
the adults who didn’t receive brain radiotherapy
in their childhood (15.1% vs. 5.4% and 35.4% vs.
5.2%, respectively).

8.2.3.1.1
Cognitive Dysfunction/Leukoencephalopathy

Radiation-induced cognitive dysfunction and leu-
koencephalopathy without necrosis are becoming
the most frequent complications in long-term survi-
vors [34]. This clinical “entity”, also called “diffuse
radiation injury” or “radiation-induced leukoen-
cephalopathy” differs from radionecrosis in clinico-

radiological aspects as well as in pathology [35]. The
most dramatic complication is dementia, but there
is also evidence that radiotherapy can induce a less
severe encephalopathy leading to subtle neuropsy-
chological impairment [28, 36].

8.2.3.1.2
Radiation-Induced Dementia

Progressive “subcortical dementia” represents the
main clinical characteristic of this disorder. At a
late stage, severe cognitive deterioration is typically
characterized by a severe intellectual loss, with pre-
dominant fixative memory impairment, difficulties
in focusing attention, emotional lability and apathy.
Productive phenomena such as delirium or halluci-
nation are typically absent. Signs of cortical involve-
ment, like aphasia, apraxia or agnosia, are unusual.
As a consequence of preserved insight, depression
is frequent, but antidepressants do not improve in-
tellectual performance. Gait disturbances, ranging
from mild retropulsion to severe ataxia, are constant
features, as is incontinence at later stages [37]. The
course is characterized by progressive deterioration
(80% of cases), more rarely by stabilization and ex-
ceptionally by a lasting improvement. Patients be-
come bedridden over a few weeks to months and
usually die 1-48 months after the onset of symp-
toms. There is no effective therapy. There are at
least four factors that affect the risk of developing
cognitive dysfunction/dementia:

1. Radiation schedule: the risks of cognitive dys-
function are very low with “safe” doses of whole
brain irradiation.

2. Volume irradiated: virtually absent for patients
undergoing focal conventional radiotherapy
alone (volume of radiation excluding the tempo-
ral lobes).

3. Concurrent chemotherapy: the frequency of cogni-
tive dysfunction/dementia is increased in patients
treated with radiotherapy and concurrent chemo-
therapy, at least when methotrexate is used.

4. Age: elderly patients appear to be much more
sensitive to the diffuse neurotoxicity of radio-
therapy. The pathological substrate for intel-
lectual decline has not been clearly identified,
but all authors found predominant involvement
of the white matter, in agreement with neurop-
sychological and radiological findings. Diffuse
white matter spongiosis, multiple miliary foci of
necrosis, and demyelination with severe loss of
oligodendrocytes have been reported.
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8.2.3.1.3
Mild or Moderate Neuropsychological Impairment

This complication may occur in children (after pro-
phylactic treatment of acute leukemia or irradia-
tion for primary brain tumor) and in adults (after
prophylactic irradiation for small cell lung cancer
or in long-term survivors of primary or secondary
brain tumors). The symptoms generally occur within
4 years of irradiation and are mainly characterized
by attention deficits, memory dysfunction and im-
mediate problem solving ability [38, 39]. The clinical
course is usually characterized by slow decline of
neuropsychological scores without decrease in per-
formance status, but spontaneous stabilization may
also occur. Intellectual dysfunctions with signi 1cant
reductionsin overall intelligence quotients (IQ) score
have been observed in survivors of childhood acute
lymphocytic leukemia in relation to therapy central-
nervous-system prophylaxis consisting of cranial ir-
radiation and intrathecal methotrexate [13]. Several
factors were found to be closely associated with a
lower IQ score in long-term survivors of childhood
acute lymphoblastic leukemia, including a younger
age at the time of radiation (in both verbal IQ and
full-scale IQ) [40]. Subgroup analysis further showed
a correlation between sex, age at the time of radia-
tion, dose of cranial radiation, concomitant intrath-
ecal methotrexate therapy, and duration of therapy
with alower level of intellectual function. Similar de-
creased IQ scores were found in long-term survivors
of cerebellar medulloblastoma treated with surgery
and irradiation, especially those children younger
than 8 years at time of radiotherapy [41]. These defi-
cits can potentially affect learning, academic perfor-
mance, as well as employment rate [13, 33].

8.2.3.2
Radiation Necrosis

This disorder is a serious complication that usu-
ally begins 1-3 years after completion of radiation
therapy. The symptoms depend upon the location
of the lesion, and generally recapitulate those of the
brain tumor or consist in new focal neurological
signs simulating a tumor de novo. Radiation ne-
crosis is caused by vascular endothelial cell dam-
age, resulting in ibrinoid necrosis of small arterial
vessels, and therefore in focal coagulative necrosis
and demyelination of the brain parenchyma [42].
These patients do well when the area of radiation
necrosis is resected. Corticosteroids usually produce

prompt symptomatic improvement in most patients,
and there are reports of prolonged responses after
corticosteroid therapy without surgery at the price
of a frequent dependence on corticosteroids. An-
ticoagulants and hyperbaric oxygen therapy have
also been reported to provide bene it [43, 44]. Radia-
tion necrosis, however, is uncommon with doses of
60 Gy or less using conventional fractionation [45,
46]. Radionecrosis is more likely to occur when high
doses per fraction are administered and possibly
with concurrent chemotherapy [47].

8.2.3.3
Other Adverse Consequences

Include vascular abnormalities (lesions of large
blood vessels) [48], and endocrinopathies [49-51].

Mechanisms of Brain Injury

An increasing body of evidence suggests that radia-
tion-induced brain injury is a continuous, multifac-
torial, and dynamic process. Pathology in the brain
has been attributed to vascular injury, inflamma-
tion, and apoptosis (thoroughly reviewed in [52]).
Discussion of all these mechanisms is beyond the
scope of this chapter. We will particularly focus on
the potentially reversible mechanisms of radiation-
induced brain injury. In particular, the proposed
mechanisms of cognitive de icits due to cranial ir-
radiation will be discussed.

Clinical studies reveal that radiation-induced
damage to the hippocampus plays a significant role
in the cognitive decline seen in patients who have
undergone cranial irradiation. The hippocampus
is one of two sites in the mammalian forebrain that
exhibit active neurogenesis even in adulthood and
is the critical neurologic center for learning and
memory [53, 54]. Problems with learning, memory,
and spatial processing that have been observed in
patients after cranial irradiation are related to hip-
pocampus injury. In support of this, radiation to the
hippocampus is associated with more pronounced
cognitive deficits [55-58].

Ionizing radiation induces a number of cellular
responses including apoptosis and cell cycle check-
points. Radiation-induced hippocampal injury has
been linked to increased apoptosis of neuronal pro-
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genitor cells within the subgranular zone of the hip-
pocampus. This appears to involve an increase in
the proapoptotic proteins p53, Bax, and caspase-3
by radiation [54, 59-61]. Interestingly, little to no
apoptosis is seen in other areas of the cerebrum [62].
In addition to the increased neuronal cell apopto-
sis, decreased neurogenesis within this subgranular
zone has been reported [59, 62-66]. This is secondary
to the induction of p53-mediated cell cycle check-
points by radiation and is associated with increased
levels of phosphorylated p53 and the cell cycle
regulating protein p21 [54]. Finally, decreased mi-
crovascular angiogenesis and increased microglial
activation have been attributed to the loss of these
pre-seen following cranial irradiation [65]. Taken
together, these data suggest that radiation-induced
hippocampal cell apoptosis and inhibition of neu-
rogenesis contribute to the cognitive decline seen in
patients who have undergone cranial irradiation.

Potential Neuroprotectors

In an effort to decrease neurotoxicity and improve
patient quality of life following cranial irradiation,
pharmacologic agents which exhibit radioprotec-
tive effects have been rigorously investigated. Since
radiation-induced cellular damage has been attrib-
uted primarily to the adverse effects of free radicals,
agents with direct free radical scavenging properties
were studied as radioprotectors. The best known
radioprotectors are the sulfhydryl compounds, such
as cysteine [67] and cysteamine [68]. However, these
molecules are considered to be toxic at the doses
required for radioprotection, and result in signifi-
cant side effects, including nausea and vomiting.
Another well studied compound is amifostine [69],
which has been approved by FDA as a radioprotector
[70]. Indeed, amifostine, a synthetic thiol, has been
used in clinical trials and it protects normal tissue,
such as oral mucosa, from the unwanted effects of
radiation more than tumour cells. Several mecha-
nisms of action were proposed, including free radi-
cal scavenging, hydrogen transfer, inducing hypoxia
and stabilizing DNA through direct binding [70-72].
Despite encouraging data, the use of amifostine is
limited for the protection of the central nervous sys-
tem. In addition, several side effects occurring with
amifostine are dose-limiting and prevent maximal

radioprotection [69, 73-75], including hypotension,
hypocalcaemia, nausea and vomiting, sneezing,
and mild somnolence. In recent years, numerous
promising agents such as immunomodulators, hae-
mopoietic growth (i.e. oxymetholone, 5-andros-
tendiol) and stimulating factors (i.e. EPO, interleu-
kins), synthetic chelators and natural antioxidants
(i.e. glutathione, melatonin, vitamin E) have been
examined for their ability to attenuate radiation-
induced injury [76-85]. So far, their clinical benefits
and neuroprotective efficacy remain limited.

Therefore, there is still a need to identify novel
and effective compounds to protect the brain from
radiation-induced injury. One such compound is
lithium, a drug which has been widely used in the
treatment of bipolar mood disorder [86]. Evidence
suggests that lithium protects the brain against a va-
riety of insults to the brain such as stroke and oxida-
tive stress [58, 61, 86-90]. However, the mechanisms
of the neuroprotection by lithium are not well de-
fined. The signal transduction pathways perturbed
by lithium include phosphoinositide turnover and
activation of the wnt pathway via inhibition of
GSK-3.Inaddition, lithium suppresses pro-apoptotic
proteins p53 and Bax while enhancing pro-survival
proteins Bcl-2 and Akt [87, 91]. Importantly, lithium
reduces brain damage in animal models of neurode-
generative diseases and stroke [92]. These actions by
lithium make it an attractive candidate as a neuro-
protector during cranial irradiation.

Mechanisms of Lithium-Mediated Neu-
roprotection Against Radiation-Induced
Apoptosis

Given the neuroprotective effects of lithium, the po-
tential of lithium as a neuroprotector during cra-
nial irradiation was investigated using preclinical
models. A decrease in radiation-induced cell death
was demonstrated with a 7-day lithium prophylaxis
prior to the initiation of radiation in HT-22 neuronal
cells as well as in neurons within the subgranular
zone of irradiated mice [61]. As shown in Figure 8.1,
lithium improved clonogenic survival of irradiated
HT-22 neurons but not D54 glioma cancer cells. Spe-
ci ically, analysis of apoptosis via annexin V stain-
ingin these cells reveals a protection from radiation-
induced apoptosis by lithium (Fig. 8.2). In irradiated
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Fig. 8.1a,b. Lithium protects normal hippocampal neurons (a) but not D54 glioma cancer cells (b) from radiation-induced
cell death. HT22 normal hippocampal neurons and D54 glioma cancer cells were treated with either vehicle or 3 mmol/L
lithium chloride for 7 days followed by various doses of radiation. Colony-formation assays were subsequently assessed
in these cells. Surviving fractions for each dose of radiation are shown relative to irradiated cells not exposed to lithium

(* p<0.05). (Adapted with permission from [61])

mice, lithium protects hippocampal neurons in the
subgranular zone from apoptosis as evidenced by
TUNEL staining (Fig. 8.3). Thus, lithium appears to
decrease radiation-induced apoptosis of neurons.
More importantly, lithium also improved cogni-
tive performance in irradiated mice. In these exper-
iments, mice were subjected to Morris water maze
studies, which involve a circular pool filled with wa-
ter with an attached clear square platform beneath
the water. The platform could either be visible via
marking with a black flag or hidden by removing the
flag and clouding the water with white paint. The
study began 6 weeks following irradiation with or
without lithium prophylaxis by placing the mouse
into the water, and the length of time to find the plat-
form in water was measured (average latency time).
At 8 days after training, the average latency time
was measured again. As shown in Figure 8.4, radia-
tion treatment signi icantly increased the average
latency time compared to unirradiated mice. This
increase in latency is attenuated by lithium. These
results indicate that lithium indeed protects hip-
pocampal cells and neurons within the subgranular
zone against radiation-induced apoptosis and pre-
serves cognitive functions in irradiated mice com-
pared with mice treated with radiation alone.
Optimal neuroprotection by lithium is achieved
when administered for 7 days prior to irradiation.
This suggests an epigenetic change by lithium. To
assess the effects on gene expression by lithium
during neuroprotection, microarray analysis was
performed. Over 30,000 genes were examined in the
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Fig. 8.2. Lithium-mediated protection of normal hippocam-
pal neurons involves reduction of radiation-induced apopto-
sis. HT22 normal hippocampal neurons treated with vehicle
or 3 mmol/L lithium chloride for 7 days were subjected to
sham or 3-Gy irradiation. Morphologic nuclear condensa-
tion of cells was subsequently assessed via DAPI staining and
analysis under microscopy. Percentage of apoptotic cells is
shown (¥ p<0.05). (Adapted with permission from [61])

HT-22 neuronal cells following 7 days of lithium. In-
terestingly, lithium induced a greater than two-fold
expression of genes involved in anti-apoptosis sig-
naling, neurogenesis, and DNA repair. Conversely,
lithium also suppressed greater than two-fold the
expression of proapoptotic genes. Verification of
several of these genes confirmed microarray results.
Specifically, the mRNA of the antiapoptotic pro-
teins decorin and NAIP are induced by lithium, and
a similarly increase in the protein levels of decorin
and NAIP can be observed.
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Fig. 8.3a,b. Lithium protects hippocampal neurons in vivo from radiation-induced apoptosis. (a) Representative histologic
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Fig. 8.4. Lithium attenuates radiation-induced cognitive
decline in irradiated mice. Cognitive function following
cranial irradiation was studied in C57/BL6 mice. One-week-
old pups were treated with daily i.p. injections of lithium
chloride (40 mg/kg) or PBS for 7 days. On the 7th day of
lithium treatment, the pups were treated with 7 Gy of cranial
irradiation or sham irradiation. At 6 weeks later, the animals
were studied using hidden Morris water maze testing. Av-
erage latency times in male and female mice are shown in
irradiated animals with or without lithium prophylaxis at
day 1 and day 9 of testing (* p <0.05). (Adapted with permis-
sion from [61])

To further characterize the molecular mechanism
by which lithium protects neurons from radiation-
induced apoptosis, several other proteins involved
in the apoptotic pathway were analyzed in response
to lithium. Lithium treatment correlates with activa-

tion of the pro-survival Akt pathway and enhances
the levels of the antiapoptotic proteins bcl-2 and
B-catenin [61]. Interestingly, lithium also suppresses
the proapoptotic pathways [61]. Decreased levels of
bax, whose function has been shown to be required for
radiation-induced apoptosis [93], are observed with
lithium. Lithium also inhibits the proapoptotic en-
zyme glycogen synthase kinase-3f (GSK-3p3). GSK-3f3
activity can be regulated via activating phosphoryla-
tion at Tyr216 or inhibitory phosphorylation at Ser9.
Lithium increases Ser9 phosphorylation and concom-
itantly decreases Tyr216 phosphorylation [61]. This is
associated with accumulation of -catenin and cyclin
D, two downstream targets of GSK-3f3. As the GSK-3f3
pathway is known to be involved in cell survival and
proliferation, radioprotection by lithium could be
due to lithium-mediated inhibition of GSK-3f. Our
preliminary results con irm this hypothesis, as inhi-
bition of the GSK-3f pathway using small molecule
inhibitors or genetic manipulation using dominant
negative GSK-3f reproduces the neuroprotective ef-
fects by lithium [94].

Our microarray results also suggest a potential
role of DNA repair pathways in lithium-mediated
neuroprotection. This is intriguing as the most criti-
cal lesion induced by radiation is the DNA double
strand break (DSB) [95]. As few as one unrepaired
DSB is lethal to the cell. Preliminary results suggest
that the neuroprotective effects by lithium involve
enhanced DNA repair of radiation-induced DSBs
(personal communication, Fen Xia, MD, PhD). In
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support of this possibility, inhibition of DNA repair
pathways with small molecule inhibitors attenuates
lithium-mediated neuroprotection.

The actions of lithium are multifactorial but seem
to converge with the inhibition of radiation-induced
apoptosis. However, the exact defining mechanism
to achieve neuroprotection remains to be fully eluci-
dated. The potential of GSK-3 inhibition as a target
for neuroprotection is an interesting alternative to
lithium and will be discussed later in this chapter.

Future Directions

8.6.1
Clinical Phase I Trial of Lithium

Based on the promising pre-clinical results, and
given that long-term neurotoxicity following cra-
nial radiotherapy is a significant clinical problem
that affects the quality of life of cancer survivors,
a lithium clinical phase I trial is currently ongoing.
This study tests the safety and toxicity of lithium asa
neuroprotective agent during cranial radiotherapy.
Patients with histologically confirmed extracranial
primary malignancy and associated brain metasta-
ses received lithium treatment one week prior to as
well as during whole brain radiotherapy. The dos-
ing of lithium started at one-half (300 mg BID) of
the maximal dose (300 mg QID) indicated for mood
disorders. Whole brain irradiation consisted of a
total of 3,000 cGy over ten fractions. Preliminary
data suggests that lithium can be safely adminis-
tered concurrently to whole-brain radiation therapy
with minimal grade 3 toxicity, although the dosage
needs to be adjusted accordingly to serum levels of
lithium. A phase II clinical trial is currently planned
to study functional MRI and neurocognitive func-
tion in adult patients receiving prophylactic cranial
irradiation.

8.6.2
Potential Disadvantages of Lithium

Although lithium is available in multiple oral prep-
arations (i.e. carbonate or citrate), several critical
variables can limit its potential in clinical setting.
First, lithium has a relatively low therapeutic index,

requiring careful blood level monitoring in light of
the well known toxicity of lithium [96]. Side effects
from lithium are common but generally mild, es-
pecially when used for a short treatment course for
radioprotection. Lithium’s early potential adverse
effects are gastrointestinal discomforts (nausea,
vomiting, diarrhea, stomach pain), muscular weak-
ness, thirstiness and frequent urination, feelings of
being dazed, sleepy, and tired, and hand tremor [96],
which can sometimes disappear in certain patients.
After several days of treatment this group of early
side effects normally subsides. Late side effects of
lithium can occur in longer therapy, including hand
tremor, constant thirst and abundant urine excre-
tion. Another major late side effect is thyroid en-
largement, which is caused by lithium’s perturbation
of thyroid functioning.

In addition, the therapeutic action of lithium is
delayed, requiring 5-7 days prophylaxis prior to the
initiation of radiation therapy to reach steady-state
concentrations [97]. Lithium is renally excreted af-
ter ~ 24 h, and is a function of renal sufficiency [98].
Finally, the therapeutic efficacy of lithium may rely
on the "dirty" characteristics of its multiple mecha-
nisms of action, which non-specificity can be viewed
as a potential weakness.

8.6.3
GSK-3p Inhibitors

GSK-3f belongs to a family of glycogen-synthase
kinases, which is a multifunctional serine/threonine
kinase implicated in multiple biological processes
including apoptosis [99-102]. GSK-3f3 is highly en-
richedinthebrainand hasbeenimplicated in central
nervous system dysfunctions including Alzheimer's
disease [103], schizophrenia [104], dopamine-asso-
ciated behaviors [105], bipolar disorders [106], and
Parkinson’s disease [107]. Our previous data sup-
port a role of GSK-3 inhibition in lithium-mediated
neuroprotection against radiation-induced apopto-
sis. Consistent with this hypothesis, speci ic inhibi-
tion of GSK-3B 16 h prior to irradiation or using
dominant negative GSK-3f3 significantly attenuated
radiation-induced apoptosis in hippocampal neu-
rons [94].

Given lithium’s requirement for a 7 day prophy-
laxis, its narrow therapeutic window, and its lack of
specificity, the use of GSK3f inhibitors as neuropro-
tectors provide clear advantages over lithium. Pro-
phylaxis with GSK3p inhibitors can start as early as
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16 h (vs. 7 days for lithium) prior to starting cranial
radiation, eliminating the need to wait 1 week prior
to initializing radiation treatment that is necessary
with lithium. In addition, increased speci icity can
be achieved using these inhibitors, potentially de-
creasing the side effects of neuroprotectors. Further
investigation with these inhibitors is warranted.

8.6.4
Summary

There is strong pre-clinical rationale to support the
use of lithium as a protector of radiation-associ-
ated injury to the brain. Lithium inhibits GSK3 and
blocks radiation-induced apoptosis in hippocampal
neurons without protecting cancer cells. Lithium
also improved neurocognitive function in mice
treated with whole-brain irradiation.

A phase I clinical trial currently evaluates the
feasibility of neoadjuvant and concurrent lithium
treatment in patients receiving whole-brain radio-
therapy. Preliminary results suggest that lithium
is well tolerated in patients with brain metastases
treated with cranial irradiation, and support future
clinical studies to evaluate the efficacy of lithium as
a neuroprotector.
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Introduction

The relative proportion of men surviving prostate
cancer has increased as a consequence of a com-
bination of aggressive screening, resulting in an
earlier stage cancer at presentation, and improve-
ments in treatment. Administrative databases, such
as the Surveillance, Epidemiology, and End Results
Program (SEER) database, have been useful in de-
termining the incidence of second malignant tu-
mors in patients treated with either external beam
radiotherapy or interstitial seed implants. What
cannot be determined, however, from a review of
administrative databases is whether second malig-
nant tumor development was a result of treatment
or other causes such as genetic susceptibility result-
ing in increases in tumor development. Guidelines,
such as the National Comprehensive Cancer Net-
work (NCCN) guidelines, offer little guidance as to
which surveillance tests are appropriate for patients
once they are considered “cured” of their cancer.

This chapter will review the incidence of second
malignant tumors in patients with prostate and
bladder cancer and attempt to develop principles for
second malignant tumor surveillance.

Risk of Second Malignant Tumors after
Prostate Cancer

An increased risk of second malignancies after cu-
rative radiotherapy has been reported with other
cancers, such as breast cancer, but the literature is
mixed as to whether an increased risk is observed
for patients undergoing radiation for prostate can-
cer [1-3]. Single institution reports with small num-




94

A. Konski

bers of patients have concluded an increased rate of
second malignancies is not seen after radiotherapy
while other mostly large studies using administra-
tive data bases such as SEER, have concluded oth-
erwise [4-8]. The overall incidence of second ma-
lignant tumors may be low and second malignant
tumor development could be related to anatomic
location for some malignant tumors, such as bladder
or rectal cancer being in close geographic proximity
to the radiation field [8].

Rectal Cancer

Studies using the SEER database have reported an
increased incidence of rectal cancer after external
beam radiation for prostate cancer. BRENNER et al.
[7] were among the first to use SEER data, from
1973-1993, to report an increased risk of rectal can-
cer after radiation when compared to surgery. The
higher risk of rectal cancer development after ra-
diotherapy for prostate cancer increased for patients
surviving > 10 years.

More recently, BAXTER et al. [9] reported an in-
crease in colorectal cancer in irradiated sites but not
in the remainder of the colon from an analysis of
SEER registry data from 1973-1994. The adjusted
hazards ratio for rectal cancer development was 1.7
(95% CI, 1.4-2.2) when compared to the surgery only
group. The analysis was limited to men 18-80 years
old and only men with invasive, non-metastatic mi-
croscopically confirmed cancer. In addition only
men alive 5 years after diagnosis were included
and excluded men who had developed rectal cancer
within the 5-year period after the completion of ra-
diotherapy. The investigators used the International
Classi ication of Disease Oncology 2 (ICD 0 2) to
classify the location of the rectal cancer in relation
to the radiation field. This method is imprecise at
locating the second malignancy in relation to the
radiation field as field sizes are not specified in the
SEER database.

In another study using SEER data from patients
treated between 1973 and 1999, MooN and colleagues
[8] reported a statistically significant increased risk
of rectal cancer in men treated with external beam
radiation therapy as their only form of therapy [ad-
justed odds ratios (OR) 1.6; 95% CI, 1.29-1.99]. Men
receiving radiation of an unspecified type had higher

odds of secondary rectal cancer (OR, 2.34; 95% ClI,
1.50-3.65). Interestingly, men receiving implants,
either alone or in combination with external beam
radiation did not have significant different odds of
secondary cancer occurring at any of the 20 most
common sites reported. This could be a result of less
exposure of normal tissues to radiation by the im-
plantandlower external beam doses used when com-
bined with prostate seed implants. Similarly, Liauw
et al. [10] also did not find an increased risk of rectal
cancer in patients treated with either brachytherapy
alone (n=125) or combined with external beam
radiation (n = 223). But small numbers of patients
in this study may limit the ability to detect a small
increased risk of second cancer if one does exist. In
addition, an analysis of over 1351 consecutive pa-
tients treated with brachytherapy alone (n = 652) or
combined with external beam radiation (n = 699)
found an equal distribution of colorectal cancer
before (n = 23) or after brachytherapy (n = 25) [11].
The majority of the cancers (73%), however, were di-
agnosed within 5 years of brachytherapy with a peak
incidence 1 year after implant. The contribution of
external beam radiation to the development of col-
orectal tumors could not be made as the authors did
not separate the incidence of second malignant tu-
mors by treatment.

A similar finding of increased risk of colorectal
cancer was reported by PICKLES and PHILLIPS [12]
from patients with prostate cancer treated with ex-
ternal beam radiation in British Columbia between
1984-2000. They, however, included second primary
tumors starting 2 months after the conclusion of the
radiation which could have overestimated the true
incidence of second malignant rectal cancers.

In contrast, an increased risk of rectal cancer after
prostate radiotherapy was not reported by KENDAL
and colleagues [13] using SEER registry data for pa-
tients treated between 1973 and 2001 controlling for
age effects and differences between the surgical and
untreated cohorts. Cancers of the rectosigmoid co-
lon were excluded in this study because the authors
stated the rectosigmoid colon would not uniformly
fall within the usual radiation treatment fields used
for prostate cancer treatment. The rate of rectal can-
cer development was more than twice that of surgi-
cal controls, similar to the rate BAXTER et al. [9] re-
ported. Furthermore, BRENNER [14], in an editorial to
the KENDAL et al. [13] article, highlighted differences
between the Kendal and the Baxter analyses, which
showed an increased risk of rectal cancer. A number
of single institution studies have not detected an in-
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creased risk of rectal cancer development after pros-
tate radiation suffering from insufficient number of
patients and lacking statistical power to show an in-
creased risk of rectal cancer development [4-6]. The
large database studies are summarized in Table 9.1.

9.4
Bladder Cancer

The bladder’s close proximity to the prostate makes
it an organ at signiicant risk for development of
a second malignancy after radiotherapy. A 77%
increase in risk of bladder cancer development
> 10 years after completion of treatment compared
to patients with prostate cancer treated with surgery
was reported by BRENNER et al. [7]. NEUGENT et al.
[15] only found an increased risk of bladder can-
cer, and not other cancers, after radiotherapy when
an analysis of the SEER database was performed.
NEUGENT et al. did not restrict their analysis to pa-
tients <60 years old as BRENNER et al. did which may
account for not finding an increased risk of other
malignancies. LEVT at al., using a smaller database,
did not find an increased risk of bladder cancer after
radiotherapy for prostate cancer. MooN et al. [8],
using SEER data, also found an increased risk of
bladder cancer in patients treated with radiotherapy.
Interestingly, men who had an interstitial implant,
alone or in combination with external beam radio-
therapy, did not have an increased incidence of sec-
ond malignant tumors. Total bladder dose may be
important etiologic factor in bladder cancer devel-
opment after radiotherapy since patients receiving
an interstitial implant receive a lower external beam
dose when combined with an implant.

Cigarette smoking was identified as the single
most important etiologic factor for bladder cancer
development after 1421 men were treated with radio-
therapy for prostate cancer [16]. In another analy-
sis, patients treated with radical prostatectomy were
approximately half as likely to have post-treatment
bladder cancer compared to patients who underwent
radiation [17]. A second bladder cancer, however,
was defined as a cancer developing only 30 days af-
ter the end of radiation compared to 5 years in SEER
database studies. Patients receiving radiation were
1.59 times more likely to develop bladder cancer
compared to patients receiving any other treatment
[17]. Similar to WEGNER et al., patients who smoked

cigarettes had an independent two-fold increase
in the risk of bladder cancer over non-smokers.
CHROUSER et al. [18], in an analysis of patients re-
ceiving radiotherapy for prostate cancer at the Mayo
Clinic, found a higher rate of bladder cancer devel-
opment after external beam radiotherapy in patients
who also smoked cigarettes.

The biologic behavior of bladder cancer devel-
oping in patients receiving radiotherapy compared
to de novo bladder cancer has not been studied ex-
tensively. Bladder cancer screening programs may
be beneficial for patients having undergone radio-
therapy for prostate cancer if the cancers that de-
velop after radiotherapy are more aggressive and
are potentially less curable compared to de novo
bladder cancers. In an analysis of the University
of Miami cystectomy database, BosTrRoM et al. [19]
found most bladder cancers in patients with a his-
tory of radiation for prostate cancer presented as lo-
cally advanced tumors and had poorer survival than
age and stage matched controls. CHOUSER et al. [18]
found while patients developing bladder cancer after
radiotherapy had fewer recurrences, 20% had pro-
gressed to invasion compared to 10% progressing to
invasion in the sporadic population. The pertinent
large database studies are outlined in Table 9.2.

Sarcoma

Post-radiation sarcomas usually develop many years
after the completion of radiation and are located
in the high dose radiation region. Single institu-
tion studies have reported the development of post-
radiation sarcomas within the radiation field many
years after prostate cancer irradiation [20-22]. Large
database analyses have also reported an increased
risk of sarcoma development. PICKLES and PHILLIPS
reported an increased risk of sarcomas comparing
patients receiving radiation to those not receiving
radiation with a relative risk of 2.49 but did not men-
tion where the sarcomas developed in relation to the
radiotherapy ield [12]. In addition, BRENNER et al.
[7] reported an increased risk of sarcomas develop-
ing within the treatment field in patients receiving
radiation when compared to patients not receiving
radiation but did not find a significant difference
in sarcoma development outside the radiation field
when comparing the two groups.
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Table 9.1. Second rectal cancers after radiation for prostate cancer

Author

BRENNER et al. [7]

BAXTER et al. [9]

KENDAL et al. [13]

PickLES and
PHiLLIPS [12]

MooN et al. [8]
EBRT
EBRT/Iimplant
Implant

NEUGUT et al. [15]

Data Type
SEER

SEER

SEER

British
Columbia
Registry

SEER

SEER

Patients

122,123

85,815

237,773

39,261

297,069

141,761

Second malignant tumor development risk

OER (RT compared to surgery) p=0.06

> 5years 35%; 95% CI (-1,86) p=0.03

> 10 years 105%; 95% CI (9,292)

HR p <0.0001 compared
178 to surgery

RR (RT compared to surgery)
0-10 years - 2.16; 95% CI (2.0-2.33)
> 10 years - 15.62; 95% CI (12.01-19.83)

SIR (RT compared to no RT)
> 5 years 32%
> 10 years 53%

AOR p <0.05
1.65 95% CI (1.29-1.99)

1.59

0.3

RR

< 5 years 0.7 (0.5-0.9)
5-8 years 0.8 (0.5-1.2)
> 8 years 0.8 (0.4-1.3)

OER, observed to expected ratio; HR, hazard ratio; RR, relative risk; AOR, adjusted odds ratios; EBRT, external beam radia-
tion therapy; RT, radiation therapy; SIR, standardized incidence ratios

Table 9.2. Second bladder cancers after radiation for prostate cancer

Author

BRENNER et al. [7]

Liauw et al. [10]

BoORJIAN et al. [17]

PickLES and
PHiLLIPS [12]

MooN et al.[8]
EBRT
EBRT/implant
Implant

NEUGUT et al. [15]

Data Type
SEER

Patients  Second malignant tumor development risk

122,123

Single institution =~ 348

CaPSURE

British
Columbia
Registry

SEER

SEER

9,780

39,261

297,069

141,761

OER (RT compared to surgery) p=0.0001
> 5years 55%; 95% CI (24,92) p=0.01

> 10 years 77%; 95% CI (14,163)

OER

5-10 years 2.33 (0.6-4.06)

10.1-20 years 2.35 (0.05-4.66)

HR
1.59; 95% CI (0.97-2.6)

SIR (RT compared to no RT)
> 5 years 8%
> 10 years 89%

AOR p <0.05
1.63; 95% CI (1.44-1.84)

1.08

1.4

RR

< 5 years 1.0 (0.8-1.2)
5-8 years 1.3 (1.0-1.7)
> 8 years 1.5 (1.1-1.2)

OER, observed to expected ratio; HR, hazard ratio; RR, relative risk; AOR, adjusted odds ratios; EBRT, external beam radia-

tion therapy
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Lung Cancer

Although not geographically in close proximity to
the prostate, SEER database analyses have reported
anincreasedincidence oflung cancerin patients with
prostate cancer treated with radiation. BRENNER et
al. [7] and MoonN et al. [8], both using SEER data,
found a statistically significant radiation-associated
increase relative risk in lung cancer after radiother-
apy for prostate cancer. An increasing risk of lung
cancer correlated with increasing survival time,
meaning the longer the patients lived the greater
the chance they would develop lung cancer. LEVI
on the other hand, using a smaller database, did not
find an increased risk of lung cancer in patients with
prostate cancer treated with radiation. P1IckLES and
PHiLLIPS [12] reported a signi icant increased risk
of tumors of the pleura in men with prostate cancer
receiving radiation. What is not explicitly stated in
their report is what is meant by tumors of the pleura
and whether this also includes lung cancer.

A history of tobacco abuse could be one explana-
tion of the higher rate of lung cancer in men with
prostate cancer treated with radiation. There was,
however, no difference in the proportion of men
who smoked or ever smoked between men who had
surgery or radiation in a Canadian case controlled
study [23]. In an attempt to explain the increased
risk, BRENNER et al. [7] hypothesized given the
treatment techniques of the time the lung would
have received 0.6 Gy, almost two orders of magni-
tude less than the bladder and rectum would have
received. The increased incidence of lung cancer
may be as a result of the low radiation dose which
is supported by the increase in relative risk of lung
cancer development from 5% in the 0-5 year time
period after radiation compared to 42% > 10 years
after radiation.

9.7
Male Breast Cancer

Male breast and prostate cancer are hormonally
driven cancers, therefore sharing a common thread.
A 5% coincidence of male breast cancer with pros-
tate cancer exists but it is important to distinguish
between metastatic spread of cancer [24]. A few sin-

gle institution case reports have documented male
breast cancer being diagnosed a number of years
after the diagnosis of prostate cancer in patients
receiving hormone therapy leading to speculation
of the role of estrogen in the development of male
breast cancer [25, 26]. None of the reports using
SEER information, however, reported an increase in
male breast cancer after prostate radiation [7, 8]. An
increased risk of male breast cancer after a diagnosis
of prostate cancer was found in a review of the Swed-
ish Cancer Registry [27]. The mode of treatment was
not mentioned in the report and development of
male breast cancer was hypothesized to be related
to estrogen therapy the men may have received al-
though some of the increased risk could be related
to a BRCA2 mutation in some patients [28].

Pancreas Cancer

Like lung, the pancreas is not located in geographic
proximity to the prostate therefore it can be difficult
to explain the exact mechanism for second malig-
nancy development in the pancreas as a result of
radiotherapy for prostate cancer. Using SEER data
from 1973 to 1990, NEUGUT et al. [29] found an in-
creased relative risk (1.2, 95% CI 1.1-1.3) of pancreas
cancer as a second malignancy in men who were
treated for prostate cancer. This has been the only
study, SEER based or single institution, to report
an increase in pancreatic cancer in patients with
prostate cancer. Inclusion of synchronous pancre-
atic tumors may be the reason for the finding since
the authors only excluded the first 6 months after
diagnosis. This may point to a role of other etiologies
such as a relationship to other tobacco-related ma-
lignancies or an undiscovered genetic susceptibility
in a certain patient population.

Leukemia

Using SEER data, NEUGET etal. [15] reported a radio-
therapy associated risk of acute myelocytic leukemia
0f 0.1% in 10 years. The mean bone marrow dose for
14 prostate cancer patients treated with conformal
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radiotherapy ranged from 3.5 Gy to 7.7 Gy [30]. This
dose range is similar to that calculated for patients
treated with radiation for ankylosing spondylitis and
for women with cervical cancer treated with radia-
tion [31, 32]. An increased risk of 1% in the 10 years
following radiation was reported for patients with
ankylosing spondylitis treated with radiation and
0.3% for women with cervical cancer treated with
radiation. A higher risk of leukemia within the 1rst
5 years was not detected by other researchers when
compared to atomic bomb survivors, but BRENNER
et al. did find a non-significant 5% increased rela-
tive risk for leukemia during the first 5 years after
diagnosis [5, 7, 12]. The impact of treatment with in-
tensity modulated radiation therapy (IMRT) on the
development of second malignant tumors including
leukemia will need to be investigated in the future
since IMRT spreads lower doses of radiation over
greater areas of non-cancerous tissue [33, 34].

Surveillance Strategies for Prostate Cancer
Patients Treated with Radiotherapy

Surveillance strategies should target patients at in-
creased risk for second malignancy development
and start approximately 5 years after completion of
treatment. It is unclear whether screening should
occur only in patients who are without evidence of
biochemical failure or should all patients regard-
less of disease status be screened. Screening rec-
ommendations should be developed for detection
of lung, rectal and bladder cancer since these are
the tumors determined to be more prevalent af-
ter treatment for prostate cancer. More aggressive
screening recommendations should be considered
for patients who have abused tobacco because the
incidences of lung and bladder cancers are higher in
this patient population. The data are not clear at this
point, which screening tests would be best for iden-
ti ication of second malignant tumors in patients
>5 years from the end of treatment. Urine cytology
is a non-invasive test while cystoscopy visualizes the
entire bladder but is invasive. Chest X-rays are an
inexpensive method of evaluating the lungs but may
not be able to detect smaller tumors compared to a
high resolution CT scan. Further studies are neces-
sary to determine the most appropriate screening
tests in this patient population.

Second Malignant Tumors after Treatment
for Bladder Cancer

An increased risk of second tumors has also been
reported after bladder cancer treatment [35-42].
Secondary upper urinary tract tumors were re-
ported in 3.1% of patients following treatment of
primary transitional cell carcinoma of the bladder
[37]. The mean latency between initial treatment
and development of bladder cancer was 80 months
and a significant difference in the development of
a second malignant tumor was not seen regard-
less of initial treatment. A higher incidence of lung
cancer, standardized incidence ratio (SIR) of 1.3
among males and 2.6 among females, was noted
in a report of >10,000 patients treated for bladder
cancer in Finland [39]. An increased SIR was also
found for larynx caner in males, SIR 1.7, and kidney
cancer in females, SIR 3.6. A greater risk of second
cancers was seen among patients <60 years of age
at the time of diagnosis of the bladder cancer com-
pared to patients > 60 years of age. Using the same
patients, SALMINEN et al. [38] investigated the role
of tobacco-related products in the development of
second malignancy and found 44% of the second
malignancies were smoking related. Lung cancer
was the most frequent occurring second malig-
nancy followed by larynx cancer in men, SIR 1.67,
and kidney cancer in women, SIR 3.55. An excess
risk was noted up to 20 years after diagnosis. In an
analysis of patients with early stage bladder cancer
treated on a prospective trial of bacillus Calmette-
Guerin, HERR et al. [40] found 21% of patients de-
veloped upper tract tumors after a median interval
of 7.3 years. The majority of the cancers were inva-
sive with ¥ of patients dying of the upper tract tu-
mors. Multiple primary superficial bladder tumors
increased the risk of upper urinary tract cancers in
an analysis of > 1500 patients treated for superficial
bladder tumors [41]. The increased risk of upper
tract tumors probably represents the multifocal
nature of this disease as opposed to the adverse
effects of treatment. FABBRI et al. [42] found a rela-
tively constant high incidence of prostate cancer
and kidney cancer in patients with bladder can-
cer over time [42]. The authors, however, included
cases of second cancer diagnosed within 6 months
after the diagnosis of bladder cancer making it dif-
ficult to know if the cancers were synchronous or
metachronous.
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Second malignant tumors developing after treat-
ment for bladder cancer may not be related to the
treatment received, as was seen in patients treated
with radiotherapy for prostate cancer, but may be
related to the etiologic agent causing the bladder
cancer initially. Post-treatment follow-up strategies
should be monitor not only for bladder cancer recur-
rence but also other tobacco-related malignancies.

The Effect of Technology on Second
Malignant Tumor Development after
Prostate Radiotherapy

Technologic advances such as improved target local-
ization by CT treatment planning and sophisticated
treatment planning algorithms have improved the
ability of radiation oncologists to shrink the treat-
ment field for patients with prostate cancer undergo-
ing radiotherapy. Normal tissue exposure from ra-
diation would be decreased as radiation oncologist
move away from conventional radiotherapy to three
dimensional conformal radiotherapy (3-D CRT).
Radiation technique and delivered dose cannot
be determined from SEER data and only one paper
mentioned radiation technique in reporting second
malignant tumors of the bladder after radiotherapy
for prostate cancer [18]. The importance of radiation
dose and field size can be inferred from the studies
not reporting an increased risk of second malignancy
in patients having an interstitial implant as part of the
management for their prostate cancer. These patients
received external beam radiation doses lower than
that received by patients treated with external beam
radiotherapy alone. The volume of tissue receiving
high radiation doses should decrease as treatment
progresses from 3D CRT to IMRT. The result of this,
however, will be a larger volume of normal tissue ex-
posed to lower doses of radiation. In addition, total
body exposure will be increased, secondary to the in-
creased number of monitor units used to deliver the
modulated treatment, due to leakage radiation [34].
Hair and Wuu have estimated IMRT is likely to
almost double the incidence of second malignancies
compared with conventional radiotherapy with the
number being higher for younger patients. Kry et
al. [33] estimated a conservative maximal risk of fa-
tal secondary malignancy associated with six IMRT
and one conventional treatment plans for prostate

cancer. Depending upon treatment energy and type
of linear accelerator, IMRT treatments required
3.5-4.9 times as many monitor units to deliver the
prescribed treatment compared to the conventional
plan. The conservative maximal risk of a fatal sec-
ond malignancy varied depending upon beam en-
ergy and linear accelerator.

The use of proton beam therapy in the treatment
of prostate cancer is increasing with an increasing
number of proton beam centers planned for the
United States. The risk of second malignancies in
patients treated with proton beam therapy is hy-
pothesized to be lower than for patients treated with
X-rays because of the unique physical properties
of the proton beam. An incidence rate of 82 second
cancers per 100,000 person-years was reported in pa-
tients with >5 years of follow-up who received pro-
ton therapy [43]. The contribution of proton beam
therapy to the development of second malignancies
could not be determined from this study since all
patients who developed second malignancies had a
combination of photons and protons. Further stud-
ies are needed with the expected increase in the use
of proton beam therapy in the future.

Cost-E fectiveness of Screening for Second
Malignant Tumors

Currently, there are no studies evaluating the cost-
effectiveness of screening for second malignant tu-
mors after prostate cancer radiation. Studies evalu-
ating the cost-effectiveness of surveillance strategies
for breast cancer survivors have been recommended
while CT screening for lung cancer in Hodgkin’s
lymphoma survivors may increase overall and dis-
ease-free survival, especially for patient who smoke
cigarettes [44, 45].

Any screening program should utilize non-inva-
sive means for detecting a tumor with as low as a
false negative rate as possible. General screening for
many of the urologic malignancies, however, do not
meet the criteria for a successful cancer screening
program namely, high prevalence, availability of a
sensitive and specific screening test, ability to de-
tect clinically important cancers at an early stage,
and cost-effectiveness [46]. A screening program for
bladder cancer in a high risk population utilizing a
urinary dipstick for hematuria, the nuclear matrix
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proten-22 (NMP-22)test (BladderChek, Matritech,
Inc., Newton, MA) voided urine cytology and a mo-
lecular cytology test (UroVysion, Abbott Molecular
Inc., Des Plaines, I1) detected a 3.3% rate of bladder
cancer [47]. The authors reported the most efficient
screening tool was the combination of UroVysion,
cytology and urinary dipstick testing. Urinary
NMP-22 was found to be a cost-effective marker for
early detection of bladder cancer in patients with
hematuria or other indications for risk of bladder
cancer [48].
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Introduction

Radiation-induced cardiovascular disease can com-
promise the quality of life of cancer survivors. Aero-
bic exercise training is an intervention that offers the
potential to modify the expression and possibly the
physiologic severity of cardiac injury. In this chap-
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ter, we review evidence supporting this approach to
helping our growing survivorship population.

Historically the heart was considered to be re-
sistant to radiation injury. However, cardiovascu-
lar disease resulting from radiation therapy that
incidentally includes portions of the heart is now
known to initiate, augment, or precipitate a spec-
trum of sequelae. Numerous reports over the last
four decades document the cardiac damage which
can accompany treatment for Hodgkin’s lymphoma
(HL) and breast cancer (BC). The delayed sequelae
stemming from this cardiovascular disease dra-
matically increases the potential loss of productive
life years among these cancer survivors by increas-
ing morbidity and mortality [3, 4]. Most dramati-
cally, this is illustrated by the fact that cardiac
disease is the third leading cause of death in HL
survivors treated with mediastinal radiotherapy,
ranking below only disease recurrence and second-
ary cancers [7, 33, 53]. Just as importantly, cardio-
pulmonary compromise may be related to the per-
sistent fatigue that is often seen in cancer survivors
[42, 61, 67]. After years of concern that exercise was
dangerous to people in the general population who
had heart failure, it has now been shown to be safe
and to improve cardiac function and fatigue. How-
ever, it is not clear whether exercise regimens are
safe and effective for improving fatigue and cardiac
function in cancer survivors treated with thoracic
radiotherapy.

The purpose of this discussion is to review the
potential cardiac sequelae of chest irradiation, the
evidence linking cardiac function to fatigue and
quality of life and finally the published evidence
showing exercise is safe and effective in patients
and survivors treated with chest irradiation. Be-
cause the most common cancers treated with chest
radiotherapy with a signi icant number of survivors
are HL and BC, we focus on the evidence from these
two populations.
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Cardiopulmonary Sequelae

All of the structures of the heart including the peri-
cardium, myocardium, valves, conduction system,
and coronary arteries can be damaged by radiation
therapy. Thereforethespectrumofradiation-induced
cardiac disease is quite broad and includes both di-
rect (Table 10.1) and indirect effects (Table 10.2) [1].
This range of possible manifestations draws largely
from reports on HL survivors, while the risk in
BC survivors has only been unequivocally demon-
strated for ischemic disease through epidemiologic
studies of myocardial infarction risk and perfusion
scan data. The latter potentially also relates to the
risk of restrictive cardiac changes affecting func-
tion. Furthermore the risk in BC survivors is likely
restricted to patients treated with radiotherapy that
included the internal mammary nodes on the left
side.

Hodkin's: Three reports representing a com-
bined 4553 survivors treated between the 1960s and
1990 with mediastinal radiotherapy demonstrated
that cardiovascular disease (CVD) accounted for
between 9.4% and 16% of all deaths [3, 4, 6, 33, 53].
Absolute excess mortality from cardiovascular
disease ranged from 11.9 to 48.9 per 10,000 patient
years. This excess CVD mortality is predominantly
caused by the increased risk of fatal myocardial in-
farction. Studies of HL survivors treated with me-
diastinal radiotherapy have estimated that they are
2.2 to 7.6 times more likely to die from MI than the
general population [31, 53, 49]. This risk becomes
statistically signiicant 5-10 years after treatment
[7].

A recent update of a Dutch cohort of 1474 HL sur-
vivors, treated before age 41 between 1965 and 1995,
established that CVD incidence as well as mortal-
ity is increased [6] among this group. HL survivors
had a three- to five-fold increased incidence of CVD
compared with the general population, with a 24%

Table 10.1. Spectrum of radiation-induced cardiovascular disease. (Modi ied from [2] with permission)

Manifestation Comments

Pericarditis 1. During therapy: Associated with mediastinal tumor and some chemotherapy agents such as cyclophos-

phamide [83]

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 [83]

Myocardial 1. Fibrosis secondary to microvasculature changes [83]

fibrosis 2. Frequently with normal left ventricular dimensions, ejection fraction and fractional shortening as
measured by radionuclide scan or echocardiogram [50]
3. Progressive, restrictive cardiomyopathy with fibrosis may occur. This can lead to pulmonary vascular
disease and pulmonary hypertension [50]
4. Diastolic dysfunction may occur alone as well as with systolic dysfunction [50]
Coronary 1. The structural changes in the coronary arteries associated with radiation therapy are essentially the
artery same as those of ordinary atherosclerosis [83]
disease 2. Premature fibrosis may accelerate atherosclerosis [12, 86]
3. Distribution of arteries affected tends to be anterior with anterior weighted RT
4. T Rates of silent ischemia (see autonomic effects) [31]
Valvular 1. Predominantly mitral valve and aortic valve [15]
disease 2. T Regurgitation and stenosis with T time since therapy [15]
Conduction 1. Complete or incomplete right bundle branch block is suggestive of right bundle branch ibrosis [80]
system / 2. Initial conduction abnormalities may progress to complete heart block and cause congestive heart
arrhythmia failure, requiring a pacemaker [80]
3. Complete heart block rarely occurs without other radiation-associated abnormalities of the heart [80]
Autonomic 1. Frequent cardiac dysfunction with tachycardia, loss of circadian rhythm and respiratory phasic heart
dysfunction rate variability [32]
2. Signs listed in #1 are similar to a denervated heart. This raises the question of whether such changes in
survivors are related to autonomic nervous system damage [32]
3. | Perception of anginal pain [32]
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Table 10.2. Indirect effects of mediastinal radiation on
the cardiovascular system. (Modified from [2] with per-
mission)

Manifestation Comments

Mediastinal 1 Success of cardiovascular surgery
fibrosis [38]
Lung fibrosis Chronic, restrictive and can be pro-

gressive [19]

Scoliosis and { Cardiovascular and lung function
 skeletal muscle [19]

Thyroid Usually hypothyroid [74]
Affects cardiovascular function and

lipid pro ile. May cause pericarditis

Thoracic duct
fibrosis

Chylothorax-late onset and extremely
rare [85]

cumulative incidence after a median follow-up of
18.7 years. The relative risk for myocardial infarc-
tion (MI) and congestive heart failure (CHF) was
3.6 and 4.9, respectively, which translated into 35.7
excess cases of MI and 25.6 excess cases of CHF per
10,000 patient-years. The researchers estimated that
HL therapy accounted for 66%-80% of all CVD
events in survivors (Fig. 10.1).

Breast: Relative risk estimates of fatal MI after
left-sided radiotherapy for BC range as high as 2.2
compared with women who were treated for right-
sided BC [71]. Further evaluation has revealed that
the increased risk appears limited to those who re-
ceived the highest dose-volumes of cardiac radia-
tion, which would be women who had their internal
mammary lymph nodes irradiated. Convincing evi-
dence that ischemic heart disease is correlated with
RT was reported in the Early Breast Cancer Trial-
ists’ Collaborative Group meta-analysis of random-
ized clinical trials. The update in 2005 showed an
increased relative risk (RR) of mortality from heart
disease among women treated with RT versus no
RT (RR = 1.27) [18]. Long-term cardiac outcomes
from randomized clinical trials of post-mastectomy
RT have been reported [48, 76]. These reveal an in-
creased risk of cardiac mortality (RR = 2.5) in as-
sociation with left-sided IMN RT. Retrospective
population-based investigations have compared
mortality endpoints by laterality or by left-side RT
versus surgical controls. Two recent investigations
showed an increased risk of cardiac mortality (HR
~ 1.5) among left versus right-side cancers treated

med RT + CT, no anthra
——— med RT + anthra
s | e med RT only
i e no med RT
20
[
kS
1Y)
£
[
=
T
S
1S
S
O

Time since diagnosis (years)

Fig. 10.1. Cumulative incidence of all CVDs combined by
treatment group with death from any cause as competing risk
(including CVDs) (reproduced from [6]). med RT, Mediastinal
RT; CT, chemotherapy; anthra, anthracyclines; MI, myocardial
infarction; AP, angina pectoris; CHF, congestive heart failure

with RT in the 1970s, but no apparent increased
risk with more modern treatments [22, 28]. How-
ever, most studies have demonstrated a significant
increase in CAD and/or non-fatal MI associated
with left compared to either right-sided RT or no
RT [11, 43].

Studies using clinical imaging of the heart un-
derscore the danger of prematurely concluding
that the newer methods of RT pose no risk to the
heart. Investigators from several institutions have
evaluated the heart in patients treated for BC with
cardiac perfusion imaging. Researchers at Duke
University have accumulated the largest series of
patients. Between 1998 and 2001, 114 patients with
left-sided BC underwent pre- and serial post-RT sin-
gle photon emission computed tomography (SPECT)
gated cardiac perfusion scans. Studies published on
this cohort of patients demonstrate that: (1) radio-
therapy to the left chest wall/breast using modern
techniques causes perfusion defects in 50%-63% of
women 6-24 months post-RT [34]; (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 [87];
and (4) that the perfusion defects are associated with
abnormalities in regional wall motion, subtle reduc-
tions in ejection fraction, [52] and episodes of chest
pain [87].

Based on the available evidence from research
with HL patients, which may translate for BC pa-
tients as well, the severity and types of manifesta-
tions depend upon the presence of risk factors such
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as higher total dose (> 35-40 Gy), higher fraction-
ated dose (> 2.0 Gy per day), increased volume of
heart exposure, relative amounts of radiation deliv-
ered to specific parts of the heart, lack of subcarinal
blocking, tumor located next to the heart, younger
age at exposure, length of time since exposure, type
of radiation source, use of adjuvant cardiotoxic che-
motherapy, and additional known risk factors for
cardiovascular disease [3, 4]. While certain cardiac
sequelae have been greatly reduced by the use of
modern techniques, such as acute pericarditis, the
effect on the incidence of other events such as myo-
cardial infarction is not as clear.

It should also be noted that both clinically dis-
cernible cardiac complications and subclinical
abnormalities with cardiac screening modalities
such as echocardiogram or nuclear perfusion im-
aging occur in Hodgkin’s and BC survivors after
radiation therapy with the presence of asymptom-
atic abnormalities being much higher among these
survivors [73]. The clinical manifestations of radi-
ation-induced heart disease are listed in Table 10.3.
The symptoms of a particular cardiac abnormality
in survivors is similar to the same problem in the
general population. One significant exception may
be the fact that survivors treated with chest irradia-

Table 10.3. Signs, symptoms, evaluation and treatment of patients at risk for late effects of thoracic radiotherapy. (Modi ied

from [19] with permission)

Late effects Treatment?

Pericarditis >35 Gy

Cardiomyopathy
(Myocardial
disease)

>35 Gy or
>25 Gy and

Coronary heart
disease

>30 Gy

Valvular disease >30 Gy

Arrhythmia

anthracycline

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, tachycardia, murmur,
extra heart sounds,
hepatomegaly, syncope,
palpitations

Chest pain, dyspnea,
diaphoresis, hypotension,
pallor, nausea, arrhythmia

Cough, weakness, dyspnea
on exertion, new murmur,
rales, peripheral edema

or any other sign of
congestive heart failure

Palpitations, light-headed-
ness, syncope

Screening and
diagnostic tests

Electrocardiogram
Chest X-ray,
Echocardiogram

Echocardiogram
and/or radionuclide
ventriculography -
Evaluate diastolic and
systolic function

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

Echocardiogram
Cardiac catheterization

Electrocardiogram and
24-h ECG

Evaluation for other
abnormalities

Management and
intervention

Pericardiocentesis
Pericardiectomy

Education regarding risks of:
alcohol, isometric exercise,
smoking and other drug use,
pregnancy, and anesthesia
Afterload reducers, beta-
blocker, antiarrhythmics,
diuretics, digoxin

Cardiac transplant

Risk factor modi ications
including diet and condi-
tioning regimens

Cardiac medications and
lipid lowering agents
Coronary artery bypass graft
or angioplasty

Ampicillin prophylaxis for
dental or surgical procedures
Replacement of valve

Pacemaker

2Treatment: cumulative radiation exposure of the mediastinum at this level or higher clearly indicates increased risk for the
speci ic complication and thus the need to screen for it; however, the complication may also occur at lower doses
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tion are more likely to suffer asymptomatic myo-
cardial ischemia and infarction. This would be due
to the fact that radiation has been shown to dam-
age the nerves innervating the heart as suggested
by the increased risk of autonomic dysfunction in
these survivors [5]. The increased risk of myocar-
dial infarction and its devastating consequences,
along with the fact that it is more likely to occur
without warning in this population, makes it that
much more important to screen for traditional risk
factors for coronary heart disease, such as hyper-
tension and hypercholesterolemia, and treat them
aggressively.

Additionally, the cardiomyopathy and cardiac
failure associated with thoracic radiation is sig-
ni icantly different than that occurring most com-
monly in the general population and that due to
anthracycline therapy. The last two are associated
with a dilated cardiomyopathy and characterized by
systolic dysfunction. In contrast, because radiation
causes ibrosis of the myocardium, restrictive cardi-
omyopathy characterized by diastolic dysfunction,
predominates in survivors treated with RT alone.
Although clinically evident heart failure is rare in
survivors treated with radiotherapy alone, stud-
ies evaluating survivors with imaging technologies
show that subclinical changes are common and may
be progressive. The concern is that these subclini-
cal diastolic abnormalities may progress over the
long-term to systolic dysfunction, congestive heart
failure or both. In either case, one of the most com-
mon, albeit non-specific, symptoms of heart failure
is fatigue

Fatigue and Its Relationship to
Cardiopulmonary Sequelae

10.3.1
Cancer Related Fatigue

The most prevalent problem reported by all can-
cer survivors is fatigue; commonly referred to as
cancer-related fatigue (CRF) [16, 37, 41, 42, 46, 61,
67, 77]. Cancer survivors report that CRF is first
noticed with diagnosis. This CRF worsens during
treatment and can persist for months and even years
after treatments are complete [37, 41, 42, 61, 67]. It
is common to see CRF persist even when the survi-

vor’s cancer is undetectable or in remission [37, 41,
42, 61, 67].

CREF is reported by 60%-100% of patients, with
41% or more reporting severe CRF (a score >7
on an 11-point Likert scale where 0 = no CRF and
10 = CRF incapacitating) during treatment [17, 41,
46, 55, 36, 37, 63]. As many as 81% of cancer sur-
vivors report that CRF persists, with 17%-38% re-
porting persistent CRF at 6 months or longer after
completing treatment as severe [9, 42, 61, 63, 67, 75].
This persistent and sometimes severe CRF may be
a strong clinical indicator of portending cardiovas-
cular disease resulting from radiation therapy to
the chest.

CRF is typically de ined as a multifaceted, sub-
jective, physiological state characterized by persis-
tent, overwhelming exhaustion and a decreased ca-
pacity for physical and mental work. The nature of
CRF in cancer survivors makes it a symptom that
is dif icult to de ine well. In general, CRF is differ-
entiated from the fatigue experienced by healthy
individuals because of its severity, its impact on
the quality of life of cancer survivors, the fact that
it is not alleviated by rest, and its association with
cardiovascular toxicity resulting from therapeutic
radiation to the chest [3, 42, 61, 67]. The impact of
CREF is far reaching because of its day-to-day im-
pact on quality of life. Cancer survivors endure
tremendous distress as a result of CRF because of
the inability to prevent or alleviate this debilitating
side-effects and the co-morbidities like cardiovas-
cular disease that are associated with its presence
(3,42, 61, 67, 77].

10.3.2
Fatigue in HL Patients and Possible Associations
with Cardiopulmonary Status

In HL survivors, fatigue is one of their most common
complaints, with one investigator finding that 30%
reported symptoms consistent with chronic fatigue,
compared to 12% of the general population [51]. Re-
cent studies from the Netherlands [60], Norway [39,
40] and the Dana Farber Cancer Institute [69] have
reaffirmed that fatigue, quality of life, or both, are
worse in HL survivors than in the general public or
sibling controls. In HL survivors, fatigue may be
associated with other known late effects such as hy-
pothyroidism, cardiovascular disease, pulmonary
dysfunction, muscle atrophy and/or psychological
sequelae [69].




108

K. M. Mustian et al.

In the Norwegian cohort, about half of the sub-
jects were assessed 8 years earlier [51]. Subjects with
chronic fatigue at baseline continued to have worse
fatigue than those who did not. The association be-
tween B-symptoms at diagnosis and chronic fatigue
revealed in the original study was also reaffirmed in
the larger sample [39], and suggests a relationship
with the cytokines responsible for systemic symp-
toms (“B”) in HL. A second report from this cohort
suggested chronic fatigue in HL survivors was more
related to physical problems than psychological
[40].

At least two studies have demonstrated a pos-
sible association between fatigue or quality of life
and cardiac status. In the Dana Farber study, mul-
tivariate analysis revealed that self-reported cardiac
disease, history of tobacco use, psychiatric condi-
tions, and low exercise frequency were all associated
with worse fatigue [69]. ADAMS et al. [5] in a study
of 48 survivors of adolescent or young adulthood
HL treated with mediastinal radiotherapy showed
that the physical composite score (PCS) on the SF36
quality of life scale correlated with peak oxygen con-
sumption on exercise stress testing, a measure of
cardiopulmonary function. Results suggested that
cardiopulmonary function explained 30% of the
variation in PCS (r-squared = 0.30, p < 0.001) and
13% of the variation in fatigue (r-squared = 0.13,
p < 0.021). Unpublished data by this group demon-
strated the same correlation with PCS measured a
median 5 years later. This relationship is unsurpris-
ing because fatigue may be an early clinical indica-
tor of heart failure, especially heart failure due to
diastolic dysfunction which often does not present
in the classic manner of systolic heart failure.

Exercise Interventions for Fatigue and
Cardiopulmonary Function Among Cancer
Survivors

10.4.1

Rationale for Exercise Interventions in
Cancer Survivors Treated with Mediastinal
Radiotherapy

Although evidenced-based guidelines exist for the
treatment of heart failure and myocardial infarction,
the treatment of diastolic heart failure in general is

not well studied and no reports exist that specifically
address radiation associated cardiac disease.

Consequently, prevention is the clearest approach
to “treating” radiation-induced cardiotoxicity. By
definition, prevention suggests that effective inter-
ventions need to be initiated and continued prior
to, during and after radiation therapy. Modern ra-
diotherapy techniques decrease the dose-volume
of the heart irradiated and probably decrease the
risk of most types of cardiac disease. Modern tech-
niques include using three-dimensional treatment
planning, a linear accelerator as a radiation source,
equally weighted anterior/posterior portals each
treated daily, and a conformal blocking to minimize
cardiac exposures. However, these methods do not
eliminate cardiovascular sequelae. Thus effective
non-invasive and non-pharmacologic therapy tar-
geting improvements in cardiorespiratory function
could prevent or delay the onset of cardiovascular
disease. Through this mechanism or independently
by reducing CRF, exercise might signi icantly reduce
the symptoms and co-morbidity burden among sur-
vivors of HL and BC.

Exercise training leads to several adaptive re-
sponses involving both central (i.e., heart and lungs)
and peripheral (e.g., vascular function, skeletal
muscle oxidative capacity) cardiovascular systems.
Central adaptations, such as reductions in left ven-
tricular cavity dilation, increased ejection fraction,
improved stroke volume and cardiac output and
New York Heart Association functional class, are
strongly associated with enhanced global cardio-
vascular functioning, improvements in quality of
life and clinical symptoms, and an overall survival
benefit in patients with cardiovascular disease [10,
27, 30].

In the general population, regular exercise has
been shown to reduce the risk of myocardial infarc-
tion [25] and is accepted as an important interven-
tion to reduce the risk of second heart attacks [81]. It
is also an important therapy to delay mortality and
improve quality of life in patients with congestive
heart failure [44]. Exercise regimens have also dem-
onstrated success in improving fatigue (or quality of
life) in populations with diseases other than cancer
including chronic heart disease [29, 68].

The improvements from exercise regimens in
cardiac function and fatigue in other disease popu-
lations therefore supports evaluating exercise as a
way to improve both in cancer populations and in
particular those at risk for cardiac toxicity from ra-
diotherapy to the chest.
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10.4.2
Exercise Interventions: Safety and Efficacy in
Cancer Survivors

Preliminary data suggest that exercise may be an
effective therapeutic intervention to reduce CRF and
improving cardiorespiratory function among survi-
vors of HL and BC. For the purpose of this review
and according to the National Cancer Institute, “an
individual is considered a cancer survivor from the
time of diagnosis, through the balance of his or her
life.” This de 1nition includes cancer patients receiv-
ing treatment as well as those who have completed
their therapy among the cohort considered cancer
survivors.

Itisimportant to de ine and differentiate between
the terms physical activity and exercise because
they are often used interchangeably and inappro-
priately. Physical activity is defined as any skeletal
muscle movement that causes an increase in energy
expenditure above a resting basal metabolic rate
and encompasses a wide variety of lifestyle and oc-
cupational activities [8]. Exercise is de ined as physi-
cal activity performed in an organized manner (e.g.,
a specific frequency, intensity, duration, and mode)
with the intent of improving health-related out-
comes, including cardiovascular itness, muscular
strength, body composition, depression, anxiety,
sleep, cognition, and fatigue [8]. In this chapter, the
term exercise or physical exercise is used to describe
any physical activity intervention designed and de-
livered with the aim of improving CRF or cardiovas-
cular function.

Physical exercise is abehavioral intervention with
the potential promise of mitigating the acute CRF
experienced by cancer patients during treatment,
the persistent CRF they experience after treatments
are complete, and the cardiorespiratory impair-
ment associated with treatments such as radiation
therapy [62, 64, 65]. MusTiAN and colleagues [67],
JacoBseN and colleagues [45], GALvAO and NEWTON
[26], KNnoLs and colleagues [47], STEVINSON and
colleagues [82], ScHMIDTZ and colleagues [78], and
MCcNEELY and colleagues [54] recently summarized
the evidence from randomized controlled clinical
trials regarding the benefits from physical exercise
interventions implemented with adult cancer survi-
vors during and after treatment. The outcomes that
were examined included CRF, emotional distress
(e.g., depression, anxiety), quality of life, aerobic
capacity, muscular strength, flexibility, body com-
position, functional capacity, and immunological

parameters. In total, 15 of these studies assessed
CRF and/or cardiorespiratory function as a primary
or secondary outcome among Hodgkin’s and/or BC
survivors and employed a randomized, controlled
clinical trial experimental design. The current arti-
cle restricts discussion to these 15 randomized con-
trolled clinical trials. See Table 10.4 for a complete
summary of these studies.

Of these studies, 12 included BC patients/sur-
vivors in the sample, while only three studies in-
cluded HL patients/survivors. Unfortunately, the
randomized clinical trials that included HL pa-
tients/survivors evaluated them in a mixed cancer
population, and subgroups were not large enough
to examine HL patients/survivors independently
regarding the influence of exercise on CRF and car-
diovascular function. OLDERVOLL and colleagues
[70] examined the in luence of an aerobic exercise
intervention among a non-randomized sample of
HL survivors and found that fatigue, physical func-
tioning and maximal aerobic capacity were signifi-
cantly improved by a home based aerobic exercise
program of 20 weeks. These results did not differ
based on whether the survivor reported chronic
and severe fatigue at baseline or no fatigue at all.
Unfortunately, this pilot study by OLDERVOLL and
colleagues was a one-arm study, with no random-
ization and included a small sample of 15 survivors
without chronic fatigue, and nine survivors with
chronic fatigue in the exercise intervention. Addi-
tionally, cardiac and/or pulmonary function were
not evaluated [70].

The results of these 15 studies provide prelimi-
nary evidence suggesting that exercise is safe and
well-tolerated by cancer survivors with a wide
range of diagnoses. The safety evidence is primarily
generated by a priori evaluation of adverse events
stemming from the exercise intervention. The tol-
erability evidence is primarily developed by a pri-
ori assessment of adherence and compliance with
the prescribed exercise intervention. These stud-
ies also suggest the results are similar for patients
throughout the cancer care continuum; during and
after surgery, chemotherapy, radiation therapy,
hormone therapy, and even salvage therapy. One
study also suggests that low-intensity and seated
exercise is safe and well-tolerated by women with
metastatic BC. This growing body of research sug-
gests that exercise interventions involving moder-
ately intense (55%-75% of heart rate maximum)
aerobic exercise (e.g., walking and cycling) rang-
ing from 10-90 min in duration, 3-7 days/week are
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Table 10.4. Exercise, cancer-related fatigue and cardiorespiratory function among cancer survivors

Reference

[56]

[57]

[24]

(58]

(79]

(13]

[21]

[20]

(72]

Sample

Breast cancer
patients w/stages I
and II diagnoses
n=14

Breast cancer
patients w/stages I
and II diagnoses
n=50

Mixed solid tumor
or lymphoma
survivors

n=62

Breast cancer
patients w/stages I
-III diagnoses
n=>52

Breast cancer
stages I-1I
n=123

Breast and colon
cancer survivors
n=21

Post-menopausal
breast cancer
survivors

n=>53

Cancer survivors
n=108

Breast cancer
n=24

Treatment

Chemotherapy

Radiation therapy

Post high-dose
chemotherapy and
autologous peripheral
blood stem cell
transplant

Chemotherapy and
radiation therapy

Chemotherapy,
radiation therapy and
hormone therapy

Post surgery,
chemotherapy and/or
radiation therapy

Post-surgery,
chemotherapy and/
or radiation therapy
with no hormone
therapy

Post-surgery,
chemotherapy and/or
radiation therapy

Post-treatment within
5 years

Type of exercise

Home-based walking 4-5%/
week for 10-45 min @
self-paced % HR maximum
with support therapy for
4-6 months

Home-based walking
4-5x/week for 20-30 min
@ self-paced % heart rate
maximum for 6 weeks

Supervised bed ergometer
cycling daily for 15 min @
50% heart rate reserve during
hospitalization (~ 2 days/
week)

Home-based walking 5x/
week for 30 min @ self-paced
% heart rate maximum for

6 months

Self-directed exercise (5%/

week for 26 weeks), supervised
exercise (3x/week for 26 weeks

plus 2 days of home exercise)
and usual care (no exercise

program but advise on general

wellness and exercise)

Low-intensity aerobic exercise
(25%-35% heart rate reserve),
moderate-intensity aerobic
exercise (40%-50% heart rate
reserve) and usual care (no
exercise) 3x/week for 10 weeks

Individually tailored and
supervised upright cycle
ergometer training 3x/week
for 15 weeks versus no-
exercise control

Group psychotherapy
plus exercise versus group
psychotherapy alone for
10 weeks

Home-based walking at a
moderate intensity (55%-65%
maximum heart rate) 2-5x/
week for 10-30 min for

12 weeks

Results®

| Fatigue

T Walking ability in
exercisers compared to
controls

1 Fatigue

T Walking ability in
exercisers compared to
controls

| Fatigue in exercisers
T Fatigue
{ Vigor in controls

1 Functional capacity
{ Fatigue in high vs. low
exercisers

T Aerobic capacity among
the participants in both the
self-directed and supervised
exercise groups compared to
the usual care participants

T Aerobic capacity

{ Fatigue in the two
exercise groups compared
to the usual care group;

no significant differences
between the two different
exercise intensity conditions

T Peak oxygen consump-
tion, peak power output,
oxygen consumption at
the ventilatory equivalent
for oxygen, carbon dioxide
and power output at the
ventilatory equivalent for
oxygen among exercisers
compared to controls

{ Fatigue

1 Aerobic capacity among
group psychotherapy
plus exercise compared to
psychotherapy alone

{ Fatigue in exercisers
compared to controls
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Table 10.4. Continued

Type of exercise

Supervised stationary cycling
5%/week for 30 min @ 80%
MHR using interval training
at 50 RPM

Home-based seated exercise
program 3x/week using a
videotape

Supervised home-based
flexibility training combined
with two exercise sessions per
week for 30 min minimum
for 14 weeks (mode of activity
was patient choice) at a
slightly strenuous intensity
(13-15 on rating of perceived
exertion scale; anchored from
6-20) compared to controls
who received no exercise
intervention but were told

to continue with the normal
amount of physical activity
they would usually do

Supervised mixed aerobic and
resistance exercise 2x/week
for 10-20 min at 60%-75%

of maximum heart rate for

12 weeks

Home-based walking for
15-30 min 5-6x/week at
50%-70% maximum heart
rate for 6 weeks for radiation
patients and 3-6 months for
chemotherapy patients versus
usual care controls

Supervised tai chi chuan for

Reference Sample Treatment
[23] Women and men Post-surgery for a
with mixed solid solid tumor, post-
tumors chemotherapy and
n=72 post-radiation
No current treatment
[35] Metastatic breast Chemotherapy
cancer
n=38
[84] Mixed cancers Post-chemotherapy
(lymphomas,
breast,
gynecologic,
testicular
n=111
[14] Breast cancer Chemotherapy or
n=22 radiation therapy
[59] Breast cancer Chemotherapy or
stages 0-III radiation therapy
n=119
[66] Breast cancer Post-treatment
n=21 2-24 months

60 min at moderate intensity
3x/week for 12 weeks

Results®

| Fatigue

I Dyspnea among exercisers

{ Fatigue in exercisers
compared to controls
{ Physical function in
exercisers compared to
controls

T Aerobic capacity among
the exercisers compared
to the non-exercisers with
no significant differences
between groups in fatigue

{ Fatigue in exercisers
compared to controls

{ Fatigue in fully compliant
exercisers compared to
controls

1 Walking ability in
exercisers compared to
controls

2Results in bold print indicate a p <.05.

consistently effective at either reducing or halting
the progression of CRF and improving cardiorespi-
ratory function in Hodgkin’s and BC patients dur-
ing and after treatment. CAMPBELL and colleagues
[14] were the only group to use both aerobic and
anaerobic exercise (resistance exercise). Although
the overall results were positive, the study sample
was small and, at this time, it is not possible to dif-

ferentiate the effects of aerobic and anaerobic exer-
cise in this study. Therefore, the evidence support-
ing the safety and ef icacy of anaerobic exercise
for improving CRF or cardiovascular function is
nonexistent among HL and BC survivors.

Recent meta-analyses by ScamITz and colleagues
[78], and JacoBsEN and colleagues [45] suggests that
the evidence for exercise as an effective therapy for
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managing CRF is consistently positive. The effect
sizes (ES) are small [e.g., weighted mean ES = 0.13,
95% confidence interval (CI): -0.06 to 0.33 during
treatment; weighted mean ES = 0.16, 95% CI: -0.23
to 0.54 post treatment]. This indicates the need for
developing more targeted and effective exercise in-
terventions.

Although the extant exercise and cancer control
literature provides consistent support for the ef-
ficacy of exercise interventions in managing CRF
during and after treatment, the investigations
must be considered to be preliminary. The studies
have small sample sizes. The studies as a body of
research lack consistency in the type and amounts
of exercise utilized. These limitations make it im-
possible to apply the results and effectively develop
standards of care regarding tailored exercise pre-
scriptions to safely meet the needs of these survi-
vors. Additionally, the measures used to assess CRF
and cardiovascular function as well as the type of
control groups used are inconsistent. This makes
interpreting indings and drawing conclusions
across studies difficult. Appropriate statistical
and follow-up analyses were not always used (e.g.,
intent-to-treat analyses in randomized controlled
trials) which makes comparisons based on regi-
men and methods of exercise intervention difficult
to ascertain.

Despite these limitations, this growing body of
research provides consistent preliminary support
for the safety of exercise interventions for HL and
BC survivors across the entire cancer care con-
tinuum. This growing body of literature also sug-
gests that early intervention with exercise during
radiation may effectively prevent or reduce acute,
chronic and late occurring CRF as well as improve
cardiorespiratory function and prevent or delay the
onset of cardiovascular disease as a consequence
of radiation therapy to the chest among Hodgkin’s
and BC survivors. However, caution is warranted
when considering an exercise prescription among
this population of cancer survivors because there
are many cardiovascular complications and a com-
prehensive subclinical assessment of cardiovas-
cular status in long-term cancer survivors with
different manifestations has not been performed.
Patients should be carefully monitored by physi-
cians and exercise physiologists since some are at
risk for heart-rate-related hemodynamic instabil-
ity, conduction problems, ischemia, and other com-
plications.

Conclusion

In conclusion, radiation therapy to the chest is as-
sociated with premature heart disease among Hodg-
kin’s and BC survivors. Heart disease is associated
with reduced quality life years and increased mor-
tality. Exercise is a non-invasive and non-pharmaco-
logical intervention that shows promise in prevent-
ing or delaying the onset of premature heart disease
in survivors of HL or BC. Systematic and thorough
evaluation of CRF in this population might identify
patients with covert or apparently compensated car-
diac disease which is causative for this condition.
Most significantly, it may identify the survivors who
will bene it the most from early implementation of
therapeutic exercise interventions targeting the re-
duction of CRF and improvement of cardiorespi-
ratory function. Ultimately, exercise might prevent
or delay the onset of heart disease after radiation
therapy in this vulnerable population.
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Introduction

Normal tissue tolerance limits the dose of radiation
that can be used to treat most malignancies [78].
Despite the fact that many cancers present as large
masses that require high doses of radiation to control,
physicians are forced to limit the dose and volume
irradiated in order to prevent the development of po-
tentially serious, life threatening or fatal complica-
tions. Consequently, cure rates for some of these ma-
lignancies, such as lung cancers or malignant brain
tumors, are distressingly low. Recent advances in our
understanding of the molecular events underlying
the pathogenesis of radiation-induced normal tissue
injury has opened up the possibility of biologically-
based interventions to prevent, mitigate or treat these
complications. This work has also stimulated efforts
to develop strategies to stratify patients according to
risk of injury as a means to individualize therapy and
improve the therapeutic ratio.

Molecular Mechanisms of Radiation Injury

It has been known for decades that the biologic re-
sponse to ionizing radiation begins immediately af-
ter the first exposure with the generation of reactive
oxygen/reactive nitrogen species (ROS/RNS) [73, 77,
90]. More recently, researchers have described how
these immediate biochemical events rapidly trig-
ger a series of genetic and molecular phenomena
leading to clinically and histologically recogniz-
able injury [11, 22, 25, 47, 53, 55, 62, 66-69, 96, 108].
This response to radiation is dynamic and involves
a number of mediators of inflammation and fibro-
sis produced by macrophages, epithelial cells, and




118

M. S. Anscher, P. R. Graves, R. Mikkelsen, and Z. Vujaskovic

fibroblasts. These events appear to be sustained for
months to years beyond the completion of therapy
[40]; however, the mechanisms responsible for main-
taining the injured phenotype, until recently, have
remained unknown [74, 108].

The molecular processes responsible for radia-
tion induced normal tissue injury have been, per-
haps, most extensively studied in the lung (Fig. 11.1).
As previously stated, the initial tissue damage from
radiation is generated by direct action of ROS on

DNA. This interaction causes tissue injury includ-
ing endothelial cell damage with an increase in per-
meability, edema and fibrin accumulation in the ex-
tracellular matrix. Endothelial cell damage plays an
important role in this process, and recent evidence
suggests that the capillary endothelial cell may be
the first cellular element to be damaged by RT [85].
This is followed by an in lammatory response with
macrophage accumulation and activation. Mac-
rophages, a rich source of proinflammatory and
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Fig. 11.1. Simplified model of processes involved in the pathogenesis of radiation-induced lung injury. As noted in the dia-
gram, each event has the potential to influence several other processes. Exposure to ionizing radiation initiates a cascade of
cytokines and growth factors. Proinflammatory cytokines promote an influx of macrophages and inflammatory cells, which
are stimulated to produce ROS, proinflammatory and pro ibrotic cytokines. ROS serve as redox regulators of transcription
factors, which further stimulate induction and activation of cytokines and growth factors. In addition, vascular changes, as
well as an increase in oxygen consumption by activated macrophages, contribute to the development and perpetuation of hy-
poxia and chronic oxidative stress, leading to the non-healing tissue response of chronic radiation injury. ACE, angiotensin
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profibrotic cytokines, along with other inflamma-
tory cells are recruited to an area of injury or evolv-
ing in lammation. The majority of macrophages in
lung are derived from circulating monocytes that
enter the lung in response to inflammation. Both
vascular changes as well as an increase in oxygen
consumption (due to macrophage activation) con-
tribute to the development of hypoxia [38]. Hypoxia
further stimulates production of ROS, proin 1am-
matory, profibrogenic and proangiogenic cytokines.
This perpetuates tissue damage leading to fibrosis
via TGFP1 production and stimulates angiogenesis
via vascular endothelial growth factor (VEGF) pro-
duction. In an attempt to respond to the prolifera-
tive stimulus of VEGF, endothelial cells die due to
previously accumulated radiation damage. Hypoxia
therefore continuously perpetuates a non-healing
tissue response leading consequently to chronic ra-
diation injury [6, 108].

Many of these molecular mediators of normal
tissue injury are proteins, which can be measured
both in tissue and blood. The ability to quantify the
expression of these proteins, in the normal and dis-
eased state, led to attempts to use them as predictors
of risk of normal tissue injury after radiation therapy
[4, 5, 26, 30, 44, 83, 106]. Until recently, each protein
had tobe quantified individually using methods such
as antibody-based enzyme-linked immunosorbent
assays (ELISA) or bioluminescence assays, which
are laborious and time consuming [72]. Advances
in bioassay technology now permit researchers to
quantify multiple proteins simultaneously from the
same sample in a rapid and reproducible manner
[64]. This technology will greatly enhance the abil-
ity to construct protein expression profiles for indi-
vidual patients and determine whether these pat-
terns of protein expression can improve our ability
to predict risk of injury from radiation therapy [51].
Along these lines, blood and tissue banks stocked
with samples from patients irradiated for various
malignancies will become invaluable resources for
normal tissue injury research.

The Importance of Transforming Growth
Factor B in Radiation-Induced Injury

The most widely studied of the potential mediators
of normal tissue injury after radiation therapy is

transforming growth factor-f1 (TGFP1). TGEp has
multiple functions that are important in the devel-
opment of excess fibrous tissue, one of the hallmarks
of late radiation injury. TGFp is chemoattractant for
fibroblasts and also promotes differentiation of im-
mature fibroblasts into myofibroblasts, which leads
to increased production of collagen and extracellu-
lar matrix [92, 93]. TGEp also decreases production
of matrix-specific proteases and increases produc-
tion of protease inhibitors, resulting in decrease
collagen degradation, with a net result of increased
fibrous tissue formation [45, 75]. In addition to be-
ing autocrine stimulated, TGF expression is also
stimulated by hypoxia, which further promotes col-
lagen formation [50, 79].

Recent evidence, indeed, confirms that TGFf1 is
important in the pathogenesis of radiation induced
normal tissue injury. RUBIN et al. [95] reported that
alveolar macrophages obtained from bronchial la-
vage specimens from irradiated rabbits demon-
strated increased production and release of TGFf1
as compared to macrophages from normal lungs.
These authors suggested that the fibroblast prolif-
eration and extracellular matrix production found
after irradiation are controlled by growth factors
that are released from parenchymal cells following
radiation exposure. ANSCHER et al. [3] demonstrated
that TGFB1 expression increased in a dose-depen-
dent manner in the liver of rats following irradiation
and that this increase in TGFf1 expression corre-
lated with the extent of connective tissue produc-
tion. BARCELLOS-HOFF [12, 13] has shown that free
radicals produced following exposure to ionizing
radiation can directly activate TGFf1. Thus, radia-
tion therapy can both increase local expression and
activation of TGFp1, resulting in increased ibrosis
formation in irradiated tissues. As further evidence
to support the role of TGFp in radiation injury, mice
lacking Smad 3 (part of the TGFf signal transduc-
tion pathway) have been shown to be resistant to
radiation-induced fibrosis [36], suggesting that tar-
geting the TGFP pathway might be a useful strategy
to prevent radiation injury (see below).

Moreover, the local activation of TGFPI in tis-
sues may be an important component in sustaining
the process of abnormal wound healing long after
the exposure to radiation has ended. For example,
active TGFB1 both recruits and activates mac-
rophages to secrete inflammatory and ibrogenic
cytokines, including TGFp1 itself [9, 91]. This au-
toinduction of TGFP1 is important in maintaining
levels of TGFB1 in wound healing. Following radia-
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tion, however, this process contributes to overpro-
duction of collagen and inhibition of epithelial cell
proliferation, increased local oxygen consumption
by activated macrophages, and decrease oxygen
delivery due to microvasculature injury creating
an hypoxic environment [74] which further perpet-
uates normal tissue injury. In addition, sustained
overproduction of TGFf may contribute not only to
chronic 1ibrosis, but also reduce the effectiveness
of cancer therapies [20], and possibly contribute to
the development of radiation-induced malignancy
(see below).

Using Plasma TGF@ Levels to Predict Injury
Risk

Plasma TGFf1 levels recently has been used to try
and identify patients at risk for the development
of normal tissue injury after exposure to chemo-
therapy and/or radiotherapy. In patients who de-
velop radiation induced lung injury, Fu et al. [40]
found sustained elevations in plasma TGFp1 level
for as long as 2 years after treatment. In contrast, pa-
tients who did not develop symptomatic lung injury
did not exhibit sustained elevations in circulating
plasma TGFfI. In animal experiments, long term
overexpression and activation of TGFB1 has been
demonstrated in tissue as well [62, 109, 110]. Thus,
elevations in plasma TGFB1 months after radiation
exposure appear to reflect the presence of signifi-
cantly dysregulated wound healing in the irradi-
ated tissues. In contrast, the absence of sustained
elevations of circulating TGFp1 levels appear to re-
flect a more normal wound healing process. Thus,
sustained elevations of plasma TGFf1 following ra-
diation exposure may be a useful means to identify
patients at risk for late radiation-induced injury,
including radiation-induced malignancy. Other in-
vestigators, however, have not found plasma TGFf
to be a reliable identi ier of patients at increased risk
for normal tissue injury after cancer therapy [15, 30,
83]. These discrepancies may be due to a number of
factors, including differences in techniques used to
measure TGFp, differences in patient populations
under study, and the fact that these series contain
relatively small numbers of patients with treatment-
related injury, thus the power to detect a difference
between groups is not large [2].

The Role of Other Cytokines in
Radiation-Induced Injury

A growing body of evidence points toward a complex
web of protein interactions as being important in the
pathogenesis of radiation injury (see Table 11.1 and
Fig. 11.1). For example, HUANG et al. [57] have found
that IL-7, a cytokine that enhances T cell function
and IFN-y production, inhibits both TGF produc-
tion and signaling, and protects against the devel-
opment of bleomycin-induced pulmonary fibrosis, a
model very similar to radiation injury. FEDOROCKO
et al. [35] showed that radiation exposure could
increase cytokine production both directly (IL-6,
TNF-0) and indirectly (GM-CSF), either by locally
acting paracrine or endocrine effects or as a result of
systemic effects of early proinflammatory mediators
such as IL-1 or TNF-a.. There is no doubt that protein
production is a dynamic process, which will change
as a result of cancer treatment. HoNG et al. [56] have
documented temporal and spatial changes in the
expression of proinflammatory cytokines (TNF-a,
IL-1o. and IL-1B) following thoracic irradiation in
mice. Given the impact that radiation has on the
expression of these, and other, proteins in tissue,
and that these changes in tissue protein expression
might be reflected in changes in plasma protein
levels, it is reasonable to postulate that it may be
possible to quantify an individual patient’s in 1am-
matory status by measuring candidate protein levels
in the blood.

Using Other Markers to
Predict Radiation-Induced Injury

In addition to TGEp, several other proteins have
been studied in humans to evaluate their potential
as biomarkers for radiation-induced injury. Most
of this work has been carried out in the lung. Of
these, the most promising include interleukins
(IL) 1o, IL-6, IL-8, IL-10, Krebs von den Lungen
protein (KL-6, which is expressed mainly on type
IT pneumocytes and bronchiolar epithelial cells),
soluble intracellular adhesion molecule (sSICAM)-1,
and surfactant proteins A and D [26, 27, 43, 44, 49,
52, 58, 71, 76, 97, 102]. Of these, KL-6 is the most
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extensively studied, and has been most consistently
correlated with the risk of radiation-induced lung
injury [37]. As with TGFf, more prospective stud-
ies with larger patient numbers will be required to
con irm its value as a predictive marker for lung
injury.

Chronic Inflammation as a Mediator of
Radiation Induced-Malignancy

Epidemiologic evidence has also suggested a corre-
lation between chronic inflammation, such as that
seen after exposure to radiation therapy, and the
development of malignancy at the inflamed site.
The underlying mechanism involves recruitment
of inflammatory cells, as well as the expression of
multiple mediators of inflammation, including cy-
tokines, chemokines and enzymes. Proinflamma-
tory cytokines, such as the interleukins and tumor
necrosis factor o, cause an influx of in lammatory
cells and fibroblasts into the microenvironment [63,
94]. These cells, primarily macrophages [95, 107],
become stimulated to produce ROS/RNS and ad-
ditional proin lammatory and pro ibrotic cytok-
ines [37] (Fig. 11.1). ROS/RNS functionally regulate
transcription factors that also influence expression
and activation of cytokines and growth factors [77,
101, 114, 115], and ROS/RNS also are important in
intracellular signaling [14, 77, 98]. Recent evidence
also suggests the importance of ROS/RNS gener-
ated by macrophages and tumor cells in the pro-
cesses of initiation and progression of malignancy
[41, 54, 88, 113]. Thus, it is likely that many, if not
all, of the proteins involved in the development of
radiation-induced normal tissue in Jammation and
fibrosis might also be involved in the generation of
radiation-induced malignancy.

In addition to creating a chronic inflammatory
state, the microenvironmental stress resulting from
hypoxia may also result in genomic instability [19,
23]. The ability of mammalian cells to detect and
repair DNA damage has a critical impact on tu-
mor response to ionizing radiation, but may also
be important in normal tissue response. Mamma-
lian cells have evolved a number of repair systems
to deal with various types of DNA damage, and to
maintain genomic integrity. The most harmful of
all radiation-induced DNA damage is the double

strand break (DSB). Errors in DSB repair can lead to
deletions, insertions, chromosomal translocations
and genomic instability that could lead to the de-
velopment of malignancy [33, 103]. Specific surveil-
lance proteins in luence the balance between cell
cycle arrest, DNA repair and apoptosis [17, 29]. For
example, ATM is an important cellular surveillance
protein, and recent evidence suggests that TGEp is
important for a fully functioning ATM response
[70, 116], the loss of which might contribute to the
development of malignancy. DNA damage repair
mechanisms involving ATM are extremely sensi-
tive to ROS/RNS generated in response to hypoxia/
reperfusion [19, 48], and inhibition of ATM results
in increased cellular levels of ROS/RNS [16, 59, 60].
Thus, chronic overproduction of ROS/RNS, as dem-
onstrated to occur after exposure to radiation, may
lead to interference with DNA damage repair, inhi-
bition of apoptosis and regulation of oncogenes or
tumor suppressor genes in a manner that may pre-
dispose people to the development of malignancy
[10].

Candidate Proteins for
Predicting Radiation Injury

While many proteins have been implicated in the
pathogenesis of radiation-induced injury, few have
been evaluated as possible predictors of predisposi-
tion to such injury. At the present time, not every
protein implicated in in lammation, wound healing,
fibrogenesis or radiation response can be detected
in the blood, owing to the lack of availability of
reliable antibodies to these proteins. Thus, it is not
yet possible to screen for alterations in expression
of every potential candidate protein. In addition,
multiple proteins and signaling pathways are in-
volved in these processes, and reliable antibodies
are not available to target every individual protein
involved in each pathway. Nevertheless, the list of
proteins below represent components of all of the
major mechanisms and pathways currently thought
to be involved in the response of cells to radiation
[99, 104]. This approach is likely to detect a pro ile of
protein expression associated with an increased risk
of radiation injury, if in fact one exists. The role of
each of these candidate proteins, relevant to radia-
tion injury, is summarized in Table 11.1.
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Table 11.1. Summary of the function of candidate proteins for profiling

Protein Function

IL-1P In lammation, growth factor expression

IL-5 Proin iammatory

IL-6 Proin lammatory, decrease apoptosis of activated lung fibroblasts

IL-7 Proin iammatory

IL-8 Angiogenesis, leukocyte chemotaxis, collagen synthesis

IL-10 Anti-in lammatory (decrease TNFa production, decrease upregulation of endothelial cell
adhesion molecules)

IL-13 Proin iammatory

MCP-1 Inflammation, chemoattraction of monocytes

MIP-lalpha Antiproliferative

PDGF BB Angiogenesis, recruit smooth muscle cells

VEGF Angiogenesis and increased vascular permeability

EGF Epithelial cell motility, mitogenicity and differentiation

EGFR Receptor for EGF, initial component of EGF signaling pathway

NFkappaB Pleiotropic gene transcription responses

HIF-1 Transcription factor for genes regulating angiogenesis

TGF-alpha Cell motility and proliferation

FGF 2 Angiogenesis and fibroblast proliferation

MMP-1 Degradation of collagen and extracellular matrix proteins

MMP-2 Matrix remodeling, growth factor release

MMP-3 Matrix remodeling, growth factor release

MMP-13 Matrix remodeling, growth factor release

SMAD 2/3 Signal transduction in the TGFf3 pathway

IGF-1R Binding of IGF-1 (reepithialization and granulation tissue formation)

TNF-alpha Growth factor expression, inflammation, matrix production and remodeling

TGEFp Pro ibrotic, immunosuppression, angiogenesis, metastasis

Beta-catenin Epithelial-mesenchymal transition

Nitric oxide synthases In lammation

Superoxide dismutases Endogenous anti-in lammatory regulator

Strategies and Potential Targets for
Intervention

There are 3 primary approaches to intervention
in the injury process, depending upon the timing
of intervention relative to radiation exposure, and
whether or not injury has developed [81]. These ap-
proaches are: protection or prophylaxis, mitigation

and treatment. Protection refers to treatments given
before and/or during radiation. This is the most
common strategy utilized in the clinic today and is
illustrated by the use of the free radical scavenger
amifostine in the prevention of injury following ra-
diation to the head and neck [24]. Mitigation refers
to therapies started after radiation exposure, but
before overt injury is expressed, as exempli ied by
the use of angiotensin converting enzyme inhibi-
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tors to prevent renal injury [82]. Treatment refers to
interventions begun after overt injury develops, an
example of which would be the use of vitamin and
pentoxifylline to treat established radiation soft tis-
sue fibrosis [32].

As we learn more about the specific molecular
pathways involved in the process of radiation in-
jury (Figs. 11.1-11.3), more targeted therapies are
being studied as approaches to the prevention of
radiation injury. Given the importance of the TGF
pathway in the pathogenesis of radiation injury,
several investigators have demonstrated the efficacy
of blocking TGFf in preventing radiation injury in

_x =

animals [7, 36, 87]. These agents, to date, have not
been utilized in humans for this purpose. TGFp has
also been demonstrated to work through Smad in-
dependent pathways [18], and targeting one or more
of these pathways may also prove to be an effective
approach to prevention of radiation induced injury.
For example, one of these alternative pathways in-
volves signaling via PI3-kinase and cAbl [68], and
the use of imatinib, which targets cAbl, has been
shown to reduce the severity of bleomycin-induced
lung injury [28]. In addition to TGFf, other path-
ways have been demonstrated to be viable targets
to inhibit the development of radiation-induced in-
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Fig. 11.2. DNA damage-independent and -dependent pathways of endothelial cell apoptosis. The primary apoptotic response
to ionizing radiation in the endothelial cells is DNA damage independent and is mediated through radiation-induced activa-
tion of acid sphingomyelinase (ASMase) and the generation of ceramide. Ceramide mediates the activation of the MAPK8
pathway, the mitochondrial pathway or the death receptor pathway. The second source of ceramide occurs via production
of DNA double-strand breaks and activation of ceramide synthase. CAPK, ceramide-activated protein kinase; PKC, protein
kinase C; TN , tumor necrosis factor; BAX, bcl-2 associated protein X; BAD, bcl-2 antagonist of cell death; cyt, cytochrome;
casp, caspase; PARP, poly(adenosine-5’-diphosphate-ribose) polymerase; RB, retinoblastoma protein; FADD, Fas-associated
death domain; TRADD, TNF-receptor associated death domain; RAC, receptor for activated C-kinase; MEK , MAP/Erk ki-
nase kinase; MAPK, mitogen activated protein kinase; DFF, DNA fragmentation factor; Apaf, apoptotic protease activating
factor; ATM, ataxia-telangiectasis mutated. (Reproduced with permission from [93])
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jury [1, 8, 31, 34, 46, 65, 109]. Given the redundancy
and crosstalk between these multiple pathways, it is
likely that strategies to prevent radiation injury may
require agents that target multiple pathways simul-
taneously, or combinations of multiple agents with
more specific targets.

An example of a class of drugs, which target mul-
tiple cellular pathways, and might prove beneficial
in the struggle to prevent radiation induced normal
tissue injury, are the statins. As noted above, vascu-
lar damage is an important component in the patho-
genesis of radiation induced injury. Vascular dam-
age is important in the phenotype of RT-induced
rectal injury, where telangiectatic vessels are often
responsible for the bleeding characteristic of this
condition. The cholesterol lowering agents HMG
coA reductase inhibitors (statins) have been dem-
onstrated to reduce the risk of myocardial infarc-
tion, in part, through their vascular protective ef-
fects, which are not dependent on changes in serum
cholesterol levels. In vitro, statins have been shown
to protect human endothelial cells from ionizing
radiation [21, 42, 84]. Multiple mechanisms appear
to be involved, including attenuation of extracel-
lular stress responses [80, 89], down-regulation of
chemokines and chemokine receptors [111], and by
exerting anti-in lammatory and anti-thrombotic ef-
fects [21, 86, 100, 105] on these cells. Of major inter-
est recently has been the demonstration that statins
induce the synthesis of nitric oxide synthase (NOS)
in endothelial cells and may represent one mecha-
nism for the beneficial effects of statins in chronic

connective tissue remodeling.
IL, interleukin; TGF, transform-
ing growth factor; PDGF, plate-
let derived growth factor; IGF,

>
"

TGF-a, TGF-B,

TNF-q. insulin-like growth factor; TN ,
tumor necrosis factor; MDG ,
¢ macrophage derived growth fac-
tor. (Reproduced with permis-
:’L|-31G,F TNIIIE:g.’ sion from [93])
’

endothelial cell

in lammation [61]. Elevated NOS activity is poten-
tially a 2-edged sword and a number of other factors
modulating nitric oxide activity may contribute to
its beneficial, and also harmful, effect [39].

In vivo, lovastatin has been shown to protect mice
from the effects of whole lung irradiation for up to
24 weeks [112]. Mice receiving lovastatin demon-
strated improved survival, a decreased inflamma-
tory response in the lung and reduced fibrosis. Thus
statins may have the potential to protect against
RT-induced late effects, and studies testing different
statins as radioprotectors are currently underway.

Much work remains to be done, however, particu-
larly in the areas of mitigation and treatment [109],
and additional human studies will be required to
identify the most effective agents and approaches to
this complex problem.

References

1. Adawi A, Zhang Y, Baggs R, Rubin P, Williams J, Fin-
kelstein ], Phipps RP (1998) Blockade of CD40-CD40
ligand interactions protects against radiation-induced
pulmonary inflammation and fibrosis. Clin Immunol
Immunopathol 89:222-230

2. Anscher MS, Kong FM (2005) In regard to De Jaeger
et al.: signiicance of plasma transforming growth
factor-beta levels in radiotherapy for non-small-
cell lung cancer (INT ] RADIAT ONCOL BIOL PHYS
2004;58:1378-1387). Int J Radiat Oncol Biol Phys
61:1276-1277




Biodetection and Biointervention: Cytokine Pathways as a Rationale for Anticytokine Interventions Post-Radiation

125

10.

11.

12.

13.

14.

15.

16.

17.

. Anscher MS, Crocker IR, Jirtle RL (1990) Transform-

ing growth factor-beta 1 expression in irradiated liver.
Radiat Res 122:77-85

. Anscher MS, Peters WP, Reisenbichler H, Petros WP,

Jirtle RL (1993) Transforming growth factor beta as a
predictor ofliver and lung fibrosis after autologous bone
marrow transplantation for advanced breast cancer.
N Engl ] Med 328:1592-1598

. Anscher MS, Murase T, Prescott DM, Marks LB, Re-

isenbichler H, Bentel GC, Spencer D, Sherouse G, Jirtle
RL (1994) Changes in plasma TGF beta levels during
pulmonary radiotherapy as a predictor of the risk of
developing radiation pneumonitis. Int J Radiat Oncol
Biol Phys 30:671-676

. Anscher MS, Chen L, Rabbani Z, Kang S, Larrier N,

Huang H, Samulski TV, Dewhirst MW, Brizel DM, Folz
RJ, Vujaskovic Z (2005) Recent progress in de ining
mechanisms and potential targets for prevention of nor-
mal tissue injury after radiation therapy. Int J Radiat
Oncol Biol Phys 62:255-259

. Anscher MS, Thrasher B, Rabbani Z, Teicher B, Vujask-

ovic Z (2006) Antitransforming growth factor-beta an-
tibody 1D11 ameliorates normal tissue damage caused
by high-dose radiation. Int J Radiat Oncol Biol Phys
65:876-881

. Arango D, Ettarh RR, Holden G, Moriarty M, Brennan

PC (2001) BB-10010, an analog of macrophage in 1am-
matory protein-lalpha, protects murine small intestine
against radiation. Dig Dis Sci 46:2608-2614

. Ashcroft GS (1999) Bidirectional regulation of mac-

rophage function by TGF-beta. Microbes Infect 1:1275-
1282

Azad N, Rojanasakul Y, Vallyathan V (2008) In 1am-
mation and lung cancer: roles of reactive oxygen/ni-
trogen species. ] Toxicol Environ Health B Crit Rev
11:1-15

Barcellos-Hoff M (1998) How do tissues respond to
damage at the cellular level? The role of cytokines in
irradiated tissues. Radiat Res 150:5109-S120
Barcellos-Hoff MH (2003) Redox mechanisms for acti-
vation of latent TGF-P. In: 43rd Annual Meeting of the
Radiation Research Society, pp 153

Barcellos-Hoff M, Dix T (1996) Redox-mediated activa-
tion of latent transforming growth factor-B1. Mol Endo-
crinol 10:1077-1083

Barrett DM, Black SM, Todor H, Schmidt-Ullrich RK,
Dawson KS, Mikkelsen RB (2005) Inhibition of protein-
tyrosine phosphatases by mild oxidative stresses is
dependent on S-nitrosylation. J Biol Chem 280:14453-
14461

Barthelemy-Brichant N, Bosquee L, Cataldo D, Corhay
JL, Gustin M, Seidel L, Thiry A, Ghaye B, Nizet M, Al-
bert A, Deneufbourg JM, Bartsch P, Nusgens B (2004)
Increased IL-6 and TGF-betal concentrations in bron-
choalveolar lavage 1uid associated with thoracic radio-
therapy. Int ] Radiat Oncol Biol Phys 58:758-767
Barzilai A, Rotman G, Shiloh Y (2002) ATM deficiency
and oxidative stress: a new dimension of defective re-
sponse to DNA damage. DNA Repair (Amst) 1:3-25
Bernstein C, Bernstein H, Payne CM, Garewal H (2002)
DNA repair/pro-apoptotic dual-role proteins in five ma-
jor DNA repair pathways: fail-safe protection against
carcinogenesis. Mutat Res 511:145-178

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Bierie B, Moses HL (2006) Tumour microenvironment:
TGFbeta: the molecular Jekyll and Hyde of cancer. Nat
Rev Cancer 6:506-520

Bindra RS, Crosby ME, Glazer PM (2007) Regulation of
DNA repair in hypoxic cancer cells. Cancer Metastasis
Rev 26:249-260

Biswas S, Guix M, Rinehart C, Dugger TC, Chytil A, Mo-
ses HL, Freeman ML, Arteaga CL (2007) Inhibition of
TGF-beta with neutralizing antibodies prevents radia-
tion-induced acceleration of metastatic cancer progres-
sion. J Clin Invest 117:1305-1313

Boerma M, Burton GR, Wang J, Fink LM, McGehee RE
Jr, Hauer-Jensen M (2006) Comparative expression pro-
filing in primary and immortalized endothelial cells:
changes in gene expression in response to hydroxy
methylglutaryl-coenzyme A reductase inhibition. Blood
Coagul Fibrinolysis 17:173-180

Brach MA, Hass R, Sherman ML, Gunji H, Weichsel-
baum R, Kufe D (1991) Ionizing radiation induces
expression and binding activity of the nuclear factor
kappa B. J Clin Invest 88:691-695

Bristow RG, Ozcelik H, Jalali F, Chan N, Vesprini D
(2007) Homologous recombination and prostate cancer:
a model for novel DNA repair targets and therapies. Ra-
diother Oncol 83:220-230

Brizel DM, Wasserman TH, Henke M, Strnad V, Rudat
V, Monnier A, Eschwege F, Zhang ], Russell L, Oster W,
Sauer R (2000) Phase III randomized trial of amifostine
as a radioprotector in head and neck cancer. J Clin On-
col 18:3339-3345

Brush J, Lipnick SL, Phillips T, Sitko J, McDonald JT,
McBride WH (2007) Molecular mechanisms of late nor-
mal tissue injury. Semin Radiat Oncol 17:121-130

Chen Y, Rubin P, Williams J, Hernady E, Smudzin T,
Okenieff P (2001) Circulating IL-6 as a predictor of
radiation pneumonitis. Int J Radiat Oncol Biol Phys
49:641-648

Chen Y, Hyrien O, Williams J, Okunieff P, Smudzin T,
Rubin P (2005) Interleukin (IL)-1A and IL-6: applica-
tions to the predictive diagnostic testing of radiation
pneumonitis. Int J Radiat Oncol Biol Phys 62:260-266
Daniels CE, Wilkes MC, Edens M, Kottom TJ, Murphy
SJ, Limper AH, Leof EB (2004) Imatinib mesylate in-
hibits the pro ibrogenic activity of TGF-beta and pre-
vents bleomycin-mediated lung fibrosis. J Clin Invest
114:1308-1316

Dasika GK, Lin SC, Zhao S, Sung P, Tomkinson A, Lee
EY (1999) DNA damage-induced cell cycle checkpoints
and DNA strand break repair in development and tum-
origenesis. Oncogene 18:7883-7899

De Jaeger K, Seppenwoolde Y, Kampinga HH, Boersma
L], Belderbos JS, Lebesque JV (2004) Significance of
plasma transforming growth factor-beta levels in ra-
diotherapy for non-small-cell lung cancer. Int J Radiat
Oncol Biol Phys 58:1378-1387

Delanian S, Baillet F, Huart J, Lefaix JL, Maulard C,
Housset M (1994) Successful treatment of radiation-
induced fibrosis using liposomal Cu/Zn superoxide
dismutase: clinical trial. Radiother Oncol 32:12-20
Delanian S, Porcher R, Balla-Mekias S, Lefaix JL (2003)
Randomized, placebo-controlled trial of combined pen-
toxifylline and tocopherol for regression of superficial
radiation-induced fibrosis. ] Clin Oncol 21:2545-2550




126

M. S. Anscher, P. R. Graves, R. Mikkelsen, and Z. Vujaskovic

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Elliott B, Jasin M (2002) Double-strand breaks and
translocations in cancer. Cell Mol Life Sci 59:373-385
Epperly M, Bray ], Kraeger S, Zwacka R, Engelhardt J,
Travis E, Greenberger ] (1998) Prevention of late effects
of irradiation lung damage by manganese superoxide
dismutase gene therapy. Gene Ther 5:196-208
Fedorocko P, Egyed A, Vacek A (2002) Irradiation in-
duces increased production of haemopoietic and proin-
flammatory cytokines in the mouse lung. Int J Radiat
Biol 78:305-313

Flanders KC, Sullivan CD, Fujii M, Sowers A, Anzano
MA, Arabshahi A, Major C, Deng C, Russo A, Mitchell
JB, Roberts AB (2002) Mice lacking Smad3 are protected
against cutaneous injury induced by ionizing radiation.
Am ] Pathol 160:1057-1068

Fleckenstein K, Gauter-Fleckenstein B, Jackson IL, Rab-
bani Z, Anscher M, Vujaskovic Z (2007) Using biologi-
cal markers to predict risk of radiation injury. Semin
Radiat Oncol 17:89-98

Fleckenstein K, Zgonjanin L, Chen L, Rabbani Z, Jack-
son I.L, Thrasher B, Kirkpatrick J, Foster WM, Vujasko-
vic Z (2007) Temporal onset of hypoxia and oxidative
stress after pulmonary irradiation. Int J Radiat Oncol
Biol Phys 68:196-204

Forstermann U (2006) Janus-faced role of endothelial
NO synthase in vascular disease: uncoupling of oxygen
reduction from NO synthesis and its pharmacological
reversal. Biol Chem 387:1521-1533

Fu X, Huang H, Bentel G, Clough R, Jirtle RL, Kong F,
Marks LB, Anscher MS (2001) Predicting the risk of
symptomatic radiation-induced lung injury using both
the physical and biologic parameters V(30) and trans-
forming growth factor beta. Int ] Radiat Oncol Biol Phys
50:899-908

Fukumura D, Kashiwagi S, Jain RK (2006) The role of
nitric oxide in tumour progression. Nat Rev Cancer
6:521-534

Gaugler MH, Vereycken-Holler V, Squiban C, Van-
damme M, Vozenin-Brotons MC, Benderitter M (2005)
Pravastatin limits endothelial activation after irra-
diation and decreases the resulting inflammatory and
thrombotic responses. Radiat Res 163:479-487

Goto K, Kodama T, Sekine I, Kakinuma R, Kubota K,
Hojo F, Matsumoto T, Ohmatsu H, Ikeda H, Ando M,
Nishiwaki Y (2001) Serum levels of KL-6 are useful bio-
markers for severe radiation pneumonitis. Lung Cancer
34:141-148

Gridley DS, Bonnet RB, Bush DA, Franke C, Cheek GA,
Slater JD, Slater JM (2004) Time course of serum cytok-
ines in patients receiving proton or combined photon/
proton beam radiation for resectable but medically in-
operable non-small-cell lung cancer. Int ] Radiat Oncol
Biol Phys 60:759-766

Hakenjos L, Bamberg M, Rodemann HP (2000) TGF-
betal-mediated alterations of rat lung ibroblast dif-
ferentiation resulting in the radiation-induced fibrotic
phenotype. Int J Radiat Biol 76:503-509

Hallahan DE, Virudachalam S (1997) Intercellular ad-
hesion molecule 1 knockout abrogates radiation in-
duced pulmonary inflammation. Proc Natl Acad Sci
USA 94:6432-6437

Hallahan DE, Geng L, Shyr Y (2002) Effects of intercel-
lular adhesion molecule 1 (ICAM-1) null mutation on

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

radiation-induced pulmonary fibrosis and respiratory
insuf iciency in mice. ] Natl Cancer Inst 94:733-741
Hammond EM, Dorie MJ, Giaccia AJ (2003) ATR/ATM
targets are phosphorylated by ATR in response to hy-
poxia and ATM in response to reoxygenation. J Biol
Chem 278:12207-12213

Hara R, Itami J, Komiyama T, Katoh D, Kondo T (2004)
Serum levels of KL-6 for predicting the occurrence of
radiation pneumonitis after stereotactic radiotherapy
for lung tumors. Chest 125:340-344

Haroon ZA, Amin K, Jiang X, Arcasoy MO (2003) A
novel role for erythropoietin during fibrin-induced
wound-healing response. Am ] Pathol 163:993-1000
Hart J, Rabbani Z, Pizzo S, Vujaskovic Z, Anscher M
(2004) Cytokine pro iling to predict radiation-induced
lung injury. Int ] Radiat Oncol Biol Phys 60:5238

Hart JP, Broadwater G, Rabbani Z, Moeller BJ, Clough
R, Huang D, Sempowski GA, Dewhirst M, Pizzo SV,
Vujaskovic Z, Anscher MS (2005) Cytokine pro iling
for prediction of symptomatic radiation-induced lung
injury. Int J Radiat Oncol Biol Phys 63:1448-1454
Hauer-Jensen M, Kong FM, Fink LM, Anscher MS (1999)
Circulating thrombomodulin during radiation therapy
of lung cancer. Radiat Oncol Investig 7:238-242

Hirst DG, Robson T (2007) Nitrosative stress in cancer
therapy. Front Biosci 12:3406-3418

Hong JH, Chiang CS, Campbell IL, Sun JR, Withers HR,
McBride WH (1995) Induction of acute phase gene ex-
pression by brain irradiation. Int J Radiat Oncol Biol
Phys 33:619-626

Hong JH, Jung SM, Tsao TC, Wu CJ, Lee CY, Chen FH,
Hsu CH, McBride WH, Chiang CS (2003) Bronchoalveo-
lar lavage and interstitial cells have different roles in
radiation-induced lung injury. Int ] Radiat Biol 79:159-
167

Huang M, Sharma S, Zhu LX, Keane MP, Luo J, Zhang
L, Burdick MD, Lin YQ, Dohadwala M, Gardner B, Batra
RK, Strieter RM, Dubinett SM (2002) IL-7 inhibits fibro-
blast TGF-beta production and signaling in pulmonary
fibrosis. J Clin Invest 109:931-937

Ishii Y, Kitamura S (1999) Soluble intercellular adhesion
molecule-1 as an early detection marker for radiation
pneumonitis. Eur Respir ] 13:733-738

Ito K, Hirao A, Arai F, Matsuoka S, Takubo K, Hama-
guchi I, Nomiyama K, Hosokawa K, Sakurada K, Naka-
gata N, Ikeda Y, Mak TW, Suda T (2004) Regulation of
oxidative stress by ATM is required for self-renewal of
haematopoietic stem cells. Nature 431:997-1002

Ito K, Takubo K, Arai F, Satoh H, Matsuoka S, Ohmura
M, Naka K, Azuma M, Miyamoto K, Hosokawa K, Ikeda
Y, Mak TW, Suda T, Hirao A (2007) Regulation of reac-
tive oxygen species by Atm is essential for proper res-
ponse to DNA double-strand breaks in lymphocytes.
] Immunol 178:103-110

Jantzen F, Konemann S, Wolff B, Barth S, Staudt A,
Kroemer HK, Dahm ]B, Felix SB, Landsberger M (2007)
Isoprenoid depletion by statins antagonizes cytokine-
induced down-regulation of endothelial nitric oxide ex-
pression and increases NO synthase activity in human
umbilical vein endothelial cells. J Physiol Pharmacol
58:503-514

Johnston C, Piedboeuf B, Baggs R, Rubin P, Finkelstein J
(1995) Differences in correlation of mRNA gene expres-




Biodetection and Biointervention: Cytokine Pathways as a Rationale for Anticytokine Interventions Post-Radiation

127

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

sion in mice sensitive and resistant to radiation-induced
pulmonary fibrosis. Radiat Res 142:197-203

Johnston CJ, Williams JP, Elder A, Hernady E, Finkel-
stein JN (2004) Inflammatory cell recruitment following
thoracic irradiation. Exp Lung Res 30:369-382

Jones LP, Zheng HQ, Karron RA, Peret TC, Tsou C, An-
derson LJ (2002) Multiplex assay for detection of strain-
speci ic antibodies against the two variable regions of
the G protein of respiratory syncytial virus. Clin Diagn
Lab Immunol 9:633-638

Kang S, Rabbani Z, Folz R, Golson M, Huang H, Sa-
mulski T, Dewhirst M, Anscher M, Vujaskovic Z (2002)
Overexpression of extracellular superoxide dismutase
protects mice from radiation induced lung injury. Int J
Radiat Oncol Biol Phys 54:78

Kharbanda S, Saleem A, Datta R, Yuan ZM, Weich-
selbaum R, Kufe D (1994) Ionizing radiation induces
rapid tyrosine phosphorylation of p34cdc2. Cancer Res
54:1412-1414

Kharbanda S, Ren R, Pandey P, Shafman TD, Feller SM,
Weichselbaum RR, Kufe DW (1995) Activation of the
c-Abl tyrosine kinase in the stress response to DNA-
damaging agents. Nature 376:785-788

Kharbanda S, Bharti A, Pei D, Wang ], Pandey P, Ren R,
Weichselbaum R, Walsh CT, Kufe D (1996) The stress re-
sponse to ionizing radiation involoves c-Abl-dependent
phosphorylation of SHPTP1. Proc Natl Acad Sci USA
93:6898-6901

Kharbanda S, Saleem A, Yuan Z.M, Kraeft S, Weichsel-
baum R, Chen LB, and Kufe D (1996) Nuclear signaling
induced by ionizing radiation involves colocalization of
the activated p56/p53lyn tyrosine kinase with p34cdc2.
Cancer Res 56:3617-3621

Kirshner J, Jobling MF, Pajares M]J, Ravani SA, Glick AB,
Lavin MJ, Koslov S, Shiloh Y, Barcellos-Hoff MH (2006)
Inhibition of transforming growth factor-betal signal-
ing attenuates ataxia telangiectasia mutated activity in
response to genotoxic stress. Cancer Res 66:10861-10869
Kohno N, Hamada H, Fujioka S, Hiwada K, Yamakido
M, Akiyama M (1992) Circulating antigen KL-6 and lac-
tate dehydrogenase for monitoring irradiated patients
with lung cancer. Chest 102:117-122

Kong F-M, Anscher M, Jirtle R (2003) Tumor marker
protocols: plasma transforming growth factor beta, a
plasma tumor marker. In: Hannausek M, Walaszek Z
(eds) Methods in molecular medicine. Humana Press,
Inc., pp 417-430

Leach JK, Van Tuyle G, Lin PS, Schmidt-Ullrich R, Mik-
kelsen RB (2001) Ionizing radiation-induced, mitochon-
dria-dependent generation of reactive oxygen/nitrogen.
Cancer Res 61:3894-3901

Li Y-Q, Ballinger ], Nordal R, Su Z-F, Wong C (2001)
Hypoxia in radiation-induced blood-spinal cord barrier
breakdown. Cancer Res 61:3348-3354

Martin M, Lefaix J-L, Delanian S (2000) TGF-f1 and
radiation fibrosis: a master switch and a specific target?
Int J Radiat Oncol Biol Phys 47:277-290

Matsuno Y, Satoh H, Ishikawa H, Kodama T, Ohtsuka M,
Sekizawa K (2006) Simultaneous measurements of KL-6
and SP-D in patients undergoing thoracic radiotherapy.
Med Oncol 23:75-82

Mikkelsen RB, Wardman P (2003) Biological chemistry
of reactive oxygen and nitrogen and radiation-induced

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

signal transduction mechanisms. Oncogene 22:5734-
5754

Milano MT, Constine LS, Okunieff P (2007) Normal
tissue tolerance dose metrics for radiation therapy of
major organs. Semin Radiat Oncol 17:131-140

Moeller BJ, Cao Y, Vujaskovic Z, Li CY, Haroon ZA, De-
whirst MW (2004) The relationship between hypoxia
and angiogenesis. Semin Radiat Oncol 14:215-221
Morikawa S, Takabe W, Mataki C, Kanke T, Itoh T, Wada
Y, Izumi A, Saito Y, Hamakubo T, Kodama T (2002) The
effect of statins on mRNA levels of genes related to in-
flammation, coagulation, and vascular constriction in
HUVEC. Human umbilical vein endothelial cells. ] Ath-
eroscler Thromb 9:178-183

Moulder JE, Cohen EP (2007) Future strategies for miti-
gation and treatment of chronic radiation-induced nor-
mal tissue injury. Semin Radiat Oncol 17:141-148
Moulder JE, Fish BL, Cohen EP (2003) ACE inhibitors
and AII receptor antagonists in the treatment and pre-
vention of bone marrow transplant nephropathy. Curr
Pharm Des 9:737-749

Novakova-Jiresova A, Van Gameren MM, Coppes RP,
Kampinga HH, Groen HJ (2004) Transforming growth
factor-beta plasma dynamics and post-irradiation lung
injury in lung cancer patients. Radiother Oncol 71:183-
189

Nubel T, Damrot J, Roos WP, Kaina B, Fritz G (2006)
Lovastatin protects human endothelial cells from kill-
ing by ionizing radiation without impairing induction
and repair of DNA double-strand breaks. Clin Cancer
Res 12:933-939

Paris F, Fuks Z, Kang A, Capodieci P, Juan G, Ehleiter
D, Haimovitz-Friedman A, Cordon-Cardo C, Kolesnick
R (2001) Endothelial apoptosis as the primary lesion
initiating intestinal radiation damage in mice. Science
293:293-297

Perez-Guerrero C, Alvarez de Sotomayor M, Jimenez L,
Herrera MD, Marhuenda E (2003) Effects of simvasta-
tin on endothelial function after chronic inhibition of
nitric oxide synthase by L-NAME. J Cardiovasc Phar-
macol 42:204-210

Rabbani ZN, Anscher MS, Zhang X, Chen L, Samulski
TV, Li CY, Vujaskovic Z (2003) Soluble TGFf type II
receptor gene therapy ameliorates acute radiation-in-
duced pulmonary injury in rats. Int ] Radiat Biol Oncol
Phys 57:563-572

Ridnour LA, Thomas DD, Donzelli S, Espey MG, Roberts
DD, Wink DA, Isenberg JS (2006) The biphasic nature of
nitric oxide responses in tumor biology. Antioxid Redox
Signal 8:1329-1337

Rikitake Y, Kawashima S, Takeshita S, Yamashita T,
Azumi H, Yasuhara M, Nishi H, Inoue N, Yokoyama
M (2001) Anti-oxidative properties of luvastatin, an
HMG-CoA reductase inhibitor, contribute to prevention
of atherosclerosis in cholesterol-fed rabbits. Atheroscle-
rosis 154:87-96

Riley PA (1994) Free radicals in biology: oxidative stress
and the effects of ionizing radiation. Int ] Radiat Biol
65:27-33

Roberts AB, Piek E, Bottinger EP, Ashcroft G, Mitch-
ell JB, Flanders KC (2001) Is Smad3 a major player in
signal transduction pathways leading to ibrogenesis?
Chest 120:43S-47S




128

M. S. Anscher, P. R. Graves, R. Mikkelsen, and Z. Vujaskovic

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Rodemann HP, Bamberg M (1995) Cellular basis of ra-
diation-induced fibrosis. Radiother Oncol 35:83-90
Rodemann H, Blaese M (2007) Responses of normal cells
to ionizing radiation. Semin Radiat Oncol 17:81-88
Rube CE, Uthe D, Wilfert F, Ludwig D, Yang K, Konig
J, Palm J, Schuck A, Willich N, Remberger K, Rube C
(2005) The bronchiolar epithelium as a prominent
source of pro-in lammatory cytokines after lung irra-
diation. Int J Radiat Oncol Biol Phys 61:1482-1492
Rubin P, Finkelstein JN, Shapiro D (1992) Molecular
biology mechanisms in the radiation induction of pul-
monary injury syndromes: interrelationship between
the alveolar macrophage and the septal fibroblast. Int
] Radiat Oncol Biol Phys 24:93-101

Rubin P, Johnston CJ, Williams JP, McDonald S, Finkel-
stein JN (1995) A perpetual cascade of cytokines post ir-
radiation leads to pulmonary fibrosis. Int ] Radiat Oncol
Biol Phys 33:99-109

Sasaki R, Soejima T, Matsumoto A, Maruta T, Yamada
K, Ota Y, Kawabe T, Nishimura H, Sakai E, Ejima Y,
Sugimura K (2001) Clinical signi icance of serum pul-
monary surfactant proteins a and d for the early detec-
tion of radiation pneumonitis. Int J Radiat Oncol Biol
Phys 50:301-307

Schmidt-Ullrich RK, Dent P, Grant S, Mikkelsen RB,
Valerie K (2000) Signal transduction and cellular radia-
tion responses. Radiat Res 153:245-257
Schmidt-Ullrich RK, Mikkelsen RB, Valerie K (2004)
Molecular cancer and radiation biology. In: Perez CA,
Brady LW, Halperin EC, Schmidt-Ullrich RK (eds) Prin-
ciples and practice of radiation oncology. Lippincott
Williams and Wilkins, pp 137-162

ShiJ, WangJ, Zheng H, Ling W, Joseph J, Li D, Mehta JL,
Ponnappan U, Lin P, Fink LM, Hauer-Jensen M (2003)
Statins increase thrombomodulin expression and
function in human endothelial cells by a nitric oxide-
dependent mechanism and counteract tumor necrosis
factor alpha-induced thrombomodulin downregula-
tion. Blood Coagul Fibrinolysis 14:575-585

SunY, Oberley LW (1996) Redox regulation of transcrip-
tional activators. Free Radic Biol Med 21:335-348
Takahashi H, Imai Y, Fujishima T, Shiratori M, Mu-
rakami S, Chiba H, Kon H, Kuroki Y, Abe S (2001) Di-
agnostic signiicance of surfactant proteins A and D
in sera from patients with radiation pneumonitis. Eur
Respir ] 17:481-487

Thompson LH, Schild D (2002) Recombinational DNA
repair and human disease. Mutat Res 509:49-78
Tsoutsou PG, Koukourakis MI (2006) Radiation pneu-
monitis and fibrosis: mechanisms underlying its patho-
genesis and implications for future research. Int J Ra-
diat Oncol Biol Phys 66:1281-1293

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Undas A, Brozek ], Musial J (2002) Anti-in jammatory
and antithrombotic effects of statins in the manage-
ment of coronary artery disease. Clin Lab 48:287-296
Vujaskovic Z, Down JD, van Waarde MA, van Assen AJ,
Szabo BG, Konings AW (1997) Plasma TGFbeta level in
rats after hemithoracic irradiation. Radiother Oncol
44:41-43

Vujaskovic Z, Marks L, Anscher M (2000) The physi-
cal parameters and molecular events associated with
radiation-induced lung toxicity. Sem Radiat Oncol
10:296-307

Vujaskovic Z, Anscher M, Feng Q-F, Rabbani Z, Amin
K, Samulski T, Dewhirst M, Haroon Z (2001) Radiation-
induced hypoxia may perpetuate late normal tissue in-
jury. Int J Radiat Oncol Biol Phys 50:851-855
Vujaskovic Z, Batinic-Haberle I, Rabbani Z, Feng Q,
Kang S, Spasojevic I, Samulski T, Fridovich I, Dewhirst
M, Anscher M (2002) A small molecular weight catalytic
metalloporphyrin antioxidant with superoxide dis-
mutase (SOD) mimetic properties protects lungs from
radiation-induced injury. Free Radic Biol Med 33:857
Vujaskovic Z, Feng QF, Rabbani ZN, Anscher MS, Sam-
ulski TV, Brizel DM (2002) Radioprotection of lungs by
amifostine is associated with reduction in pro ibrogenic
cytokine activity. Radiat Res 157:656-660

Waehre T, Damas JK, Gullestad L, Holm AM, Peder-
sen TR, Arnesen KE, Torsvik H, Froland SS, Semb AG,
Aukrust P (2003) Hydroxymethylglutaryl coenzyme a
reductase inhibitors down-regulate chemokines and
chemokine receptors in patients with coronary artery
disease. ] Am Coll Cardiol 41:1460-1467

Williams JP, Hernady E, Johnston CJ, Reed CM, Fenton
B, Okunieff P, Finkelstein JN (2004) Effect of adminis-
tration of lovastatin on the development of late pulmo-
nary effects after whole-lung irradiation in a murine
model. Radiat Res 161:560-567

Wink DA, Vodovotz Y, Laval J, Laval F, Dewhirst MW,
Mitchell JB (1998) The multifaceted roles of nitric oxide
in cancer. Carcinogenesis 19:711-721

Wu X, Bishopric NH, Discher D], Murphy BJ], Webster
KA (1996) Physical and functional sensitivity of zinc
finger transcription factors to redox change. Mol Cell
Biol 16:1035-1046

Yakovlev VA, Barani IJ, Rabender CS, Black SM, Leach
JK, Graves PR, Kellogg GE, Mikkelsen RB (2007) Ty-
rosine nitration of IkappaBalpha: a novel mechanism for
NF-kappaB activation. Biochemistry 46:11671-11683
Zhang S, Ekman M, Thakur N, Bu S, Davoodpour P,
Grimsby S, Tagami S, Heldin CH, Landstrom M (2006)
TGFbetal-induced activation of ATM and p53 mediates
apoptosis in a Smad7-dependent manner. Cell Cycle
5:2787-2795




Late Toxicity from Hypofractionated

Stereotactic Body Radiation

MiIcHAEL T. MILANO, JACQUELINE P. WiLL1AMS, Louis S. CONSTINE, and

PauL OKUNIEFF

CONTENTS

—
12.1 Introduction 129
12.2  Technical Aspects of SBRT 130
12.3  Radiobiology of
Hypofractionated Radiation 130
12.4  University of Rochester Experience with
Hypofractionated SBRT 132
12.5  Review of Select Clinical Trials Using
Hypofractionated SBRT: Late Toxicity 132
12.5.1 Lung 133
12.5.2 Liver 135
12.5.3 Pancreas 136
12.5.4 Prostate 136
12.5.5 Spine 137
12.6  Conclusions 137
References 138
Introduction

Stereotactic body radiation therapy (SBRT) utilizes
a three dimensional coordinate system to achieve
more reproducible patient set-up [1, 2]. With SBRT,
the margins for set-up uncertainty can be reduced,
allowing greater volume sparing of the surrounding
normal tissues. Since SBRT yields a reduced volume
of normal tissue exposure, SBRT has been used to
increase the fractional dose of radiation (hypofrac-
tionation) in an attempt to intensify the dose de-
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livery without incrementally increasing the risk of
normal tissue damage. This is becoming an impor-
tant approach to treating discrete tumors, and has
yielded impressive local control of treated tumors
without signi icant toxicity. The benefit of SBRT is
to achieve improved local control compared to con-
ventional radiation, via improved target localization
and more intense doles delivery, without the added
toxicity. Arguably, SBRT can achieve similar or e