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To the memory of those children 
for whom our knowledge 
was insufficient;
to those children who have been cured 
but must approach adult life 
with the residua of treatment;
and to the children of the future 
who will benefit from scientific advances 
that may limit 
treatment toxicity 
so as to truly approachre cure.

V

Dedication
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It was not long ago that clinicians would say, “study
the late complications of cancer treatments we give to
children? You must be joking! We can start worrying
about that when we start curing them! Meanwhile,
cure must be our only aim.” These practitioners were
only partially correct in what seemed to be a glaring
truth, for, in fact, increasing numbers of children
were beginning to survive their malignancy, and the
long-term consequences of therapy would soon be-
come critical.

It is well to remember that the delayed conse-
quences of a cancer treatment delivered to develop-
ing organisms were first studied long ago. It has been
100 years since Perthes reported in 1903 that growth
was impaired in juvenile creatures (chicks) that were
irradiated [6]. During radiation therapy, strategies to
circumvent this problem were set in motion, with the
judicious placement of treatment fields as a first step
[5].

It was not, however, until the 1940s that chemical
agent-induced remissions of childhood leukemia and
responses of solid tumors, such as nephroblastoma,
were reported [2,3].The focus,nonetheless, remained
the same, and rightly so: namely, finding how best to
integrate surgery, radiation and, later, chemotherapy
in ways that would cure cancer. As strides were made
with increasingly successful combined modality reg-
imens, short-term toxicities began to become the ob-
ject of study, and soon they were identified. Contin-
ued advances in treatment resulted in dramatic in-
creases in long-term survival, drawing attention to
late effects.

The first large-scale meeting to deal with issues re-
lated to toxicity was convened by the National Cancer
Institute in 1975 [7]. Pediatric oncology had not been
idle prior to this, of course, as several papers present-

ed at the 1975 meeting revealed. Among them was
one based on data collected by the Late Effects Study
Group, an international consortium that consisted
initially of five, then ten, pediatric centers. This was
the first large scale, cooperative unit of its kind, or-
ganized specifically for the purpose of studying the
late effects of cancer therapy (the study of delayed
complications had been included as part of the orig-
inal design in the National Wilms Tumor Study
launched in 1969) [1]. These historical notes demon-
strate that the epidemiologic, statistical and record-
keeping mechanisms necessary for studying long-
term survivors effectively were in the process of be-
ing established decades before the meeting in 1975.

History is fine, but one may still wonder: why
should we study the late effects that might follow
treatment of children 30 years ago? Those treatments
are now antiquated, if not obsolete. The answer is that
these patients must be followed for a lifetime to as-
certain the true late effects of their therapies, and this
is important regardless of what is being used today.
The reason is because, even though treatments have
been refined, it does not follow that the lower doses of
radiation therapy or of the various chemotherapeutic
agents currently used are free of potential late effects.
Consider the cardiotoxic anthracyclines, for example.
While it is true that no congestive heart failure ex-
cesses have been noted in patients given the current
low doses of doxorubicin specified in certain current
Wilms tumor treatment regimens [4], the follow-up
of these patients is relatively short, a maximum of
twenty years. What will happen in the next twenty
years? Will 40-, 50- and 60-year olds who received
therapy decades before show latent damage?

The evolution of late effect studies has been ex-
tremely useful in working out in considerable detail

VII
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VIII Foreword

practical and efficient research methods and tech-
niques. Just as the treatments used in the past and
those currently used have benefited from the early
studies, so, too, will future treatments benefit from
current studies. It is very likely that in the future
many of the therapies will be completely new or very
different from any currently in the armamentarium.
The established epidemiologic and statistical tech-
niques used to measure outcomes, and the means of
tracking long-term survivors for late follow-up ex-
aminations, will be invaluable as the years roll by.
For, no matter how new the treatments, it is likely that
there will always be side effects, at least until the ulti-
mate discovery of the “magic bullets” that affect sin-
gularly and precisely only the malignant cells, leaving
nearby normal cells unscathed.

Let us not lose sight of the reason these studies are
pursued: it is to inform the survivors themselves and
their families of what to expect as the years go by.
This volume brings together relevant invaluable ma-
terial in a practical, easily understood form, with in-
formation extracted from the thousands of articles
dealing with the chronic adversities of therapy. A re-
cent survey showed that more than twenty-five hun-
dred articles concerned with late effects have been
published in the last five years alone. The readers of
this volume, therefore, owe the editors a debt of grat-
itude for enlisting the multi-disciplinary array of
contributing authors. Physicians, nurses, experts
from other professions and lay persons all have as-
sisted in condensing and bringing order out of this
very complex matrix of information. These outstand-
ing authorities offer up-to-date information on many
different topics related to the late effects of juvenile
cancer treatments. Together, they afford the reader a
comprehensive, definitive overview of this com-
pelling aspect of pediatric oncology.

The ultimate goal of pediatric oncology has been –
and remains – to ensure not only the health, but also
the psychosocial and economic well-being of chil-
dren cured of malignant diseases. Parents have ques-
tions concerning all these issues, and what the future
holds for their sons and daughters. So do the young
men and women who themselves were treated suc-
cessfully for cancer years before.

This book provides answers to their many ques-
tions.

Giulio J. D’Angio, MD
Hospital of the University of Pennsylvania,
Radiation Oncology, 2 Donner Building,
3400 Spruce Street, Philadelphia, PA 19104–4238
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IX

Ten years ago we embarked on the mission of creat-
ing a text that would foster a more complete under-
standing of the long-term toxicity of cancer therapy.
Although progress has been impressive in the last
decade, and long-term survivorship programs have
been established at most pediatric oncology institu-
tions, we still are on a journey toward the goal of
optimizing the quality of survival for children with
cancer.

Our personal families have matured in the years
since the first edition was written. The joy we receive
from observing the achievements of our children
(Jaffa, Adam, Tali, Jonathan, Sarah, Alysia, Joshua and
Daniel) encourage our work to provide all children
with the chance for a healthy life, filled with opportu-
nity. Our spouses (Howard, Danny and Sally) contin-
ue to be the unwavering supports that have enabled
this work to proceed.As we have struggled to nurture
our children, we are also even more appreciative of
the role our own parents (Ruth, Jerry, Catrine,
Michael, Mike, Nancy and Louis) have played in our
efforts to reach our goals.

Indeed, it is often parents who are the greatest ad-
vocates for their children, and this is particularly true

for children with cancer. We may provide advice, but
it is they who sit at the bedside after hours during the
child’s therapy, and it is they who, once the child is
cured, help him or her tackle the world. Their success
is now visible in the new cohort of advocates: the sur-
vivors themselves. One in 500 young adults had can-
cer before the age of 20. These young adults not only
support each other, they work together to ensure an
even better future for those now affected.

In the previous edition we thanked our own men-
tors for teaching us the importance of long-term sur-
vivorship and for supporting our efforts. Just as par-
ents nurture their children and are proud to watch
them engage the future, we are proud to acknowledge
our appreciation of the many young physicians, nurs-
es, social workers and others who are focused on im-
proving the lives of survivors of childhood and ado-
lescent cancer. We hope that this second edition of
our text will provide them with the background to
achieve even greater success. With their collective in-
telligence, dedication and caring, we know that chil-
dren diagnosed with cancer in the next era can look
forward to happier and more productive lives than
ever before.

Acknowledgements
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In the 21st century, most children and adolescents
with cancer can be cured. This resounding success
story has been written over the past several decades
by visionary pediatric oncology care providers and
researchers, together with courageous patients and
families. Today, because more than three quarters of
young people with cancer survive, the population of
childhood and adolescent cancer survivors is large
and growing, with about 270,000 survivors of child-
hood cancer in the United States [1]. However, the
sobering correlates of this success are the long-term
consequences of therapy that can profoundly com-
promise quality of life and even survival. As more
children with cancer survive, the obligation grows for
the critical assessment of the adverse effects of ther-
apy on the physical, intellectual, psychological and
social development of these patients. The complexity
of these adverse consequences demands involvement
of a multidisciplinary team, ideally consisting of
nurse practitioners, pediatric oncologists, radiation
oncologists, and psychosocial personnel. In addition,
the expertise of sub-specialists from related disci-
plines, such as cardiology, endocrinology, orthope-
dics, and pulmonary medicine, is vital to the success
of the adult healthcare provider.

In 1990, when the first edition of this book was
conceived, recognition of the need for organized, on-
going follow-up of cancer survivors was just emerg-
ing. Those healthcare providers responsible for
hands-on care of the early survivors had to review the
scant available literature and make individual judg-
ments as to screening approaches. This state of affairs
prompted our decision to compile a compendium of
knowledge from a variety of experts, a “how to”
guide, as it were, of assessment and management that

would allow for the delivery of expert care through-
out the pediatric oncology community and facilitate
the development of long-term follow-up programs.

Fortunately, since the publication of the first edi-
tion,survivorship issues,both medical and psychoso-
cial, have received increased attention. Three groups
have played a major role in advancing the knowledge
of the implications for child and adolescent survivor-
ship over the past decade. The Office of Cancer Sur-
vivorship (OCS) (http://dccps.nci.nih.gov/ocs/), es-
tablished in 1996 at the National Cancer Institute
(NCI), has disseminated knowledge, supported sur-
vivorship research, and promoted the development 
of a cadre of young investigators dedicated to the
needs of cancer survivors. The data that has emerged
from the Childhood Cancer Survivor Study (CCSS)
(http://www.cancer.umn.edu/ltfu) has recognized
and substantiated the impact of cancer on the health
and quality of life of approximately 15,000 childhood
cancer survivors, mandating advocacy on their be-
half. The Children’s Oncology Group (COG) has sim-
ilarly embraced the effort to assess long-term out-
comes in the context of the COG therapeutic trials,
working with the NCI to ensure that the new CTC-AE
criteria that report toxicities of cancer therapy now
include a specific section related to the effects of ther-
apy on growth and development [2]. The Children’s
Oncology Group (COG) Long-Term Follow-Up Guide-
lines for Survivors of Childhood, Adolescent, and
Young Adult Cancers were developed in 2003 [3],
based upon evidence in the literature that linked ex-
posures to particular late effects. The guidelines are
available at www.survivorshipguidelines.org. They
provide screening recommendations determined by
the collective clinical experience of an expert panel

Overview
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Chapter  12 C. L. Schwartz et al.

and are critical to providing a uniform approach to
long-term surveillance, particularly in the context of
the COG clinical trials. An analysis of the status of
childhood cancer survivors by the National Cancer
Advisory Board resulted in the 2003 publication,
Childhood Cancer Survivorship: Improving Care and
Quality of Life. This report, disseminated by the Insti-
tute of Medicine (IOM), was the result of a systemat-
ic review of the policy implications of the changing
landscape of survivorship after cancer in childhood
and adolescence. It addresses the needs for evidence-
based follow-up guidelines for care, systems of care
responsive to survivors’ healthcare needs, survivor
awareness of late effects, and professional education
and training. It also focuses on strengthening public
programs serving childhood cancer survivors, im-
proving access to healthcare services, and increasing
research on childhood cancer survivorship [4]. Two
other recent publications also disseminate knowl-
edge, define priorities and recommend strategies to
ensure adequate resources for survivors [5, 6].

The purpose of our current book, Survivors of
Childhood and Adolescent Cancer: A Multi-discipli-
nary Approach, is to update our understanding of the
long-term consequences of cancer therapy and ad-
dress issues related to pathophysiology, clinical man-
ifestations, detection, screening and interventions.
Providing this information necessary to assist in
achieving recommendations of the IOM report.

Chapter 2 provides a compilation of algorithms
specific for each of the common pediatric malignan-
cies. Common treatments are noted, as well as late
effects and screening methodologies.

Chapter 3, details the chronic effects by organ sys-
tem, outlining suitable evaluations and management
options. The chapter also lists the late effects,
causative treatments, signs and symptoms, screening
and diagnostic tests, and the management and inter-
vention techniques. Our goal was to  provide a con-
cise yet comprehensive approach that facilitates care
in the clinical setting.

Chapters 4–16 cover the side-effects of the treat-
ment of specific organs and organ systems. A com-
prehensive approach is taken in each chapter, which
addresses normal physiology, pathophysiology, treat-
ment-specific effects, clinical manifestations and de-

tection and screening, as well as the management of
established problems.

Chapter 19, “Methodological Approach to Sur-
vivorship,” describes the scientific approaches neces-
sary to facilitate high-quality outcomes research.

Chapter 21 covers stem cell transplantation while
chapter 18 reviews secondary malignance.

The provisions of psychosocial care and support
for navigating the legal implications of cancer sur-
vivorship are essential components of any program
and are addressed in Chapters 19 and 20. These chap-
ters have been dramatically expanded based on the
growing body of knowledge in this area over the past
decade.

Chapter 22,“Transition Issues,” was added in view
of the fact that, a decade after our original book was
published, many long-term survivors of childhood
cancer are now adults and must obtain healthcare in
the adult medical community. Healthcare models in
various settings are examined, with an analysis of the
benefits and difficulties involved in providing com-
prehensive care.

Survivorship care is a young science. Major
progress has been made over the past decade, but
much remains unknown about the future of the ever-
enlarging, vulnerable and aging population of child-
hood cancer survivors. Although this book cannot
describe every possible complication that may arise,
we hope that the information we present will enable
healthcare providers to better understand the etiolo-
gy of late effects and to recognize the impact of
childhood and adolescent cancer therapy.We hope to
encourage systematic, thoughtful and risk-based
approaches to treatment for both individuals and
cohorts of survivors. Our goal, like that of Dr.
D’Angio, is that “the children of today don’t become
the chronically ill adults of tomorrow” [7]. We look
forward to the day when our understanding of
the long-term consequences of therapy allows for
mitigation in those already affected by therapy and
prevention of injury in children who require treat-
ment.
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This chapter provides algorithms designed to facili-
tate understanding of subsequent chapters. By locat-
ing the tumor type, information can be accessed from
the algorithms regarding standard tumor therapies,
common late effects, and methods of detection. Since
the algorithms are relatively inclusive, not all patients
will have received all therapies. Availability of the
treatment record can assist in  determining potential
risk and streamlining screening procedures.

Of course, the clinical acumen of the healthcare
professional cannot be replaced by algorithms. The
recommendations should be used only as guidelines
to potential risks. Information provided in subse-
quent chapters regarding specific organs is intended
to deepen the healthcare provider’s understanding of
the pathophysiology, manifestations and methods of
detecting late effects.

Abbreviations commonly used in the algorithms
are listed below.

ACS American Cancer Society
ALL Acute lymphoblastic leukemia
ANLL Acute nonlymphocytic leukemia
ARA-C Cytosine arabinoside
BMT Bone marrow transplant
BP Blood pressure

BUN Blood urea nitrogen
CA Carcinoma
CBC Complete blood count
CCNU Chloroethyl cyclohexyl nitrosourea
BCNU 1, 3-Bis (2 chloroethyl-1 nitrosourea)
Cr Creatinine
CrCl Creatinine clearance
CXR Chest radiograph
DTIC Dacarbazine
ECHO Echocardiogram
EKG Electrocardiogram
FSH Follicle-stimulating hormone
LH Luteinizing hormone
GFR Glomerular filtration rate
GU Genitourinary
HiB Hemophilus influenzae type B (vaccine)
H/P Hypothalamic/pituitary
IT Intrathecal
LFT’s Liver function tests
PFT’s Pulmonary function tests
PO4 Phosphate
6-TG Thioguanine
TSH Thyroid-stimulating hormone
UA Urinalysis
VP-16 Etoposide
Mg Magnesium
HD High Dose

Algorithms of Late Effects
by Disease
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This chapter provides charts by organ system that
cover the late effects of various cancer treatments.
The healthcare provider for a patient with cardiac
symptomatology, for example, can review the cardiac
chart to find the common late side effects, causative
treatments (chemo, radiation or surgery), signs and
symptoms, screening and diagnostic tests and appro-
priate intervention and management procedures. If
further information is needed, the reader can refer to
the chapter that covers the affected organ for a de-
tailed discussion of the pathophysiology and clinical
manifestations, as well as additional information re-
garding detection, screening, management and inter-
vention.

The charts, in conjunction with the algorithms in
chapter 2, should facilitate planning patient evalua-
tions in preparation for accessing more detailed in-
formation in the chapters that follow.

Abbreviations used in this section are included in
the glossary at the end.

Chemotherapy

ABVD Adriamycin, Bleomycin, Vincristine,
Actinomycin-D

Act-D Actinomycin-D
Ara-C Cytosine arabinoside
BCNU 1, 3-Bis (2 chloroethyl-1 nitrosourea)
BLEO Bleomycin
Bus Busulfan
CCNU 1, -(2-chloroethyl-3-cyclohexyl-1 

nitrosourea)
CDDP Cisplatin
Carbo Carboplatin

Facilitating Assessment 
of Late Effects 
by Organ System
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DTIC Dimethyl Triazine Imidazole 
Carboxamide

Doxo Doxorubicin
Dnm Daunomycin
HN2 Nitrogen mustard
HU Hydroxyurea
Ifos Ifosfamide
IT Intrathecal
MTX Methotrexate
PCB, PCZ Procarbazine
VCR Vincristine
VP-16 Etoposide
5FU 5- Fluorouracil
6MP 6-Mercaptopurine
6TG 6-Thioguanine

Other Terms

Abd Abdominal
ACTH Adrenocorticotropic hormone
ASA Aspirin
B/P Blood pressure
BA Barium swallow
BM Bone marrow
BMT Bone marrow transplant
BSE Breast self examination
BUN Blood urea nitrogen
Ca Calcium
CBC Complete blood count
CMV Cytomegalovirus
CNS Central nervous system
CO2 Carbon dioxide
Cr Creatinine
CT Computed tomography
CXR Chest radiograph
DHEA Dehydroepiandrosterone
DLCO Diffusing capacity for carbon monoxide

(pulmonary)
ECHO Echocardiogram
EEG Electroencephalogram
EKG Electrocardiogram
FiO2 Fractional inspired oxygen
FSH Follicle-stimulating hormone
FS Fractional shortening
GFR Glomerular filtration rate
GI Gastrointestinal

GU Genitourinary
GVHD Graft-versus-host disease
Gy Grey (measure of radiation)
GH Growth hormone
GnRH Gonadotropin releasing hormone
HD High Dose
H/O History of
H/P axis Hypothalamic-pituitary axis
IOP Intra ocular pressure
IQ Intelligence quotient
IT Intrathecal
IV Intravenous
IVP Intravenous pyelogram
LFT Liver function tests
LH Luteinizing hormone
MCV Mean corpuscle volume
Mg Magnesium
MRI Magnetic resonance imaging
NPO Nothing by mouth
PET scan Positron emission tomography
PFT Pulmonary function test
PO4 Phosphate
PRN As needed
PTU Propylthiouracil
QTc Corrected QT interval
RNA Radionuclear angiography
R/O Rule out
RT Radiation therapy
SMN Second malignant neoplasm
SPECT Single photon emission computed 

tomography
T3 Triiodothyronine
T4 Thyroxine
Free T4 Unbound thyroxine
TBI Total body irradiation
TMJ Temporomandibular joint
TSE Testicular self examination
TSH Thyroid-stimulating hormone
TRH Thyrotropin-releasing hormone
U/A Urinalysis
US Ultrasound
UTI Urinary tract infection
UV Ultraviolet light
VA Visual acuity
VF Visual field
WBC White blood count
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4.1 Introduction

Treatment for childhood cancer can result in damag-
ing effects on the central nervous system (CNS). The
spectrum of potential toxicities includes paralysis,
neuropathies, blindness, and seizures. Furthermore,
survivors may experience decline in intellectual
function, learning problems, behavior disorders,
school failure, and impaired employability. Although
these phenomena were originally described for chil-
dren who underwent cranial radiation, subsequent
studies have demonstrated that children treated only
with chemotherapy are also at risk for neurological
deficits. This chapter will review the pathophysi-
ology, clinical presentation, risk factors, diagnosis,
and management of late CNS morbidity resulting
from the treatment of childhood cancer.

4.2 Pathophysiology

4.2.1 Pre- and Post-Natal Brain Development

Normal development of the central nervous system
begins at conception and includes numerous over-
lapping processes, thought to be orchestrated by
genetic and epigenetic events that are amenable to
external influence [1, 2]. The two main periods of
development can be divided into (1) the major histo-
genetic events of neurulation (i.e., the embryonic for-
mation of the neural tube by closure of the neural
plate), and (2) reorganization of the human cortex
through dendritic and axonal growth, synapse pro-
duction, neuronal and synaptic pruning, and changes
in neurotransmitter sensitivity [2].

Central Nervous 
System Effects

Chapter  4 35
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The processes of the latter reorganization period
continue in the post-natal period into adulthood,
and, thus, they may be vulnerable to toxic and meta-
bolic insults from pediatric cancer and its therapy.
For example, Bergmann glial cells of the Purkinje cell
layer of the cerebellar cortex assist in the migration
of granule cells even in adulthood [3]. During den-
dritic proliferation and synaptogenesis in the normal
developing brain, an excessive number of synapses
are formed that are later eliminated when redundant
collateral axons are retracted. Dendritic arborization
and synaptic remodeling starts during fetal devel-
opment, but continues through infancy and early
childhood [1, 4]. Myelination is another process that
is not completed until later in life. The myelination
cycle varies for each tract: the medial longitudinal
fasciculus is from 24 weeks’ gestation to 2 weeks post-
natally, the corticospinal tract is from 38 weeks’
gestation to 2 years of life, the corpus callosum is
from 4 months postnatally to late adolescence, and
the ipsilateral association bundle (between the ante-
rior frontal and temporal lobes) is complete at 32
years of age [5].

The central nervous system also develops in other
important ways during the post-natal period. The
whole brain grows enormously in overall size with a
four-fold increase in brain volume in the first decade
of life [2]. This increase in volume is a function of the
number, size, and density of neurons, glia, and den-
dritic cells. Pruning and normal elimination of neu-
rons contributes to the usual loss of gray matter with
age [6]. In contrast, white matter increases during
childhood and adolescence. Sensory circuits estab-
lished in utero may be modified in response to the
postnatal environment. Because of the rapid rate of
growth early in the post-natal period, infancy may be
a period of development that is more vulnerable to
damage from external factors such as disease, trau-
ma, or metabolic disturbances. The same exposures
occurring in an older child or adult usually results in
less impairment in structure and function of the cen-
tral nervous system [2, 7].

The ability of the brain to recover from post-natal
insult is not well understood. Recent studies suggest
that there is a potential for neural plasticity manifest-
ed by ongoing neurogenesis and synaptogenesis in

several areas of the cortex in later childhood and
adulthood [2]. The infant brain may recover more
easily from some forms of brain injury than is possi-
ble later in life. This is supported by the observation
that congenitally deaf children have a superior re-
sponse if they receive sensory stimulation from
cochlear implants before the age of 5 years [8]. Also,
children with early visual deprivation will have less
constriction of the visual fields if regular patching is
started early [9].

4.2.2 Disease Considerations

The late toxicities manifested by the CNS are best
considered as a combination of several factors acting
in a unique host. Certainly the therapy applied to
treat the primary disease can have late manifesta-
tions; however, the primary disease process will also
impact on the late effects. Children with leukemia
and brain tumors comprise over 50% of all children
with newly- diagnosed cancer [10] and represent the
majority of long-term survivors. These children, and
children with other neoplasms originating in, or
abutting, the CNS are at risk not only because of the
primary site of disease, but also because of the need
to administer CNS-directed therapy.

Although most children with leukemia do not
present with CNS manifestations of their disease, a
subset of children will. Hyperleukocytosis (charac-
teristically white cell counts of over 100,000 per cubic
millimeter) is associated with an increased risk of
stroke even prior to the initiation of therapy. Aggres-
sive management of hyperleukocytosis with hydra-
tion, exchange transfusion, or cytapheresis is emer-
gently indicated to reduce this risk. Infants and chil-
dren with T-cell leukemia are more likely to present
with high white counts than children with standard
risk ALL. Meningeal infiltration of leukemia, most
often diagnosed by examination of the CSF, will
occur in fewer than 5% of children with newly diag-
nosed ALL [11]. Although usually not symptomatic,
CNS leukemia may lead to infiltration of normal
structures and dysfunction of cranial nerves, which,
in some cases, may be permanent.

Children with central nervous system tumors are
uniquely at risk. While adults with CNS tumors will
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frequently present with seizures (as a result of hemi-
spheric tumors), children are more likely to present
with symptoms of increased intracranial pressure,
resulting from obstruction of the normal CSF flow.
Tumors involving the fourth ventricle (most com-
monly, PNET/medulloblastoma) are most likely to
obstruct CSF flow and lead to hydrocephalus, which
can present with headache, morning vomiting, atax-
ia, and ultimately somnolence. The late effects of the
hydrocephalus are not entirely clear. One investiga-
tion has shown that children with hydrocephalus se-
vere enough to require a ventriculo-peritoneal shunt
(VP shunt) have more severe declines in IQ than
those that do not require the VP shunt [12]; however,
the need for a shunt probably reflects of the size of the
presenting tumor. Another complication unique to
children with posterior fossa tumors is the entity of
“cerebellar mutism.” Mutism will typically be evident
in the immediate posto-perative period. Although
speech may be restored within a few weeks, in some
instances it may take up to a year or more to recover
[13]. Children are more frequently affected than
adults, and, while speech will typically return, recent
data have shown that speech may never be complete-
ly normal [14].

Tumors may also directly damage CNS function
resulting in both short and long-term sequelae. Even
among children with benign tumors of the CNS treat-
ed by surgery alone, only one-third can be expected
to be essentially without long-term complications. A
Nordic study of children with benign tumors of the
CNS (predominately low grade astrocytomas) found
only 31% of children to be completely without
deficits on follow-up. Approximately 35% had mod-
erate to severe sequelae, including ataxia, spastic
paresis, vision loss, or epilepsy [15]. In another study
of over 1600 long-term survivors of CNS tumors,
children who received at least 50 Gy to the frontal
brain regions had a moderately elevated risk for mo-
tor problems (RR 2.0; P<0.05). Seizure disorders were
reported in 25% of patients, including 6.5% who had
a late first occurrence. A radiation dose of 30 Gy or
more to any cortical segment of the brain has been
associated with a two-fold elevated risk for a late
seizure disorder [16].

4.2.3 Radiation

The neurotoxic effects of cranial radiation therapy
(CRT) have been well-documented and, for many in-
dividuals, can be extremely debilitating. CRT is asso-
ciated with histological and radiographic abnormali-
ties that have been correlated with clinical findings of
impairment. Histological changes associated with
CRT consist of subacute leukoencephalopathy, min-
eralizing microangiopathy,and cortical atrophy,most
often becoming apparent several months to years
after CRT [17–19]. Corresponding neuroimaging
abnormalities after CRT include myelin degenera-
tion, intracerebral calcifications, and ventricular di-
latation, respectively [17, 19–21]. Illustrates some of
these findings on magnetic resonance imaging.
White matter is especially vulnerable to CRT expo-
sure (see below) [22].

Ionizing radiation therapy produces biologically
charged materials within the target tissue, which
leads to DNA damage. While radiation therapy may
lead to immediate cell death in some instances (as a
result of the direct ionization of DNA), cell death is
more commonly delayed until the cells attempt to
move through mitosis. This loss of proliferative ca-
pacity eventually leads to tissue death within the ir-
radiated field, ideally leading to death of the tumor
target but sparing the normal tissue nearby. To
achieve this effect it is helpful to think of the delivery
of radiation therapy within a “therapeutic window”;
that is, a range in which the therapy will cause death
of the tumor cell, but not produce unacceptable dam-
age to the normal tissue of adjacent structures. This
therapeutic window varies from site to site within the
body, and, while the CNS is able to withstand signifi-
cant doses of ionizing radiation, the “window” of
acceptable normal tissue damage may be quite small.
Fractionation, the process of delivering radiation
therapy through multiple small doses, enlarges the
therapeutic window by allowing for repair of sub-
lethal damage to normal tissue.While radiation ther-
apy may result in cellular death through the direct in-
teractions of ionized particles with cellular DNA, late
tissue injury from radiation therapy may not be im-
mediately evident. It may manifest in the years fol-
lowing radiation therapy, as a result of a vasculopathy
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arising from radiation-induced damage to the en-
dothelial cells.

The study of the pathophysiology of radiation in-
jury to the CNS has focused on two major processes:
vasculopathy and demyelination. Direct damage to
the endothelial cells may initially be evident as in-
creases in vascular permeability; scarring and wall
thickening follow and ultimately lead to ischemia in
the affected area. Demyelination occurs as a result of
radiation damage to the precursor cell for new oligo-
dendrocytes, known as the O-2A progenitor cell.
Over time, the lack of replacement progenitor cells

for the existing oligodendrocytes results in the de-
myelination characteristically associated with radia-
tion injury. While these two processes (vasculopathy
and demyelination) account for most of the changes
seen following radiation, the exact process of radia-
tion damage is likely to be much more complex,
involving many of the other cells of the CNS [23].

Domains of neurobehavioral impairment after
CRT include short term memory impairment, dis-
tractibility, fine motor coordination, visual–spatial
ability, and somatosensory functioning [24–29].
These cognitive impairments have been associated

Figure 4.1 a–c

a Progressive leukoncephalopathy by MRI Fluid Attenuated Inversion Recovery (FLAIR) in patient with ALL who received
high-dose intravenous methotrexate at weeks 7, 18, 44, and 132 (reprinted with permission from Mulhern RK, Palmer SL.
Curr Probl Cancer 2003; 27: 177–197)
b Subcortical calcifications on unenhanced computed tomographic (CT) scan in patient with ALL who received cranial
irradiation and intrathecal methotrexate central nervous system prophylaxis (reprinted with permission from Iuvone L,
Mariotti P, Colosimo C, et al. Cancer 2002; 95: 2562–70)
c Moyamoya disease on carotid angiogram in the basal ganglia of an 8 year old boy with brain stem glioma (reprinted
with permission from Kitano S, Sakamoto H, Fujitani K, et al. Child’s Nerv System 2000; 16: 251–255)

a

b c
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with a significantly reduced intelligence quotient and
academic failure [25, 30]. The deficits, which often do
not emerge until four to five years after diagnosis
[31–33], are most severe in those diagnosed at an age
younger than 6 years [25, 34], particularly among fe-
males [35, 36]. Children who received cranial radia-
tion as part of their therapy for acute lymphoblastic
leukemia are more likely to be referred to special ed-
ucation services and may achieve a lower final level of
secondary education than their siblings [37]. There
appears to be a dose–response relationship, with cra-
nial radiation doses greater than 2400 cGy resulting
in greater impairment [38]. It is not clear that a de-
crease to 1800 cGy is associated with less neurocogni-
tive toxicity [32].

4.2.4 Intrathecal Chemotherapy

Chemotherapy exposures are associated with neu-
robehavioral consequences, although the effects may
not be as devastating as those produced by CRT.
Chemotherapeutic agents for the treatment of child-
hood ALL administered by the intrathecal route in-
clude methotrexate, cytarabine, and hydrocortisone,
often in combination. Acute toxicity as a result of in-
trathecal methotrexate and intrathecal cytarabine
can include chemical arachnoiditis, hallucinations,
somnolence, seizures, and neurological symptoms
[39, 40]. Several months to years after termination of
intrathecal methotrexate therapy, patients may ex-
hibit radiographic evidence of cortical atrophy,
necrotizing leukoencephalopathy, subacute myeloen-
cephalopathy, mineralizing angiopathy, and cerebel-
lar sclerosis [29, 41].

Long-term neurobehavioral abnormalities have
also been observed in children who received systemic
and/or intrathecal methotrexate. In a study of pa-
tients treated at St. Jude Children’s Research Hospital,
Ochs et al. concluded that children who received in-
travenous methotrexate and intrathecal methotrex-
ate had similar neurotoxicity to those who received
1800 cGy CRT and intrathecal methotrexate. Neu-
robehavioral deficits included decreases in full scale
and verbal IQ, as well as in arithmetic achievement
[27]. These conclusions were confirmed by Mulhern
et al. in a longitudinal study which compared chil-

dren who received 1800 cGy, 2400 cGy, and no CRT
[31]. There was no statistically significant difference
between these groups, but overall, 22%–30% of chil-
dren experienced a clinically apparent deterioration
in neurobehavioral function at follow-up (median 
7.4 years). The deficits were most marked among
females.

Raymond-Speden et al. compared ALL patients
with chronic asthmatics. This study demonstrated
that the detrimental effects of intrathecal chemother-
apy are independent of the limitations of having a
chronic disease (i.e., missed school, reduced energy
levels, etc.) [42]. When comparing children with
leukemia who received systemic and intrathecal
CNS-directed therapy and children diagnosed with
solid tumors who received systemic chemotherapy
alone, the former group exhibited more severe prob-
lems on academic tests involving reading, spelling,
and arithmetic, and these problems only became ap-
parent 3 years post-diagnosis [43].

The effects of intrathecal cytarabine and hydro-
cortisone have not been studied extensively as single
agents. However, there is biochemical and autoradi-
ographic evidence for glucocorticoid binding sites in
the spinal cord [44]. Given the toxic effects of system-
ically administered steroids (see below), the direct
administration of a steroid formulation into the CSF
may result in further neurotoxicity.

4.2.5 Systemic Chemotherapy

Systemic administration of methotrexate may en-
hance both the acute and late toxicities of other 
CNS-directed therapies. Among children with ALL
treated on a non-radiation containing protocol, acute
neurotoxic events occurred significantly more often
in those children who received IV methotrexate
(1,000 mg/m2) in addition to IT methotrexate during
consolidation therapy [45]. The presenting acute
event consisted most often (in 80% of cases) of
seizures. Other observed neurotoxicities included
paresthesias, weakness, headaches, aphasia, ataxia,
dysarthria, arachnoiditis, and choreoathetosis. CT
and MRI findings among children with acute neuro-
toxicity were most commonly white matter changes
characterized as hypo-dense areas, with or without
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microangiopathic calcifications. Overall, approxi-
mately 10% of children in this trial who were treated
with combined intermediate-dose systemic metho-
trexate and intrathecal methotrexate developed neu-
rotoxicity. Ongoing follow-up of this group has con-
tinued to show both clinical and radiographic evi-
dence of sequelae (P. Duffner 2003, personal commu-
nication). Systemic methotrexate is administered in
many other settings in cancer therapy, often at sub-
stantial doses. When not combined with intrathecal
therapy or cranial radiation, the systemic adminis-
tration of high doses of methotrexate, as in the treat-
ment of osteosarcoma, has not been consistently
associated with CNS sequelae.

Systemic high dose cytarabine therapy has been
associated with acute cerebellar syndrome, seizures,
and encephalopathy [21]. Systemic and intrathecal
cytarabine have also been associated with spinal cord
necrosis [46].

Glucocorticoids may result in CNS toxicity, as
evidenced by both animal experiments and clinical
observation. Rat studies demonstrate that glucocorti-
coids disrupt the energy metabolism of neurons of
the hippocampus, an important organ for memory
processing, rendering them more vulnerable to toxic
insults [47]. This finding is worrisome in the child-
hood cancer population because these patients are
given steroids concurrently with other toxic agents
[48]. Other experiments with rats have demonstrated
the impairment of spatial learning in response to
chronic corticosteroid treatment [49].

These laboratory findings correlate with clinical
observations. Children with asthma on long-term
steroid therapy at higher doses experience greater
depression, anxiety, and verbal memory deficits [50].
Associated mood and behavior changes range from
irritability to depression and psychosis [51]. Among
healthy volunteers, administration of high dose
steroids resulted in a spectrum of behavior changes
as well as reduced cognitive function [52].

Steroid administration has been shown to be
harmful to the developing brain in other pediatric
populations. The administration of postnatal dexam-
ethasone to pre-term infants results in impaired
cerebral cortical gray matter growth [53]. Dexam-
ethasone-treated neonates also have a significantly

higher incidence of cerebral palsy and developmental
delay than those who receive placebo [54]. The 
side effects of dexamethasone are more severe than
those of another steroid preparation, methylpred-
nisolone [55].

4.3 Clinical Presentations

Acute effects from CNS-directed therapy are relative-
ly uncommon. Acute radiation changes to the CNS
can result in significant edema at the irradiated site
(often following single dose therapies such as “gam-
ma knife” or “stereotactic radiosurgery”) and may
present with worsening of pre-existing symptoms
(i.e. seizure, weakness, headaches). These symptoms,
when they occur, are usually manageable with corti-
costeroid therapy [56].Acute effects of chemotherapy
on the CNS are also relatively uncommon. Ifosfamide
has been associated with changes in mental status,
cerebellar function, cranial nerve function, and cere-
bellar and motor system function, as well as with
seizures [57]. The risk of this acute toxicity may be
exacerbated by prior chemotherapy exposure, specif-
ically exposure to cis-platinum [58]. Ara G, a new
antimetabolite with selective efficacy against T-cell
leukemia, is also associated with acute neurotoxicity.
Somnolence and other acute CNS changes may be
dose-limiting for this new agent [59]. It is too early to
know the long-term effects.

Subacute effects of radiation therapy (those occur-
ring within the first 6 months of exposure) are more
common than acute effects. One of the most common
of these, the somnolence syndrome, has been de-
scribed as occurring in up to 50% of children who
receive radiation as CNS prophylaxis for acute lym-
phoblastic leukemia. The syndrome presents with
fatigue, somnolence, anorexia, and nausea typically
occurring 4–8 weeks after the completion of radia-
tion therapy [60]. In some instances, the syndrome
may include fever and changes in EEG.While the con-
dition is usually self-limited, treatment with steroids
may ameliorate the symptoms. Typically occurring in
the setting of cranial radiation for ALL or other CNS-
directed whole brain radiation, the somnolence syn-
drome has also, on rare occasions, been reported
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following the use of total body irradiation in the set-
ting of bone marrow transplantation [61]. Similarly,
L’Hermitte’s syndrome may present following spinal
irradiation with shock-like paresthesias of the ex-
tremities. While the etiology of these syndromes is
unclear, the effects of radiation on the replicating
oligodendrocytes have been implicated [62].

Subacute effects of chemotherapy may also occur.
Intrathecal cytosine arabinoside and methotrexate
have been associated with subacute spinal cord 
damage, sometimes irreversible [46]. L-asparaginase
is clearly associated with the occurrence of thrombo-
sis of the CNS, typically not occurring until the com-
pletion of several weeks of therapy [63]. The mecha-
nism for this is related to the reduction of proteins
associated with coagulation pathways by asparagine
depletion, rather than to direct effects on neural
tissue.

The learning difficulties experienced by children
treated with combinations of radiation and chemo-
therapy for ALL or brain tumors are the most com-
monly noted clinical presentations of late CNS toxic-
ity. While any child receiving CNS-directed therapy 
is at risk for late effects, the severity of the late effects
associated with combined modality CNS-directed
therapies sets this group of children apart. Often
called “neurocognitive” or “neurobehavioral” late
effects, these toxicities are characterized by subtle
onsets and may not become evident for many years
after the acute insult.

In an excellent recent review of neurocognitive
late effects, Mulhern and Palmer described what they
termed the “neurocognitive phenotype.” This pheno-
type is characterized by limitations in the age-appro-
priate activities of daily living including school per-
formance, independent living, and some domains of
quality of life [64]. Global declines in IQ and per-
formance, characteristic of many children who have
received CNS-directed therapies, are secondary ef-
fects resulting from “core” changes in a child’s ability
to attend to and process new information. This diffi-
culty, together with that of information acquisition,
underlies the challenges these children face and ex-
plains why, without proactive investigation, the ef-
fects may not become evident for years. Longitudinal
studies of children with medulloblastoma have de-

monstrated that it is not a loss of information, but
rather the failure to acquire new information at a rate
similar to their peers, that leads to this apparent
diminution of function [65].

Difficulties in the acquisition of new information
can result from the failure of many of the processes
necessary for learning. Characterized as “domains”of
function, declines among children treated with both
radiation therapy and chemotherapy to the CNS have
been well documented. Of these domains, “executive
function,” i.e., the ability to allocate attentional re-
sources to planning and organization, may be one of
the most impacted.Although often difficult to direct-
ly measure, children affected may spend significant
time “working” to learn, but realize a relatively limit-
ed return from their efforts. The ability to sustain
concentration on a specific task is critical to the ac-
quisition of new knowledge and is frequently impact-
ed in such children. When children with ALL treated
with cranial radiation were compared to demograph-
ically matched controls, those treated with CRT
showed deficits in IQ, working memory, and process-
ing speed. Differences in IQ were mediated primarily
by differences in working memory [66].

The larger issues of educational attainment among
survivors of childhood cancer were recently ad-
dressed by the Childhood Cancer Survivor Study, a
large retrospective study of children treated for can-
cer in the 1970s and early 1980s.An analysis of 12,430
survivors and 3,410 full siblings found that special
education services were used in 23% of survivors and
8% of siblings. The greatest differences were ob-
served among survivors who were diagnosed before
age 6 years, most notably survivors of CNS tumors
and leukemia.Survivors of leukemia and CNS tumors
were also significantly less likely than siblings to fin-
ish high school [67].

Survivors of childhood cancer are at risk for 
other neurologic late effects of therapy. Packer et al.
assessed self-reported neurosensory and neurologic
dysfunctions among 1,607 patients diagnosed be-
tween 1970 and 1986 with a primary CNS tumor [16].
Seventeen percent of these patients reported neu-
rosensory impairment. In comparison to siblings, pa-
tients were at elevated risk for hearing impairments,
blindness in one or both eyes, cataracts, and double
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vision. Radiation exposure greater than 50 Gy to the
posterior fossa was associated with a higher likeli-
hood of developing hearing impairment, probably
due to irradiation of the cochlea and shunting proce-
dures (refer to the chapter 8 by Landier et al.). Con-
formal radiation therapy may reduce such risks in
future survivors. Packer et al. reported seizure disor-
ders in 25% of patients, including 6.5% who had a
late first occurrence. Exposure of any cortical seg-
ment of CNS to 30 Gy or more was associated with a
two-fold elevated risk for a late seizure [16].

Other, more severe sequelae can occasionally
follow CNS-directed therapies. Radiation necrosis of
the CNS occurs in fewer than 5% of children treated.
The risk of radiation necrosis is increased by larger
fractions and larger total doses [68]. The onset of
symptoms due to radiation necrosis may be delayed
for years following the initial treatment of the child,
and, in many instances, the symptoms may mimic
those of recurrent tumors. Newer imaging modali-
ties, including PET scanning and MR-spectroscopy,
may help discriminate radiation necrosis from tumor
recurrence, but biopsy may be needed to establish the
diagnosis. Treatment options that exist, but may be of
limited efficacy, include surgery, steroids, pentoxi-
fylline, heparin, and, in some instances, hyperbaric
oxygen [69]. Vascular events are also rare, but poten-
tially devastating, late effects of radiation therapy.
Typically, these involve small blood vessel disease, of-
ten leading to small strokes. On very rare occasions,
large vessel stokes may also occur.

4.4 Moderators and Mediators 
of Central Nervous System Outcomes

Brouwers has proposed a model for describing the
neurobehavioral late effects in survivors of child-
hood cancer [70]. According to this model, the neu-
robehavioral outcome following childhood cancer
may be influenced by a number of factors, which can
be subdivided into mediators and moderators. Medi-
ators are factors that specify how or by which mecha-
nisms an effect occurs and are largely comprised of
the therapy exposures described above. Moderators

are factors that affect the direction and/or strength of
the relation between a mediator and an outcome
variable but are not by themselves pathogenic [71].
The following moderators have been shown to affect
neurobehavioral outcome following brain insult for
various diseases in a number of studies: age at insult,
time since insult, age at testing, gender, and socioeco-
nomic/family factors.

Outcomes studies of children with cancer, as well
as other conditions, have suggested that younger
children are more vulnerable to the effects of insult
on the brain [7, 33, 72–74]. This is reflected by a
greater magnitude of deficits and a slower rate of
development in these children than in children who
experience an insult at a later age. The neurobehav-
ioral outcome is related to the interaction between
the time of the insult and the development of neu-
robehavioral functions in the immature brain. A
number of theoretical considerations may explain
the different profiles of neurocognitive functioning
dependent on the age at insult [75–77]. The first con-
cept is the dominance of the development of lan-
guage functions and the earlier maturity of the left
cerebral hemisphere. This process results in the rep-
resentation of language functions primarily in the
left hemisphere. The second concept is plasticity,
which suggests that other parts of the brain will take
over the functions of damaged parts. As already not-
ed, plasticity decreases with increasing age. Finally, it

Figure 4.2

Model describing neurobehavioral late effects
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is assumed that cognitive functions that are not yet
well established are more vulnerable to the effects of
an insult.

The effect of cancer treatment on the brain and on
neurobehavioral functioning is believed to be pro-
gressive. Deficits become more pronounced, both in
terms of brain imaging abnormalities [78] and neu-
robehavioral functioning [33, 79], as the time after
treatment increases.

Gender may moderate the neurobehavioral out-
come following brain injury, but the direction and
magnitude of the effect seems to be dependent on
age, and on the type and location of the injury. The
findings in different patient populations are conflict-
ing. Among children who receive preventive cranial
irradiation for ALL, females experience greater neu-
robehavioral deficits [80]. However, adult women
generally have fewer language deficits following uni-
lateral cerebrovascular events or a tumor [81].
Women may also be less vulnerable to seizure-asso-
ciated brain damage [82]. In contrast, a meta-analysis
of studies of traumatic brain injury concluded that
the outcome was worse for women than for men with
respect to 85% of the included measures [83].Animal
studies have also demonstrated gender differences in
response to experimental lesions. Studies of experi-
mental stroke have shown smaller infarcts, but
greater degrees of inflammation, for female rats com-
pared to male rats [84, 85]. Other animal studies have
proposed a protective effect of estrogen and proges-
terone, which would favor females [86].

Some studies have suggested that environmental,
sociodemographic, and family factors may moderate
the neurobehavioral outcome following pediatric
head injury and, thus, may affect the neurodevelop-
mental course of affected children. Environmental
factors, such as family distress, family functioning,
family resources, parental adjustment, and family
interactions, have been investigated. Some studies
have concluded that these variables identify children
at increased risk for long-term neurobehavioral
abnormalities following brain injury [87, 88].

4.5 Prevention and Intervention

4.5.1 Prevention: Primary and Secondary

The primary prevention of adverse CNS outcomes
largely consists of seeking alternative therapies that
are less toxic but do not compromise cure. Childhood
cancer researchers have been successful in imple-
menting this strategy in many instances. In response
to the severity of long-term side effects observed
after radiation therapy, intrathecal chemotherapy has
replaced CRT for CNS leukemia prophylaxis for most
types of ALL [43]. Children with ALL who have poor
prognosis features or who have sustained a relapse
still require CRT, but they receive lower doses than
previously [89]. In young brain tumor patients,
chemotherapy has been administered as neoadjuvant
therapy to delay the administration of CRT for as
long as possible [90]. Refinements in radiation oncol-
ogy techniques, such as conformal radiation therapy
and stereotactic radiotherapy, have further reduced
long-term toxicity [11]. The Children’s Oncology
Group is currently investigating children with ALL
who were randomized on previous clinical trials to
determine (1) whether prednisone confers less neu-
robehavioral impairment than dexamethasone and,
(2) whether intrathecal methotrexate alone results in
less impairment than intrathecal methotrexate with
cytarabine and hydrocortisone.

Although primary prevention of CNS late effects is
often not possible, secondary prevention is an attain-
able goal. Caregivers should seek early detection of
potential adverse outcomes with the goal of improv-
ing prognosis. First, health providers should monitor
the patient at clinic visits with a history that includes
questions, tailored to the age of the patient, about de-
velopmental milestones, school performance, peer
relations, the need for special education services, and
neurological abnormalities (e.g. weakness, seizures).
More detailed questions should assess domains of
neurocognitive functioning that tend to be impaired
specifically in childhood cancer patients. Table 4.1
reviews the domains of function, as well as possible
screening questions that could be included in a
history.
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Table 4.1. Domains of neurobehavioral function potentially affected in survivors of childhood cancer

Domain* Definition Screening questions: does the individual…

Intelligence Basic reasoning ability ● “get” new concepts that are introduced?
● have good problem-solving skills?
● understand things in an age-appropriate way?

Processing Speed Rate of mental processing ● take longer than most children 
to process information?

● seem slow to respond?

Academic Achievement School Performance ● acquire academic skills at a rate similar 
to that of peers?

● have grades that are appropriate 
for the child’s ability?

Attention/ Ability to focus on task for appropriate ● follow multi-step directions?
Concentration/ amount of time. Distractibility is the ● finish schoolwork and other potentially less 
Distractibility degree to which one is sidetracked interesting tasks without getting off-track?

by internal thoughts or external stimuli 

Executive Function Ability to plan, organize, and keep ● do well on tests that contain previously studied 
information in mind while processing material that is now presented in a novel format?
and manipulating that information ● organize the material to answer math word 

problems correctly?
● successfully complete projects which require 

planning of multiple, sequential steps 
(e.g. book reports)?

Language Ability to understand others ● readily understand what is said to him/her 
and to express oneself without excessive repetition and rephrasing?

● explain what he/she is thinking in 
an understandable way?

Visuo-perceptual Ability to make sense of what you see ● easily get from one place to another in the 
Function and to display spatial skills neighborhood or within the school 

(e.g. find the cafeteria or a friend’s house)?
● tie his/her shoes alone?
● understand when something is shown to him/her,

instead of requiring that an explanation 
be also verbally provided?

Fine Motor/

Speed/ Dexterity Ability to make small, fine movements ● manipulate small objects without dropping them?
● button his/her clothes independently?
● know how to hold a pencil?
● use scissors well?

Visuo-motor Integration Ability to copy what you see using ● have legible handwriting?
your fine motor skills. ● copy shapes and letters well?

Memory Ability to learn and store ● retain what he/she has learned?
new information

Adaptive Function Ability to display independent ● care for him/herself in an age-appropriate 
functioning in activities of daily living, fashion, e.g. teeth-brushing, dressing, bathing,
social skills, and communication etc.?
with others ● play with other children in an age-appropriate 

fashion?
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Deficits in neurocognitive functioning often do not
present until several years after treatment and can be
subtle and/or sub-clinical. For these reasons, a pre-
symptomatic neuropsychological assessment should
be strongly considered. The components of a compre-
hensive neurobehavioral battery may vary based
upon the individual preference of the neuropsycholo-
gist.A suggested battery compiled for research related
to the treatment of children with leukemia is shown in
Table 4.2. Modification according to the individual
patient’s clinical situation is advised. Patients may
demonstrate abnormalities in more than one domain
of function, given that the domains often overlap in

terms of brain function.Another caveat the neuropsy-
chologist should be aware of is the coexistence of
physical impairments, which could affect testing on
standardized tests. Examples include hearing loss af-
ter cis-platinum, blindness after retinoblastoma, and
hemiplegia after a stroke.

The timing of the assessment depends on the indi-
vidual patient, but may be particularly helpful at
school re-entry to facilitate transition. For younger
patients who are not yet in school, or for those who
attended school during therapy, an evaluation at the
end of therapy is recommended. Mulhern and
Palmer have suggested that a surveillance plan of for-

Table 4.1. Continued

Domain* Definition Screening questions: does the individual…

Emotional and State of your mood and regulation ● seem to lose control of him/herself
Behavioral Function of your emotions and behavior ● have problems with depression or anxiety

● display extreme emotions for the situation 
(e.g., rage, despair, etc.) or excessive mood swings

* It should be emphasized that there is the potential for overlap among these domains, and all should be considered within
the developmental context of the child (i.e., are the child’s abilities age-appropriate?).

This table was constructed with the expert input of Fiona Anderson, PhD. Assistant Professor, Division of Pediatric Clinical 
Neuroscience, University of Minnesota.

Table 4.2. Sample Neurobehavioral Battery to Assess Neurobehavioral Function in Children Previously Treated for Cancer

Domain of Function Neurobehavioral Instrument

Intelligence ● Wechsler Intelligence Scale for Children – Fourth Edition (WISC IV)

Visuoconstructive/ ● Beery Developmental Test of Visual Motor Integration – Fifth Edition (VMI) 
Fine Motor Coordination ● Grooved Pegboard

Executive Functioning ● FAS Word Fluency
● Behavior Rating Inventory of Executive Function (BRIEF) completed by parent

Attention-Concentration ● Conners’ Continuous Performance Test II (CPT II):
● Conners’ Parent Rating Scale - Revised: Short Form (CPRS-R:S) 

Verbal and Non-Verbal Memory ● Children’s Memory Scale (CMS)

Academic Achievement ● Wechsler Individual Achievement Test – Second Edition – Abbreviated (WIAT-II-A)

Social Adaptation and Behavior ● Child Behavior Checklist for Ages 6-18 (CBCL/6-18) completed by parent

* This battery is currently being used to assess children previously treated for acute lymphoblastic leukemia in a research pro-
tocol. It is displayed to give examples of the types of assessments that should be considered. Components of this battery
should be modified according to the patient’s individual needs.
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mal neuropsychological testing be devised for each
individual based on his or her treatment exposures
and pre-morbid risk factors, even in asymptomatic
patients [64]. For example, a child with ALL who did
not receive CRT might receive a single neurocogni-
tive evaluation at the completion of therapy and then
several years after therapy. In contrast, an infant with
a brain tumor should be evaluated every six months
after diagnosis until school entry.

4.5.2 Interventions

The comprehensive neurobehavioral assessment
provides valuable data that can be used for educa-
tional accommodations and remediation in areas of
impairment. It is essential that test findings be com-
municated directly to teachers, who can use the in-
formation to enhance the child’s learning. Examples
of educational accommodation include placing the
child in the front of the classroom, where there is less
distraction; reducing the number of items on multi-
ple choice tests; breaking assignments into several
smaller steps; and allowing more time for the com-
pletion of examinations [91]. School education serv-
ices can assist in the remediation of domains of
impairment. Commonly needed services include
speech/language therapy and occupational therapy.
Sometimes communication with staff at the child’s
school is benefited by conferences with medical care-
givers who can share how areas of neurobehavioral
impairment are related to childhood cancer treat-
ments. This is particularly helpful in children whose
school failure is perceived by school officials to be
disinterest, laziness, or bad behavior. Armstrong and
colleagues are currently collecting data in an ongoing
study to assess the implementation and effectiveness
of individualized educational plans (IEPs) in chil-
dren with cancer.

Other exciting intervention possibilities include
cognitive rehabilitation and pharmacotherapy. Cog-
nitive rehabilitation is an intervention “intended to
restore lost cognitive functions or to teach the patient
skills to compensate for cognitive losses that cannot
be restored” [64]. Butler and colleagues have devel-
oped an outpatient rehabilitation program targeted
at disorders of attention and associated processes

[92]. This intervention was piloted in 21 childhood
cancer survivors who displayed improvements in
vigilance,attention,and arithmetic academic achieve-
ment compared with 10 survivors who did not re-
ceive the intervention.

Stimulant medications, such as methylphenidate
hydrochloride (MPH), are mixed dopaminergic–no-
radrenergic agonists that are thought to improve the
function of the fronto-striatal attentional network in
the brain [91]. Children treated for cancer often ex-
hibit symptoms similar to those who have attention-
deficit hyperactivity disorder and may similarly re-
spond to MPH. Thompson et al. demonstrated in a
double-blind, placebo-controlled study of learning-
impaired survivors of childhood cancer that MPH
was associated with improvements in attention [93].
Mulhern et al. are currently completing a multi-insti-
tutional, NCI-funded trial of MPH in a randomized,
double blind, 3-week home crossover study of chil-
dren previously treated for cancer [64]. If there is
evidence of objective improvement at the end of
3 weeks, MPH will be continued for 12 additional
months. Preliminary analyses have demonstrated
that most participants have had some response in the
home crossover trial [92]. The long-term effect of
MPH on attention and academic achievement will be
of great interest.

4.6 Future Directions

As the field of pediatric oncology has advanced, the
likelihood of the successful treatment of childhood
cancer has progressively increased. Currently, it is es-
timated that well over 70% of all children diagnosed
with cancer in the United States will survive 5 years
or more from the time of the original diagnosis.Mod-
erating the enthusiasm over this success is the real-
ization that “cure” is more than successful treatment
or eradication of the disease. The ultimate goal of
therapy is to return the patient to health and allow
the most complete realization possible of his or her
pre-morbid potential. The toxicities that modern
cancer therapy can impose on the CNS may severely
limit that potential for patients. It is important to in-
vestigate all possible strategies in order to under-
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stand the pathogenesis of the risk factors. Research
on host factors other than gender or age ranges from
the molecular level to ecological; from genetic poly-
morphisms that impact on drug or radiation sensi-
tivity to studies of the social environment of the
child, before, during, and after cancer therapy. New
treatment approaches, including therapies that elim-
inate radiation, must not be assumed to be non-toxic;
late toxicities must be investigated with rigor. Finally,
ongoing research for the recovery and rehabilitation
of children who have experienced toxicity from CNS-
directed therapies is crucial and could impact posi-
tively on thousands of lives. Despite the difficulties
they may experience, children with cancer are grow-
ing up, entering our workforce and contributing to
our society daily. Clearly, our commitment to them
must extend beyond the conventional notion of
“cure” to include the realization of their maximum
potential.
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5.1 Pathophysiology

5.1.1 Normal Hypothalamic–Pituitary Axis

The hypothalamic–pituitary axis (HPA) is the pri-
mary interface between the nervous system and the
endocrine system.The actions and interactions of the
endocrine and nervous systems constitute the major
regulatory mechanisms for virtually all physiologic
functions. The hypothalamus has extensive neural
communications with other brain regions and regu-
lates brain functions, including temperature, ap-
petite, thirst, sexual behavior, and fear. The hypothal-
amus also contains two types of neurosecretory 
cells (Fig. 5.1): (1) neurohypophysial neurons, which
transverse the hypothalamic–pituitary stalk and re-
lease vasopressin and oxytocin from their nerve end-
ings in the posterior pituitary, and (2) hypophys-
iotropic neurons, which release hormones into the
portal hypophysial vessels to regulate the secretion of
tropic hormones from the anterior pituitary. The six
anterior pituitary hormones and their major hypo-
thalamic regulatory factors are listed in Table 5.1.

Figure 5.1

Diagrammatic representation of the hypothalamic–
pituitary axis

Table 5.1. Anterior pituitary hormones and major hypothalamic regulatory factors

Pituitary hormone Hypothalamic factor Effect

Growth hormone Growth hormone-releasing hormone +
Somatostatin –

Prolactin Dopamine –

Luteinizing hormone Gonadotropin-releasing hormone +

Follicle-stimulating hormone Gonadotropin-releasing hormone +

Thyroid-stimulating hormone Thyrotropin-releasing hormone +
Somatostatin –

Adrenocorticotropin Corticotropin-releasing hormone +
Vasopressin +

Effects on the hypothalamus are either stimulatory (+) or inhibitory (–)
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5.1.1.1 Growth Hormone

Growth hormone (GH) is a 191-amino acid polypep-
tide synthesized and secreted by the somatotrophs in
the anterior pituitary gland in response to the hypo-
thalamus releasing hormones, primarily GH-releas-
ing hormone (GHRH) and somatostatin. GHRH se-
cretion is usually steady, whereas somatostatin secre-
tion is interrupted intermittently. Somatostatin con-
tributes to the synthesis of GH in the pituitary but,
paradoxically, inhibits GH release [45]. When so-
matostatin concentrations decrease, the tonic con-
centration of GHRH causes the release of GH into the
systemic circulation. Factors such as neuropeptide Y,
leptin, galanin, and ghrelin may also regulate GH
secretion. In healthy children and adults, GH secre-
tion is pulsatile, particularly during sleep, with two to 
six pulses per night [50]. In adolescents, additional
pulses occur during the day, and the pulses have 
higher peaks than those seen in children and adults
(Fig. 5.2a).

Circulating serum GH stimulates the production
of insulin-like growth factor I (IGF-I) in all tissues.
IGF-I mediates GH effects on growth, bone mineral-
ization, and body composition (decreased fat deposi-
tion, increased muscle mass) [71]. IGF-I is bound to
IGF-binding proteins such as IGFBP3 and is trans-
ported in the blood. IGF-I and IGFBP3 concentra-
tions are stable during the day and each reflects the
integrated concentration of secreted GH.

5.1.1.2 Gonadotropins

Luteinizing hormone (LH) and follicle stimulating
hormone (FSH) are glycoproteins both stored in the
same cells in the anterior pituitary. Their overall pat-
terns of secretion vary according to the age and gen-
der of the person. The pituitary gland produces and
secretes LH and FSH in a pulsatile manner in re-
sponse to a concordant episodic release of gonado-
tropin-releasing hormone (GnRH) from the hypo-
thalamus (Fig. 5.2a). The hypothalamic stimulus is
actively inhibited between 6 months of age and the
onset of puberty (Fig. 5.2b). This inhibition can be
disturbed by tumor mass, cranial surgery, or irradia-
tion, thereby resulting in precocious puberty in chil-

dren. In men, LH stimulates testosterone production
in the Leydig cells of the testes; normal spermatogen-
esis requires both LH and FSH. In women, FSH stim-
ulates the production of estrogen and LH stimulates
the production of progesterone in the ovary. The LH
surge near the end of the follicular phase of the men-
strual cycle is necessary to stimulate ovulation. De-
velopment of the ovarian follicles is largely under

Figure 5.2 a, b

a Changes with pubertal status in the normal daily 
pattern of growth hormone (GH), luteinizing hormone
(LH), thyroid stimulating hormone (TSH), and adreno-
corticotropin (ACTH) and cortisol secretion. b Normal
changes in LH and FSH levels from infancy to adoles-
cence

a

b
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FSH control, and the secretion of estrogen from the
follicle is dependent on both FSH and LH (see section
5.2.2 for information on the normal development of
the gonads).

5.1.1.3 Thyroid-Stimulating Hormone

Thyrotropin, also known as thyroid-stimulating hor-
mone (TSH), is a glycoprotein synthesized in the an-
terior pituitary. The secretion of TSH is stimulated by
thyrotropin (or TSH)-releasing hormone (TRH) and
inhibited by somatostatin and dopamine, secreted
from the hypothalamus. In persons older than 12
months of age, the TSH concentration is low in the af-
ternoon, rises dramatically (surges) after 1900 hours,
and reaches its highest concentrations between 2200
and 0400 hours (Fig. 5.2a) [51]. Thus, at least one
third of the trophic influence of TSH on the thyroid
gland occurs at night. TRH is necessary for TSH
synthesis,post-translational glycosylation,and secre-
tion of a fully bioactive TSH molecule from the pitu-
itary [48]. Altered TSH glycosylation, resulting in
altered bioactivity, is seen in mixed hypothyroidism
(central hypothyroidism with mild TSH elevation
[5–15 mU/l]) [23, 49].

TSH stimulates the thyroid gland to produce
thyroxine (T4) and triiodothyronine (T3). T4 and T3
circulate in the blood stream bound to thyroxine-
binding globulin and albumin; only small amounts
are free or unbound. Free T4 undergoes intracellular
deiodination to form free T3,which interacts with the
DNA in a cell’s nucleus to influence cellular mRNA
and protein synthesis. Free T4 also provides negative
feedback to the hypothalamus and pituitary to mod-
ulate the secretion of TRH and TSH.

5.1.1.4 Adrenocorticotropin

Adrenocorticotropin (ACTH) is a 39-amino acid pep-
tide hormone processed in the corticotrophs from a
large precursor molecule, pro-opiomelanocortin. In
healthy individuals, hypothalamic corticotrophin-re-
leasing hormone and vasopressin are released in 
two or three synchronous pulses per hour synergisti-
cally and stimulate the secretion of ACTH from the
pituitary [9]. ACTH secretion is pulsatile and varies

throughout the day; it peaks before the person awak-
ens in the morning (Fig. 5.2a), increases with stress,
and is inhibited by glucocorticoids. Because cortisol
secretion is regulated by ACTH, cortisol secretion has
characteristics similar to the secretion of ACTH. In
addition to the negative feedback of glucocorticoids,
ACTH inhibits its own secretion (short loop feed-
back).

5.1.1.5 Prolactin

Prolactin (PRL) is a 198-amino acid polypeptide hor-
mone synthesized and secreted from the lactotrophs
of the anterior pituitary. A precursor molecule is also
secreted and can constitute as much as 10 %–20% of
the PRL immunoreactivity in the plasma of healthy
persons. Hypothalamic control of PRL secretion (pri-
marily through dopamine release) is different from
that of the other pituitary hormones in that the
hypothalamus inhibits, rather than stimulates, secre-
tion of PRL. Thus, elevated PRL levels can be a use-
ful marker of hypothalamic disorders that leave the
pituitary intact.

5.1.2 Injury of the Hypothalamic–Pituitary Axis
in Patients with Cancer

The hypothalamic–pituitary axis (HPA) is vulnerable
to damage by certain tumors, surgical trauma, irradi-
ation, and chemotherapy [11, 60]. A summary of
common risk factors for HPA disorders that develop
after cancer treatment is presented in Table 5.2. Pa-
tients with tumors in the area of the HPA (e.g. cran-
iopharyngioma or hypothalamic/chiasmatic tumor)
are at particular risk for neuroendocrinopathy [15,
33]. Many HPA injuries are attributable to damage
caused by radiation therapy (see section 5.1.1.3).
However, the incidence of pre-RT neuroendocrino-
pathies in pediatric patients with brain tumors is
high. For example, out of 68 pediatric patients in one 
study [32], 45 (66%) showed evidence of neuro-
endocrinopathy before RT, including 15 of 32 patients
with tumors in the posterior fossa not adjacent to the
HPA. Seventeen of the 45 patients (38%) revealed
abnormalities in GH, 19 (43%) in TSH and 10 (22%)
in ACTH. Six patients (13%) had aberrations in
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Table 5.2. Risk factors, diagnostic studies, and treatment options

Disorder Highest risk Diagnostic studies Treatment options

GH deficiency ≥ 18 Gy CRT IGF-1, IGFBP-3 Recombinant GH
Pre-transplant CRT GH stimulation tests GHRH
TBI GnRH agonist (if pubertal 
Young age maturity too advanced 
Tumor near HPA for height)
Hydrocephalus

Gonadotropin deficiency ≥ 30 Gy CRT LH, FSH, estradiol, or testosterone Estrogen / progestin (women)
Tumor near HPA (4 to 8 AM) Testosterone (men)

Bone age
GnRH stimulation test

Precocious puberty 18–24 Gy CRT LH, FSH, estradiol or testosterone GnRH agonist 
Female (4 to 8 AM)
Young age Bone age radiograph
Tumor near HPA Pelvic ultrasound (female)

+/– GnRH stimulation test
+/– GH stimulation test

TSH deficiency ≥ 30 Gy CRT Free T4,TSH (8 AM) L-thyroxine
TBI Nocturnal TSH surge
Tumor near HPA TRH stimulation test
Hydrocephalus

ACTH deficiency ≥ 30 Gy CRT Cortisol (8 AM) Hydrocortisone
Tumor near HPA Adrenal stimulation test 
Hydrocephalus

Hyper-prolactinemia ≥ 50 Gy CRT Prolactin Dopamine agonists
Tumor near HPA

Diabetes insipidus Histiocytosis Simultaneous serum and urine Desmopressin
Germinomas osmolarity after 8–12 hours 
Tumor or tumor- without fluid intake
related cysts near HPA

Osteopenia Low GH,TSH, DEXA or quantitative CT Calcium + vitamin D +/– 
or LH/FSH bisphosphonates
High prolactin

Hypothalamic obesity Young age (<6 years) Fasting insulin and glucose Diet and exercise
≥ 50 Gy (hypothalamus) Oral glucose tolerance test Ritalin or Dexedrine
Tumor near HPA with insulin levels Metformin (monitor for 

hypoglycemia)
Octreotide

GH, growth hormone; CRT, cranial radiation therapy; TBI, total body irradiation; HPA, hypothalamic–pituitary axis; IGF-1, insulin-
like growth factor 1; IGFBP3, IGF binding protein 3; GHRH, growth hormone-releasing hormone; GnRH, gonadotropin-releasing
hormone; LH, luteinizing hormone; FSH, follicle-stimulating hormone; T4, thyroxine; TSH, thyroid-stimulating hormone; TRH,
thyrotropin-releasing hormone; ACTH, adrenocorticotrophin
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gonadotropin. In addition to these dysfunctions,
patients who receive chemotherapy alone (with no
history of RT or CNS tumor) may be at risk for neu-
roendocrinopathy.Of the 31 patients evaluated in one
study for altered growth and development, 48% had
GH deficiency, 52% had central hypothyroidism, and
32% had pubertal abnormalities [57].

GH deficiency is commonly believed to be the first
hypothalamic–pituitary deficiency to emerge after
injury to the HPA, followed by deficiencies of go-
nadotropin, ACTH and TSH [60, 65]; however, these
deficiencies can occur in any order [11, 21, 35, 54, 67].
Although the most common neuroendocrinologic
abnormality in survivors of childhood cancer is GH
deficiency, hypothyroidism is at least as prevalent
when sensitive testing methods are used [54]. The
next most common alteration is in pubertal timing
(precocious, rapid, delayed, or absent). ACTH defi-
ciency, although less common than the other
disorders, has more serious consequences if it is not
detected. Osteopenia may result from hypothalamic–
pituitary deficiency, particularly GH deficiency,
hypothyroidism and hypogonadism. Hypothalamic
injury resulting from tumor, surgery, or irradiation
can result in unrelenting weight gain, termed “hypo-
thalamic obesity.”

5.1.3 Contribution of Radiation 
to Hypothalamic–Pituitary Axis Injury

Radiation therapy (RT) is a significant contributor to
neuroendocrine complications commonly observed
after treatment for CNS tumors, CNS preventative
therapy for ALL and following total body irradiation.
Similar complications are observed when the HPA is
incidentally irradiated in the treatment of nasopha-
ryngeal cancer, retinoblastoma, Hodgkin’s disease
with involvement of Waldeyer’s ring or pediatric sar-
comas of the head and neck (e.g. parameningeal and
orbital rhabdomyosarcoma) (Fig. 5.3). The incidence
of neuroendocrine sequelae after RT and also the
time to onset are difficult to predict. This is largely
due to other contributors to HPA dysfunction, which
may coincide temporally with the administration of
RT. A notable example is hydrocephalus, which can
cause a mass effect in the region of the anterior third

ventricle and generalized diminished blood flow to
sensitive regions of the brain. In one study, 59 chil-
dren with infratentorial ependymoma underwent
provocative testing for GH, thyroid hormone and
ACTH secretion abnormality prior to RT [22]. Ab-
normal testing was observed in 27 patients (46%),
with 30% of the 59 manifesting an abnormality in
GH secretion. Serial measurements of ventricular
size from the time of tumor diagnosis to one year af-
ter RT were recorded and modeled to show that ven-
tricular size at the time of diagnosis could be used to
predict pre-irradiation endocrinopathy. In addition,
change in ventricular size over time could predict GH
deficiency prior to irradiation (Fig. 5.4). This study
was remarkable because it demonstrated a relatively
high rate of pre-irradiation endocrinopathy in a well-
defined group and confirmed another important
tumor-related cause of endocrinopathy. Moreover, it
demonstrated the importance of managing hydro-
cephalus, which commonly occurs in children with
posterior fossa tumors.

Clinical data describing the neuroendocrine ef-
fects of RT have been derived using generalized esti-
mates of radiation dose under conditions where the
dose to the HPA was relatively homogeneous and dis-
crete. Examples include patients treated using single-
dose or fractionated TBI (8–14 Gy), cranial irradia-
tion for ALL (18 Gy and 24 Gy) and tumors of the
sellar or parasellar region, in which the HPA was uni-
formly included in the volume of the prescribed dose
(>50 Gy) (Fig. 5.5). For other diseases, the HPA may
have been located within the irradiated volume for
part or all of the treatment, or it may have been
located in the gradient of dose (dose fall off), with the
result that the HPA experienced only a fraction of the
daily dose administered (Fig. 5.6). These circum-
stances make it difficult to assign a dose to the HPA
or to determine the risk for late effects. The difficul-
ties become apparent when the patient is seen by the
endocrinologist years after treatment, when retro-
spective dose calculations may be difficult to per-
form. Newer radiation techniques employ 3-dimen-
sional imaging (CT and MR) in the planning process.
The HPA and other normal tissues can be contoured
on CT or MR data, and the dose can be calculated and
reported more accurately. When correlated with ob-
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Figure 5.3 a–d

Radiation dosimetry taken from the treatment of children with orbital (a, b) and infratemporal fossa (c, d) rhabdo-
myosarcoma. The images illustrate cases in which the HPA is incidentally irradiated and may receive all or a portion of 
the prescription dose (arrow indicates location of hypothalamus)

a c

b d
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a b

Figure 5.5 a, b

Homogeneous irradiation of the HPA, including: a a traditional treatment portal used for cranial irradiation in ALL, and 
b dosimetry from focal treatment of craniopharyngioma (arrow indicates location of hypothalamus)

a b

Figure 5.4 a, b

The effect of hydrocephalus on pre-irradiation endocrinopathy in children with infratentorial ependymoma. a Probabili-
ty of pre-irradiation endocrine deficiency based on frontal horn diameter measured at diagnosis. b Probability of pre-
irradiation growth hormone (GH) deficiency based on change (slope) in the Evan’s index after diagnosis.The Evan’s index
is the ratio of the distance between the most lateral extent of the frontal horns of the lateral ventricles and the width of
the parietal brain at the same level
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jective measures of endocrine effects, this informa-
tion is becoming increasing valuable in predicting
the incidence of specific endocrine effects. Already
this type of data has been modeled to predict peak
GH secretion after radiation therapy [34]. In the
future, it may also be used to optimize RT for children
(Fig. 5.7).

In pediatric radiation oncology, reducing the side
effects of treatment is an important goal. This can be
achieved primarily by limiting CNS irradiation to
those patients for whom the indications are clear and
the benefits outweigh the risks. CNS irradiation has
been effectively eliminated from the treatment of the
majority of children with ALL, and it has been elimi-
nated from a significant proportion of children with
low-grade glioma, who may be cured with surgery.

For the remainder of children with brain tumors (this
constitutes most children), CNS irradiation will re-
main a mainstay of the treatment. Incidental irradia-
tion of the CNS will continue to be observed in chil-
dren with ocular tumors or tumors of the head and
neck destined to receive radiation therapy. Increased
awareness of the importance of the hypothalamus 
as the effector organ in radiation-related neuro-

Figure 5.6

Dosimetry for a typical patient treated with conven-
tional radiation therapy (40 Gy).This example illustrates
that the HPA receives only a portion of the total dose
given to the primary tumor (arrow indicates location of
pituitary)

Figure 5.7 a, b

HPA dose–volume data from patients treated with con-
formal radiation therapy. a Dose–volume curves repre-
sent the percent–volume of the hypothalamus receiv-
ing a specific dose. b Correlation with change in peak
GH (ATT/L-dopa) measured before, 6 and 12 months
after radiation therapy results in an estimating equa-
tion that can be used to predict GH deficiency up to 
12 months after irradiation, based on the volume (V) 
received dose over specified intervals. ln [peak GH] 
= 3.072 – (0.00058 × V0–2,000 cGy + 0.00106 × V2,000–4,000 cGy

+ 0.00156 × V4,000–6,000 cGy) × time

a

b

05_Schwartz_Neuroendocrine  27.01.2005  9:39 Uhr  Seite 59



Chapter  560 W. Leung · S. R. Rose · T. E. Merchant

endocrine sequelae and the use of 3-dimensional
imaging in planning the treatment of tumors may
lead to a reduction in late effects. Reducing the risk of
complications can also be achieved by delaying the
administration of radiation therapy [29, 60, 66], by
reducing the total dose, and by reducing the volume
irradiated. Dose reductions have been achieved for
many tumors including retinoblastoma, pediatric
soft-tissue sarcomas of the head and neck, and cer-
tain CNS tumors including CNS germinoma. Volume
reduction has been an important area of research in
the treatment of medulloblastoma, ependymoma,
low-grade astrocytoma, craniopharyngioma, and
CNS germinoma [31, 36]. The risk of treating smaller
volumes must be carefully balanced with objective
gains, documenting reductions in side effects in
prospective clinical trials. To this end, the inclusion of
endocrinology and its quantitative and relatively ob-
jective measures is essential. The risk of endocrine-
related complications should be carefully considered
in planning radiation therapy, but it should not be
used as a reason to avoid curative therapy. Careful
follow-up and evaluation will lead to early interven-
tion and provide the means to mitigate the conse-
quences of irradiation.

5.2 Clinical Manifestations

5.2.1 GH Deficiency

Altered GH secretion is an important and well-docu-
mented cause of poor growth in childhood cancer
survivors, particularly in young children after sur-
gery in the suprasellar region, cranial irradiation
(≥18 Gy), or after total body irradiation (≥12 Gy). Hy-
pothalamic function is affected more than pituitary
function [60]. In most patients with GH deficiency,
the deficiency occurs in the levels of hypothalamic
GHRH and somatostatin, with a resulting loss of the
circadian pulsatile pattern of GH secretion. The radi-
ation effect on GH secretion is dependent on fraction
size and total hypothalamic dose–volume [34]. A
large fraction size of radiation administered over a
short period of time is more likely to cause GH defi-
ciency than is the same total dose administered in
smaller fractions over a longer period of time. In one

prospective study, all of the 21 children treated with a
total dose of more than 45 Gy for optic pathway tu-
mor experienced GH deficiency and a significant
slowing of growth within 2 years after irradiation [6].
At doses of cranial irradiation higher than 30 Gy (e.g.
for suprasellar or posterior fossa tumor), the risk for
GH deficiency may be more than 80% by 10 years
after RT [59]. Cranial irradiation doses greater than
24 Gy result in GH deficiency in as many as two thirds
of patients who receive this treatment [60, 62]. In
many younger children, GH deficiency results from
lower doses (>18 Gy). Doses of only 12–14 Gy, when
used for total body irradiation, combined with
chemotherapy and bone marrow transplantation,
also pose a significant risk for GH deficiency [24,
26, 62].

The growth rate is typically slow in children who
are undergoing treatment for cancer and usually
improves (or catches up) after completion of cancer
therapy (Fig. 5.8). Children whose growth rate does
not improve or whose growth rate is less than the
mean for age and sex should be evaluated for growth
failure (Fig. 5.9). Causes of slow growth other than
GH deficiency include hypothyroidism, radiation
damage in growth centers of the long bones or the
spine, chronic unresolved illness, poor nutrition, and
depression. In individuals who have attained adult
height, GH deficiency is usually asymptomatic [71],
but may be associated with easy fatigability, de-
creased muscle with increased fat mass, and in-
creased risk for cardiovascular disease [12, 16].

5.2.2 LH or FSH Deficiency

High doses of cranial radiation (≥30 Gy) are more
likely to cause hypothalamic GnRH deficiency and, as
a result, gonadotropin deficiency. In some patients,
high doses of cranial radiation leads to the preco-
cious onset of puberty, due to the damage of GABA
secretory neurons, andlater progresses to gonado-
tropin deficiency due to the loss of GnRH secretory
cells. Lower doses of cranial radiation (18–24 Gy) are
more likely to cause damage only to the neurons
secreting gamma-aminobutyric-acid (leading to dis-
inhibition and premature activation of GnRH neu-
rons) and, therefore, to a rapid tempo in puberty or
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precocious puberty [39, 40, 58]. In girls, the first signs
of puberty are a growth spurt and breast develop-
ment (palpable breast buds or thelarche), followed by
pubic hair growth and, after about 2 years, by menar-
che. In boys, the first sign of puberty is testicular en-
largement (testes length >2.5 cm), followed by penile
and pubic hair growth, followed by a growth spurt. In
most studies of normal children, pubertal milestones
are attained at ages that are normally distributed,
with a standard deviation (SD) of approximately
1 year [69]. Children entering puberty more than 2
SDs earlier or later than average should be consid-
ered for endocrine evaluation. The average age that
girls experience thelarche is 10 years, and the average
age they experience menarche is 12.8 years; the aver-
age age when boys experience testicular growth is 11
years.

Patients with gonadotropin deficiency may have a
delayed, interrupted, or absent puberty. The staging
of puberty is usually performed using the criteria of
Tanner [69]. In survivors of childhood cancer, we ini-
tiate evaluation for delayed puberty in girls who show
no onset of breast development by 12 years of age or
no menarche by 14 years of age; we initiate evaluation
for delayed puberty in boys who show no sign of
testicular growth by 13 years of age. Boys treated with
agents that can cause infertility may have in normal
pubertal hormones but reduced testicular volume,
due to damage to the seminiferous tubules and
reduced sperm production.

Figure 5.8 a, b

a Complete catch-up growth in a boy after cancer therapy. b Growth in a girl after cancer therapy, without catch-up
growth. Normal percentiles (5th, 50th, and 95th, as shown) are obtained from the National Center for Chronic Disease
Prevention and Health Promotion [38]

a b
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c d
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5.2.3 Precocious or Rapid Tempo Puberty

Precocious puberty is defined as the onset of second-
ary sexual development characteristics before age
8 years in girls and before age 9 years in boys [4]. De-
spite controversy that puberty prior to these ages
may occur in normal children [18], younger occur-
rence than age 8 or 9 may be the only clue to the pres-
ence of pathology and should not be ignored [37].
Pubic hair, acne, and body odor are not usually part
of the presentation of precocious puberty in children
younger than 4 years. Precocious puberty occurs in
childhood cancer survivors who have lost inhibition
of hypothalamic GnRH release as a result of tumor
presence, elevated intracranial pressure, cranial sur-
gery, or low dose cranial irradiation (18–24 Gy) [7,

40]. Female sex and younger age at the time of cancer
treatment are risk factors. In some children who have
received cranial irradiation, puberty may start at a
normal age but advance rapidly. Thus, tempo of pro-
gression as well as timing of onset must be moni-
tored. Rapid puberty is also caused by a loss of inhi-
bition of hypothalamic GnRH secretion. The out-
come of early onset and/or rapid tempo of puberty is
short adult height. This is due to early bony matura-
tion, which causes children to lose 1 to 3 years of
height growth (Fig. 5.10).

e f

� Figure 5.9 a–f 

a Persistent growth failure in a boy after cancer therapy. b Later growth failure in a girl after recovery of normal growth.
c Subtle persistent growth failure in a boy. d Growth in a girl with missed GH deficiency. e Growth in a boy with missed
late onset GH deficiency. f Growth in a girl with central hypothyroidism
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5.2.4 TSH Deficiency

Central hypothyroidism refers to thyroid hormone
deficiency caused by a disorder of the pituitary, hy-
pothalamus, or hypothalamic–pituitary portal circu-
lation. In contrast, primary hypothyroidism refers to
an under functioning of the thyroid gland itself. Pri-
mary hypothyroidism is the most common form of
hypothyroidism in the general population. It may
occur in cancer survivors due to a family history 
of hypothyroidism as well as to cancer therapy. The
thyroid gland can be injured through irradiation or
autoimmune activity, leaving the central axis intact.
Central hypothyroidism in many survivors of child-
hood cancer is characterized by blunted or absent
nocturnal TSH surge, suggesting the loss of normal
circadian variation in TRH release [44]. Using sensi-
tive testing of TRH and nocturnal TSH surge, Rose et
al. [54] showed that central hypothyroidism, defined
by a blunted TSH surge, low or delayed TSH peak,
or delayed TSH decline after TRH administration, is
more common than previously suspected. Central
hypothyroidism has been found in as many as 65% of
the survivors of brain or nasopharyngeal tumors,
35% of bone marrow transplant recipients, and
10%–15% of leukemia survivors [48, 49].

In cancer survivors, mixed hypothyroidism re-
flects separate injuries to the thyroid gland and the
hypothalamus (e.g. radiation injury to both struc-
tures). TSH values are elevated and, in addition, the
secretory dynamics of TSH are abnormal, with a
blunted or absent TSH surge or a delayed peak
response (i.e. >45 minutes) to TRH [53, 54]. This con-
trasts with primary hypothyroidism in which the
TSH surge and the timing of the response to TRH are
normal. In a study of 208 childhood cancer survivors
referred for evaluation for possible hypothyroidism
or hypopituitarism, mixed hypothyroidism was pres-
ent in 15 (7%) [54].All of the patients with mixed hy-
pothyroidism had free T4 concentrations in the low
normal range four had no elevation of basal TSH but
elevated peak TSH and seven had basal elevated TSH
but peak response to TRH in the normal range. Both
the TRH test and the TSH surge test were required 
to make the diagnosis [54]. Among patients who
received total body irradiation (fractionated total

doses of 12–14.4 Gy) or craniospinal irradiation
(fractionated total cranial doses higher than 30 Gy),
15% had mixed hypothyroidism.

Secretory dysregulation of TSH after irradiation
may precede other endocrine disorders. For example,
one year after receiving cranial irradiation for na-
sopharyngeal carcinoma, 90% of the patients in one
study had a delayed TSH peak response to TRH,
which is suggestive of central hypothyroidism [21].
Five years later, 64% of this cohort had GH deficien-
cy, 31% had gonadotropin deficiency, and 27% had
ACTH deficiency. In another investigation, seven
children with brain tumors who were studied
prospectively after cranial irradiation (>30 Gy) had a
blunted TSH surge before the onset of reduced GH
concentrations [65]. In another cohort of patients
with central hypothyroidism, 34% had dysregulation
of TSH secretion before the development of GH defi-
ciency [54].

Central hypothyroidism is difficult to diagnose be-
cause of its subtle clinical and laboratory presenta-
tion. It is particularly difficult to recognize in patients
whose growth is complete, because slowed growth
rate can no longer be used as a sign. Symptoms 
of central hypothyroidism (e.g. asthenia, edema,
drowsiness, adynamia, skin dryness) may have a
gradual onset and go unrecognized until thyroid
replacement therapy is initiated and the patient feels
better [14]. In addition to causing delayed puberty
and slow growth (Fig. 5.9 f), hypothyroidism may
cause fatigue, dry skin, constipation, increased sleep
requirement, and cold intolerance.

Figure 5.10 a–d �

a Growth in a girl with precocious puberty. b Growth in
a girl with rapid/early puberty. c Growth in a boy with
rapid/early puberty. d Growth in a girl with GH defi-
ciency hidden by precocious puberty (no growth spurt)
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5.2.5 ACTH Deficiency

ACTH deficiency is less common than other neu-
roendocrine deficits but should be suspected in pa-
tients who have a history of brain tumor (regardless
of therapy modality), cranial irradiation, GH defi-
ciency, or central hypothyroidism [11, 56]. Although
uncommon, ACTH deficiency can occur in patients
who have received intracranial radiation that did not
exceed 24 Gy. It has been reported to occur in fewer
than 3% of patients after chemotherapy alone [56, 57].

The symptoms of central adrenal insufficiency can
be subtle. They include poor weight gain, anorexia,
easy fatigability, and poor stamina. In patients who
have ACTH deficiency, as opposed to primary adrenal
insufficiency, symptoms of salt craving, electrolyte
imbalance, vitiligo, and hyperpigmentation usually
are not observed. More overt manifestations of com-
plete ACTH deficiency include weight loss and shak-
iness that is relieved by eating (hypoglycemia). Signs
of adrenal crisis at times of medical stress include
weakness, abdominal pain, hypotension, and shock.

Patients with partial ACTH deficiency may have
only subtle symptoms unless they become ill. Illness
can disrupt these patients’ usual homeostasis and
cause a more severe, prolonged or complicated
course than expected. As in complete ACTH deficien-
cy, incomplete or unrecognized ACTH deficiency can
be life-threatening during concurrent illness.

5.2.6 Hyperprolactinemia

Hyperprolactinemia has been described in patients
who have received doses of radiation to the hypothal-
amus greater than 50 Gy, as well as in patients who
have undergone surgery disrupting the integrity of
the pituitary stalk. Hyperprolactinemia may result in
delayed puberty. In adult women, hyperprolactine-
mia may cause galactorrhea, menstrual irregulari-
ties, loss of libido, hot flashes, infertility and osteope-
nia. In adult men, impotence and loss of libido can
result. Primary hypothyroidism may lead to hyper-
prolactinemia as a result of hyperplasia of thy-
rotrophs and lactotrophs, probably due to TRH hy-
persecretion. The PRL response to TRH is usually
exaggerated in these patients.

5.2.7 Diabetes Insipidus

Diabetes insipidus may be caused by histiocytosis,
germinomas, surgical trauma or CNS-involved
leukemia. Patients with diabetes insipidus usually
present with obvious symptoms of excessive thirst
and urination with nocturia or enuresis. However,
diabetes insipidus may not be recognized until
affected patients have dehydration during an inter-
current illness. The urine remains clear in color
throughout the day. In patients with CNS-involved
leukemia, severe hypernatremic dehydration can
occur if the CNS lesion also affects the centers for
thirst regulation.

5.2.8 Osteopenia

Osteopenia may result from HPA abnormality (GH
deficiency, hypothyroidism, hypogonadism or hyper-
prolactinemia) in association with the direct effects
of glucocorticoid therapy, methotrexate, inactivity
and dietary changes. Osteopenia may present with
fractures or may be asymptomatic. Among 141 sur-
vivors of childhood leukemia in one study, 30 (21%)
had abnormally low bone mineral density (BMD
>1.645 SD below the mean of normal population).
Risk factors for bone mineral decrements included
male gender, Caucasian race and cranial irradiation.
BMD was inversely correlated with the cumulative
dose of cranial irradiation or antimetabolites [20].

5.2.9 Hypothalamic Obesity

Hypothalamic damage from a tumor or cancer treat-
ment can also result in hypothalamic obesity – unre-
lenting weight gain that does not respond to caloric
restriction or exercise – attributable to ventromedial
hypothalamus damage and abnormality in leptin,
ghrelin and insulin feedback [27]. In rodents, hypo-
thalamic obesity can be suppressed by pancreatic
vagotomy to prevent insulin hypersecretion. Recent
studies in patients with cranial insult confirmed in-
sulin hypersecretion as one of the major mechanisms
for the development of hypothalamic obesity [28]. In
a study of 148 survivors of childhood brain tumors,
the risk factors for hypothalamic obesity included
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age at diagnosis of cancer (<6 years), tumor location
(hypothalamic or thalamic), tumor histology (cran-
iopharyngioma, germinoma, optic glioma, prolactin-
oma or hypothalamic astrocytoma), hypothalamic
irradiation (>51 Gy) and the presence of endo-
crinopathy (deficiency of GH, sex hormones, ACTH
or vasopressin) [27, 29]. No effects were noted on
body mass index from V-P shunting, steroid use (<6
months) or chemotherapy. Thus, any form of hypo-
thalamic damage, whether due to tumor, surgery or
RT, is a regional-specific primary risk factor for the
development of obesity.

5.3 Detection and Screening

5.3.1 Signs and Symptoms Prompting
Immediate Evaluation

Survivors of childhood cancer with any of the follow-
ing 10 symptoms should be referred for a neuroen-
docrinopathy evaluation:

(1) slow growth rate or failure to show catch up
growth; (2) failure to thrive; (3) obesity; (4) persistent
fatigue or anorexia; (5) polydipsia and polyuria; (6)
severely dry skin or thin and brittle hair; (7) altered
timing of onset of puberty (e.g. signs of puberty be-
fore age 9 years or, in patients with short height, fail-
ure to enter puberty by age 12 years in girls and
13 years in boys); (8) abnormal tempo of puberty
(e.g. rapid or interrupted progression of puberty);
(9) galactorrhea; and (10) abnormal menstruation or
sexual function.

5.3.2 Surveillance of Asymptomatic Patients

Asymptomatic patients who are at risk for neuroen-
docrinopathy (Table 5.2) should undergo the follow-
ing routine yearly surveillance:

▬ Accurate measurements of height, or arm span (an
alternative estimate of height) if the patient re-
ceived total body or spinal irradiation or has scol-
iosis or kyphosis (factors that lead to reduced
spinal bone growth or measurement)

▬ Accurate measurement of weight and assessment
of body mass index

▬ Assessment of nutritional status, adequacy of
dietary calcium and vitamin D intake

▬ Ascertainment of Tanner stage, testicular volume
(as measured by Prader orchidometry), and inter-
pretation of whether the pubertal status and
tempo of progression are appropriate for age and
height

▬ Review of organ systems (Table 5.3)
▬ Measurement of the serum concentrations of free

T4 and TSH

5.3.3 GH Deficiency

GH deficiency should be considered in children who
have a slow growth rate and a medical history that
indicates they are at risk for GH deficiency [17, 72].
Bone age, as determined by radiographic analysis of
the left hand and wrist, should be determined, and
IGF-I and IGFBP3 should be measured in children
who are growing too slowly. A combination of previ-
ous cranial or total body irradiation, slow growth
rate, abnormal weight gain, no intercurrent illness,
delayed bone maturation, and low plasma levels of
IGF-I and IGFBP3 (i.e. concentrations lower than 1
SD from the mean for the child’s age group) are high-
ly suggestive of GH deficiency. The diagnosis should
be confirmed by GH stimulation testing [52]. Evalua-
tion of the nocturnal profile of GH secretion is rarely
necessary to make the diagnosis, but, after cranial
irradiation, the study may be abnormal in sympto-
matic children who have normal stimulated GH
results [2].

Recognition of GH deficiency in adults is more dif-
ficult, because slow growth rate is not available as a
marker. Recognition depends on clinical suspicion
related to medical history. Diagnosis of GH deficien-
cy in adults requires evidence of other hypothal-
amic–pituitary hormone deficiencies and a low peak
response to GH stimulation tests [1].

5.3.4 LH or FSH Deficiency

During the range of ages that puberty is normally ex-
pected to occur, breast development, pubic hair
growth and distribution, and and vaginal estroge-
nization should be monitored every 6 months in girls
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at risk of having LH or FSH deficiencies. Similarly,
testes size, pubic hair growth and distribution,
and phallus length should be monitored every 6
months in boys. Testicular size in some boys may 
be small for their genital maturation because of RT-
or chemotherapy-induced damage to the seminifer-
ous tubules.

Measurement of bone age, serum LH, FSH and sex
steroid (testosterone or estradiol) should be per-
formed in children with a delayed or interrupted pro-
gression of puberty. Evaluation by an endocrinolo-
gist is warranted in the absence of the progression of
puberty by 1 year after the completion of cancer ther-
apy in girls >13 years of age, and in boys >14 years of
age. Stimulation testing with synthetic GnRH pro-
vides more information than does a single, random-
ly- drawn level of LH and FSH.As an alternative to the
GnRH stimulation test, a serum sample for LH, FSH
and testosterone or estradiol may be used. The sam-

ples should be drawn between 4 and 8 AM, shortly
after nighttime pulses of LH have been occurring
(Fig. 5.2a).

5.3.5 Precocious Puberty

Precocious puberty is diagnosed if the onset of sec-
ondary sexual development occurs before age eight
in girls or nine in boys. A radiograph of the left hand
and wrist shows bone age that is advanced compared
with chronological age; however, bone age may be
consistent with chronological age, or even delayed, in
a child who has concurrent GH deficiency or hy-
pothyroidism and who has not undergone a growth
spurt. (Fig. 5.10 d). Because concurrent GH deficien-
cy may not be discovered until after successful treat-
ment of precocious puberty (Fig. 5.10 d), we routine-
ly perform provocative GH testing in patients with
precocious puberty who have a history of cancer.

Table 5.3. Review of systems

The child currently has these problems (circle each one that the child has):

Activity: overactive, unable to exercise, poor stamina, frequently tired

Sleep: daytime sleepiness, difficulty falling asleep, waking after falling asleep

Appetite: loss of appetite, excessive appetite, weight gain, weight loss
increased thirst, decreased thirst, difficulty swallowing

Mood: rapid changes in mood, dizziness, depression, hard to get started doing task

Neurology: headaches, vision change, seizures
change in ability to smell, change in taste of foods
balance difficulty, weakness, poor coordination, muscles too tight, spasticity
disruptive behavior, unable to finish tasks
poor attention, poor concentration, can’t remember things

Skin/hair: hair loss, excess hair, dry skin, oily skin, cold intolerance, heat intolerance

Heart: rapid heart beat, irregular heart beat, slow heart beat, edema in feet

Abdomen: Nausea, vomiting, diarrhea, constipation, abdominal pain

Urinary: frequent urination, bed wetting, night awaking to urinate

Puberty/breast: breast growth, age of first breast buds ______________
soreness under nipples, fluid from nipples
age of first pubic hair ______________, age of first deodorant use ______________
age of first period ______________, menses irregular
interrupted puberty, rapid tempo of puberty

Sexual function: loss of libido, impotence, decreased nocturnal emissions
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5.3.6 TSH Deficiency

We suggest that routine annual measurements of
TSH and free T4 be taken in all patients who have
received cranial irradiation. This is because the
symptoms of central hypothyroidism are often sub-
tle, and TSH secretory dysregulation after irradiation
may precede other endocrine disorders [21, 54]. The
diagnosis of hypothyroidism may be delayed in as
many as one third of all childhood cancer patients 
if TSH secretion is not tested until GH deficiency be-
comes apparent. Such a delay may be acceptable in a
minimally symptomatic adult. In children, however,
the potential functional implications of hypothy-
roidism and lost growth opportunity are not accept-
able [46]. Early diagnosis of mild hypothyroidism
permits early intervention, which improves the abili-
ty to affect growth velocity and quality of life.

Free T4 and serum TSH are the best screening tests
for thyroid status. Free T4 below the normal range
without TSH elevation is strongly suggestive of cen-
tral hypothyroidism. However, some patients with
central hypothyroidism may have free T4 concentra-
tions in the lowest third of the normal range [46, 47,
54]. The first laboratory evidence of central hypothy-
roidism may be a small decline in free T4. If further
testing confirms hypothyroidism, treatment should
be initiated even though free T4 is still within the
normal range. This is because the free T4 level is like-
ly to be below the individual’s optimal set-point. In
our own investigation, both the TRH test and the TSH
surge test were performed for patients whose free T4
was in the lowest third of the normal range and
whose TSH was not elevated. The TRH test confirmed
60% of cases of central hypothyroidism after cranial
irradiation. Measurement of the nocturnal TSH surge
confirmed 71% of cases. Measurement of both the
TSH surge and the response to TRH are optimal in
order to identify all cases [54]. Unfortunately, how-
ever, TRH, is no longer available in the United States
as a test agent.

5.3.7 ACTH Deficiency

For patients at risk for ACTH deficiency (e.g. those
who received ≥30 Gy irradiation to HPA), surveil-
lance should include an annual measurement of plas-
ma cortisol concentration at 0800 hours. If the corti-
sol level is below 18 µg/dl (497 nmol/l) at 0800 hours,
then further evaluation is needed and should be di-
rected by an endocrinologist. The optimal evaluation
for ACTH deficiency is controversial [55]. Measure-
ment of the basal plasma ACTH concentration usual-
ly can distinguish primary adrenal disease from cen-
tral adrenal insufficiency, provided the ACTH assay is
reliable and there is no urgency in establishing the
cause of adrenal insufficiency. Patients with primary
adrenal insufficiency have a high concentration of
plasma ACTH at 0800 hours; ACTH levels can be as
high as 4000 pg/ml (880 pmol/l) or even higher. In
contrast, plasma ACTH concentrations are low or
low-normal in patients with secondary or tertiary
adrenal insufficiency. The normal value at 0800 hours
is usually 20 to 80 pg/ml (4.5–18 pmol/l).

The approach is somewhat different in patients
who present in hypotensive crisis. These patients may
have adrenal insufficiency or one of several other
possible disorders. Furthermore, adrenal insufficien-
cy, if present, may be caused by infection, hemor-
rhagic diathesis or metastatic disease that requires
prompt diagnosis and treatment. In these patients,
measurement of basal serum cortisol, followed by the
low-dose ACTH stimulation test (see below), pro-
vides the most rapid and reliable diagnosis. A basal
plasma ACTH measurement can be ordered at the
same time, but diagnosis and treatment must pro-
ceed immediately without waiting for the ACTH and
cortisol results.

The gold standard for diagnosis of ACTH deficien-
cy is failure of serum cortisol to rise above 20 µg/dl
(552 nmol/l) in response to insulin-induced or spon-
taneous hypoglycemia. Another method of diagnosis
involves the administration of metyrapone to block
the adrenal conversion of 11-deoxycortisol to corti-
sol. This method stimulates the production of ACTH
and a secondary increase of 11-deoxycortisol. Failure
of the concentration of 11-deoxycortisol to rise above
7 µg/dl (200 nmol/l) in the presence of a low serum
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cortisol (below 5 µg/dl [138 nmol/l]) signifies ACTH
deficiency [10, 61].

An attempt to simplify the evaluation of the hypo-
thalamic–pituitary-adrenal axis led to the develop-
ment of the one-hour ACTH test (or high-dose ACTH
test), which consists of the administration of ACTH
(250 µg/m2) by intravenous infusion during a one-
minute time frame [55]. Serum cortisol is measured
an hour later and is normally greater than 20 µg/dl
(552 nmol/l). Patients with complete ACTH deficien-
cy (in whom the adrenal glands have not been ex-
posed to ACTH for 4–10 weeks) fail to respond with a
one-hour serum cortisol concentration of more than
20 µg/dl (552 nmol/l) [64]. In contrast, patients with
partial ACTH deficiency or recent onset of complete
ACTH deficiency may have a normal serum cortisol
response to this dose of ACTH, and ACTH deficiency
may not be detected by this test.

The low-dose ACTH test is the most sensitive test
for partial ACTH deficiency. In this test, a more phys-
iologic dose of ACTH (1 µg/m2) is administered by
intravenous infusion over a period of one minute,
and blood for a serum cortisol assay is drawn 20
minutes after the infusion. Peak serum cortisol 
higher than 20 µg/dl (552 nmol/l) is considered nor-
mal, and peak serum cortisol lower than 18 µg/dl
(497 nmol/l) is considered low. Patients with cortisol
peaks between these values have indeterminate
results; these patients should be treated with gluco-
corticoids when they are ill and will require further
evaluation [64]. Further evaluation can include a sec-
ond low-dose ACTH test or metyrapone administra-
tion two months to a year later.

The low-dose and high-dose ACTH stimulation
tests have supplanted insulin-induced hypoglycemia
in clinical practice. The results are similar to those
obtained with insulin-induced hypoglycemia; in ad-
dition,ACTH tests can be performed without a physi-
cian being present and are less expensive.

5.3.8 Hyperprolactinemia

Hyperprolactinemia is diagnosed when the serum
level of PRL is elevated. The PRL level should be peri-
odically measured in patients with symptoms out-
lined above (section 5.2.6) and in those who received

more than 50 Gy of irradiation to the hypothalamus.
The definitive PRL level should not be drawn in the
hour or two after breast examination or nipple stim-
ulation.

5.3.9 Diabetes Insipidus

Urine-specific gravity of patients with diabetes in-
sipidus is usually lower than 1.010 (<300 mOsm/l),
unless the patient is severely dehydrated. In most of
these patients, serum osmolarity is slightly increased,
and the plasma concentration of antidiuretic hor-
mone is inappropriately low for the osmolarity. How-
ever, patients with an intact thirst mechanism may be
able to drink sufficiently to avoid laboratory abnor-
mality. Symptoms of polydipsia, polyuria, and noc-
turia or enuresis may be the only evidence of diabetes
insipidus. In partial diabetes insipidus, a water depri-
vation test may be needed to establish the diagnosis
and rule out other causes of polyuria.

5.3.10 Osteopenia

Osteopenia in cancer survivors may be unrecognized
in the absence of fractures unless evaluation is per-
formed. Serum osteocalcin and urine pyridinoline
crosslinks or N-telopeptide do not identify whether
there is low bone mineral density. Identification re-
quires performance of either a dual-energy x-ray ab-
sorptiometry (DEXA), which offers precise estimates
of bone mineral area density (mg/cm2) at multiple
sites for the least amount of radiation exposure,
or a quantitative computerized tomography (QCT),
which measures true volumetric density (mg/cm3) 
of trabecular or cortical bone at any skeletal site.
T-score may be calculated in reference to normal
young adults (age of peak bone mass is between
20–35 years) and Z-score in reference to age-matched
normal individuals of the same gender. Results of
DEXA must be adjusted for patient height and age.

5.3.11 Hypothalamic Obesity

Clinical symptoms are the basis for diagnosing hypo-
thalamic obesity. These include rapid weight gain
(Fig. 5.11a), voracious appetite, and aggressive food
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seeking. Patients may have rapid weight gain for oth-
er reasons (Fig. 5.11b): exogenous steroid use, inac-
tivity, overfeeding, excessive thirst and drinking of
sugared drinks. Obesity in adults is defined as having
a body mass index (BMI) of >30 [BMI = wt(kg) /
ht(m2)] (http://nhlbisupport.com/bmi/). Overweight
in children is defined as having a weight greater 
than the sex- and age-specific 95th percentile or BMI
>85th percentile (www.cdc.gov/growthcharts/). Eval-
uation of these patients includes blood pressure
measurement, fasting lipid profile, fasting glucose
and insulin level, and oral glucose tolerance testing
with insulin levels (OGTT). In general, fasting glu-
cose is normal and fasting insulin is elevated in
patients with hypothalamic obesity. They have a high
post-prandial insulin level, as well as early and rapid

insulin excursions to OGTT. However, these results
may be seen in any person who becomes obese.

5.4 Management of Established Problems

5.4.1 GH Deficiency

Standard therapy for GH deficiency is synthetic re-
combinant human GH (Fig. 5.12a, b). Any patient
identified with GH deficiency should be evaluated 
for possible ACTH deficiency and for central hypo-
thyroidism. If ACTH is deficient, adequate cortisol
therapy should be started before GH or thyroid ther-
apy. Patients with GH deficiency who have partial 
or total ACTH deficiency and are receiving subopti-
mal hydrocortisone replacement may be at risk for

Figure 5.11 a, b

a Hypothalamic Obesity and GH deficiency in a boy. b Exogenous obesity in a girl

a b

05_Schwartz_Neuroendocrine  27.01.2005  9:39 Uhr  Seite 71



Chapter  572 W. Leung · S. R. Rose · T. E. Merchant

a b

c d
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developing cortisol deficiency when GH therapy is
initiated. This is because of the inhibitory effect of
GH on 11β-hydroxysteroid dehydrogenase type 1, the
enzyme that converts cortisone to cortisol [70].

The usual dose of GH in children is 0.15 to
0.3 mg/kg per week divided into daily doses and ad-
ministered subcutaneously in the evening. Lower
doses are used in adults [71]. Each dose produces a
pharmacologic level of GH for approximately 12
hours. The growth rate in children on GH therapy
typically increases to above normal for 1–3 years and
then slows to normal velocity. After 4–5 years of GH
therapy, the adult height SD score of leukemia sur-
vivors with GH deficiency usually approaches the
height SD score at the time of diagnosis [26]. The
growth response may be poorer in patients who have
received total body or spinal irradiation, or in pa-
tients with a disease such as neuroblastoma [19, 42].

GHRH may be used as an alternative therapy for
GH deficiency in patients without primary sellar tu-
mors. GHRH therapy, also administered subcuta-
neously in daily evening doses, elicits a nighttime
pulsatile pattern of GH secretion that approximates
the normal pattern. Experience with GHRH therapy
after cranial irradiation is limited. In one study, nine
children who had undergone cranial or craniospinal
irradiation at least two years earlier were treated with
twice-daily subcutaneous injections of GHRH for
one year and then with daily GH injections for
one year [41]. Both GHRH and GH increased height
velocity from baseline: GHRH increased height ve-
locity from 3.3 cm/y to 6.0 cm/y, and GH increased it
from 3.3cm/y to 7.5 cm/y. GHRH as therapy has been
taken off the market recently in the USA.

During GH therapy, evaluation of the growth re-
sponse and adjustment of GH dose should occur
every 4–6 months and include measurement of

height, weight and arm span.Arm span is a surrogate
measure of height, particularly in patients in whom
height measurement may not fully reflect body
growth (e.g. those with scoliosis or a history of spinal
irradiation). Usually, the GH dose is increased as
weight gain occurs to maintain a stable dose per kilo-
gram of body weight. Serum IGF-I measurements are
recommended yearly [17]. After the first two years of
GH therapy, if the level of IGF-I surpasses the upper
limits of normal for the patient’s age and sex, the GH
dose should be decreased. Evaluation of pubertal
stage and screening for development of additional
endocrinopathies (thyroid, gonadotropins, ACTH)
should be performed at least annually. Even with GH
therapy, some childhood cancer survivors do not
grow as well as expected, a finding that suggests that
other factors, such as thyroid hormone deficiency, are
present.

GH treatment in children is usually safe [72]. Ad-
verse effects are rare and occur soon after therapy is
initiated. They include pancreatitis, benign intracra-
nial hypertension (pseudotumor cerebri), slipped
capital femoral epiphysis and carpal tunnel syn-
drome [3]. Pseudotumor cerebri and carpal tunnel
syndrome are probably caused by sodium and water
retention. Increases in the growth and pigmentation
of nevi also have been reported [5]. GH therapy does
not increase the risk of brain tumor or leukemia
recurrence [26, 43, 68]. In the Childhood Cancer Sur-
vivor Study [63], GH therapy did not appear to in-
crease the risk of secondary leukemia or solid malig-
nancy in patients who did not received RT. Because
all of the evaluable patients who developed a second
neoplasm in this study had received RT, the synergis-
tic effects of GH and irradiation on the development
of the second malignancy could not be discerned
[63]. The absolute number of excess solid tumors
attributable to GH (including many benign menin-
giomas), if any, will probably be very small (<4/1000
person years at 15 years after diagnosis).

5.4.2 LH or FSH Deficiency

The use of estrogen or testosterone therapy should
not be initiated without careful attention to the pedi-
atric survivor’s growth pattern. Replacement of pu-

� Figure 5.12 a–d 

a Response to GH therapy in a girl with GH deficiency.
b Response to GH therapy in a boy with GH deficiency.
c Response to GnRH agonist in a boy with precocious
puberty. d Response to thyroid hormone in a boy with
central hypothyroidism
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bertal hormones in a short or slowly-growing adoles-
cent can cause fusion of bony growth centers and
shorter-than-expected adult height. Such therapy
should be provided only in coordination with the
pediatric endocrinologist after an assessment of
growth potential and treatment of GH or thyroid de-
ficiencies. Initiation of sex steroid therapy in a short
adolescent may be delayed until age 15 years to per-
mit response to GH or thyroid hormone therapy and
taller adult height. In short adolescents with delayed
puberty, a few years of therapy with low-dose sex
steroid therapy is preferable to full replacement. Such
doses simulate the sex steroid levels observed in the
first year or so of puberty and are less likely than full
sex steroid replacement to cause inappropriate matu-
ration of bone age. Girls can be treated with the con-
jugated estrogen tablets Premarin (0.3 mg every oth-
er day) or ethinyl estradiol (5 mcg daily, one quarter
of a 20-mcg tablet daily) [47]. Menstrual spotting can
be treated with medroxyprogesterone, 10 mg per day,
for 10 days, followed by the resumption of low-dose
estrogen. Boys can be treated with 45 or 50 mg/m2

testosterone enanthate injected intramuscularly once
each month. After the achievement of a height ac-
ceptable to the patient, both boys and girls may ben-
efit from a gradual increase in hormone replacement
therapy to the full replacement dose, if there has been
no sex steroid production in recent months. The
increase to full replacement should take place in 1- to
3-month steps to permit gradual adjustment to the
hormonal effects.

Full hormone replacement in adolescent girls who
have reached their adult height is easily achieved with
regular use of a standard oral contraceptive (28-day
pill packet).Boys who have attained their adult height
can be treated with testosterone (200 mg injected
intramuscularly every 2 weeks) or with androgen by
patch or a topical gel.

The primary medical risk of delayed puberty is de-
layed bone mineralization. Adolescents with delayed
or interrupted puberty should receive 1500 mg of
elemental calcium and 400 IU of vitamin D per day to
improve bone mineralization.

5.4.3 Precocious Puberty

GnRH analogs are the most effective treatments for
precocious puberty, rapid tempo puberty or normal-
ly-timed puberty that is inappropriate for height.
GnRH analogs suppress LH and FSH release from the
pituitary gland through the provision of a steady,
rather than a pulsatile, level of GnRH; the pituitary
gland stops responding to GnRH when GnRH con-
centrations are steady or unchanging. The use of
GnRH analogs to delay pubertal progression opti-
mizes adult height potential by permitting the child
to grow taller without experiencing a rapid change in
bone maturation [8] (Fig. 5.12 c).

Treatment with GnRH analogs should be pre-
scribed and monitored by a pediatric endocrinolo-
gist [73]. GnRH analogs can be administered as a dai-
ly subcutaneous injection or every four weeks in a
sustained or depot preparation. GnRH analog thera-
py is usually continued until patients attain the third
percentile for adult height: 152 cm (60 inches) in girls
and 162 cm (64 inches) in boys.

5.4.4 Hypothyroidism

The standard treatment for TSH deficiency or pri-
mary hypothyroidism is levothyroxine replacement
therapy (Fig. 5.12 d). Thyroid hormone replacement
can precipitate clinical decompensation in patients
with unrecognized adrenal insufficiency, because
levothyroxine treatment may improve the metabolic
clearance of cortisol. Thus, it is necessary to evaluate
patients for adrenal insufficiency and, if this condi-
tion is present, treat it with hydrocortisone before
initiating thyroid hormone therapy. In patients who
also have ACTH deficiency, we usually initiate corti-
sol replacement three days before beginning thyroid
hormone therapy.

The typical thyroid hormone replacement dose for
infants under three years of age and for healthy chil-
dren and adolescents with TSH less than 30 mU/l is
levothyroxine 3 mcg/kg orally every morning. Chil-
dren over three years of age who have TSH greater
than 30 mU/l, or about whom there are concerns re-
garding medical stability, can begin levothyroxine at
a low-dose (0.75mcg/kg by mouth every morning)
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and increase it by 0.75 mcg/kg per day each month to
permit a gradual physiologic and psychological ad-
justment to the new metabolic state. Thyroid hor-
mone concentrations should be measured after four
weeks of therapy, due to the fact that levothyroxine
has a long half-life (5–6 days).

Unlike primary hypothyroidism, it is not useful 
to monitor TSH in patients with central hypothy-
roidism. In a prospective study of 37 patients with
central hypothyroidism, free T4 and free T3 were
monitored during therapy and adjusted to achieve
free T4 in the midnormal range without free T3 ele-
vation and without symptoms of hypothyroidism or
hyperthyroidism [14]. We usually adjust thyroid hor-
mone replacement therapy in patients with central
hypothyroidism to maintain the level of free T4 just
above the middle of the normal range (for example,
free T4 of 1.4–1.6 ng/dl if the normal range is 0.78–
1.85 ng/dl).

5.4.5 ACTH Deficiency

Patients with ACTH insufficiency require daily hy-
drocortisone replacement. Hydrocortisone is the pre-
ferred agent for glucocorticoid replacement in chil-
dren, because it is least likely to impair growth. Pa-
tients with ACTH deficiency do not need mineralo-
corticoid replacement, because these hormones are
produced by the adrenal gland under the influence of
the renin-aldosterone system rather than under the
influence of ACTH. Dexamethasone is not standard
for glucocorticoid replacement therapy because it
has a greater potential to suppress growth than does
hydrocortisone.

The dose of hydrocortisone for replacement ther-
apy is 7–10 mg/m2 per day, divided into two or three
doses administered by mouth. For example, a child
whose body surface is 0.9 m2 could receive 2.5 mg
three times per day, or an adult whose body surface is
1.5 m2 could receive 5 mg at breakfast and at 1500
hours plus 2.5 mg at bedtime. The glucocorticoid
dose may need to be increased in patients taking
drugs such as phenytoin, barbiturates, or the newer
anticonvulsants, rifampin, mitotane, and aminog-
lutethimide, which accelerate hepatic steroid metab-
olism [13]. Patients with GH deficiency who have

partial or total ACTH deficiency and are receiving
suboptimal cortisol or cortisone replacement may be
at risk of developing symptoms of cortisol deficiency
when GH therapy is initiated. This is because of the
inhibitory effect of GH on 11β-hydroxysteroid dehy-
drogenase type 1. Similarly, the initiation of thyroid
hormone therapy in a child with unrecognized or
under-treated ACTH deficiency also can precipitate
adrenal crisis.

Patients with ACTH deficiency must receive addi-
tional glucocorticoid during times of illness or stress
(e.g. fever, gastrointestinal illness, injury). The dose
of additional hydrocortisone that is necessary during
times of illness is 30 mg/m2 per day divided into three
doses administered by mouth. Patients whose illness
or injury is severe enough to require emergency care
or hospitalization, and who are unable to retain oral
medication or require anesthesia, surgery or both,
should urgently receive hydrocortisone (100 mg/m2

intramuscularly or intravenously), followed by hy-
drocortisone (10–25 mg/m2 IV every six hours) dur-
ing management of the critical illness [64]. At stress
doses, hydrocortisone provides some mineralocorti-
coid effect. The hydrocortisone dose should be re-
duced to the usual replacement therapy dose as soon
as the event is over or the patient’s medical status im-
proves. Tapering of the dose is not necessary if the
pharmacologic stress doses are used for less than 10
days.

Patient and family education is an important com-
ponent of treating patients with ACTH deficiency.
The patient and responsible family members should
be instructed about the following issues:

▬ The nature of the hormonal deficit and the ration-
ale for replacement therapy

▬ Maintenance medications and the need for
changes in medications during minor illnesses

▬ When to consult a physician
▬ The need to keep an emergency supply of gluco-

corticoids
▬ The proper stress dose for the patient’s body

weight
▬ When and how to inject glucocorticoids for emer-

gencies
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Every patient should have at least three pre-prepared
syringes of hydrocortisone (Solu-Cortef): one at
home, one at work or school, and one in the car. In
addition, it is wise for the patient to carry a syringe 
at all times. The syringes can be obtained either as
250 mg/2 ml vials or prepared by a pharmacist in reg-
ular 1 ml syringes from a multidose vial. The patient
and parents must be instructed regarding the correct
dose. The injectable stress dose is 10 times the daily
hydrocortisone dose. Thus, typical doses for children
would be 50–125 mg (0.4 to 1.0 ml of a 250 mg/2 ml
solution). Unused syringes should be replaced every
year or sooner if the solution inside becomes cloudy
or discolored.

The patient and one or more responsible family or
household members should be instructed to inject
the contents of a syringe subcutaneously or intra-
muscularly anywhere on the patient’s body during
any of the following circumstances:

▬ The patient has a major injury with substantial
blood loss, fracture, or neurogenic shock

▬ The patient has nausea and vomiting and cannot
retain oral medications

▬ The patient has symptoms of acute adrenal insuf-
ficiency

▬ The patient is found unresponsive

Instructions should include the need to obtain med-
ical help immediately after injection of the stress
dose. The patient should be instructed to have a low
threshold for injecting the hydrocortisone: if the pa-
tient feels the injection might be necessary, then it
should be injected, and medical attention should be
sought. It is unlikely, however, that a patient will need
the stress dose of hydrocortisone more than two or
three times per year, and most patients go for years
without needing it. Used hydrocortisone syringes
should be replaced immediately.

Every patient should wear a medical alert (Medic
Alert) bracelet or necklace and carry the Emergency
Medical Information Card that is supplied with it.
Both should indicate the diagnosis, the daily medica-
tions and doses and the physician to call in the event
of an emergency. Patients can enroll in Medic Alert 
by calling 800–432–5372 or through the internet 

at www.medicalert.org (U.S.) or www.medicalert.ca
(Canada).

5.4.6 Hyperprolactinemia

The elevation of prolactin in excess of 100 ng/ml 
may lead to symptoms. Dopamine agonists such as
bromocriptine and cabergoline are the treatment of
choice to suppress PRL secretion and restore normal
gonadal function. Cabergoline, in general, is more
potent, much longer acting and better tolerated than
bromocriptine. The usual starting dose is 0.25 mg
twice a week.

5.4.7 Diabetes Insipidus

The drug of choice for hormone replacement is
desmopressin acetate or DDAVP®, which can be
given by subcutaneous injection, nasal insufflations
or orally in one or two daily doses. Oral desmopressin
is available in tablets containing 0.1 or 0.2 mg. To
avoid water intoxication, successive doses should 
not be given until a brief diuresis has occurred 
at least once daily. By giving a dose at bedtime, sleep
disturbance by nocturia can be avoided. The stan-
dard dose of 1.25–5.0 µg intranasally, or 0.1–0.6 mg
orally, will usually achieve rapid urinary concentra-
tion that lasts approximately 8–24 hours (Fig. 5.13).
The process of starting desmopressin therapy may
require close monitoring of the volume of fluid 
taken in and urine output. Several weeks of dose
adjustment may be required before achieving a stable
dose (Fig. 5.13). In patients with partial diabetes
insipidus, chlorpropamide may be used to enhance
the effect of the limited antidiuretic hormone that
remains.

5.4.8 Osteopenia

Osteopenia after cancer therapy may be prevented by
maintaining optimal calcium (1500 mg daily) and
vitamin D (400 units daily) in the diet. Nutritional
supplements may be needed in cases of osteopenia
that is unresponsive to behavioral and dietary man-
agement. In addition, early diagnosis and replace-
ment of hormone deficiencies will benefit bone min-
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eralization. In the event of fractures,bisphosphonates
may be beneficial.

5.4.9 Hypothalamic Obesity

Part of the therapy for hypothalamic obesity involves
early identification and initiation of preventive meas-
ures, including caloric and dietary control and main-
tenance of regular exercise. In addition to maintain-
ing these lifestyle choices, several drug therapies 
have been used pragmatically or in research efforts.
These include Dexedrine, Ritalin, metformin, and
octreotide. Dexedrine and Ritalin are taken orally
and act as stimulants with the side effect of appetite
suppression (in this situation, beneficial). Metformin
is taken orally twice a day and acts as a sensitizer to
insulin effects and may serve to probe the etiology of

obesity in individual patients. If the obesity is exoge-
nous, and hyperinsulinemia is a consequence of the
obesity and insulin resistance, lifestyle changes with
or without metformin should resolve the problem. If
the obesity is hypothalamic and the hyperinsulinism
is the cause of the increased appetite, metformin use
may lead to hypoglycemia and no reduction in ap-
petite. Octreotide is a somatostatin analog that binds
to the somatostatin receptor. It not only decreases
insulin secretion from pancreatic β-cells, it also de-
creases growth hormone and TSH secretion from the
pituitary gland. If the obesity is exogenous and high
insulin levels reflect insulin resistance, the patient
may become diabetic with octreotide therapy. If the
obesity is hypothalamic, octreotide will decrease in-
sulin secretion leading to reduced appetite, weight
control and an improved sense of well being [28, 29].
Octreotide is taken as 2–3 injections daily. Side
effects may include gallstones. Patients treated with
octreotide may also require therapy with growth hor-
mone and thyroid hormone.
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6.1 Introduction

The eye is composed of many tissues that vary great-
ly in their sensitivity to cytotoxic therapy. This chap-
ter highlights the ocular complications of cancer
treatment and discusses the relevant anatomy and
medical management. Each section discusses the ba-
sic anatomy and physiology of a specific area of the
eye (Fig. 6.1), common radiation and chemothera-
peutic complications and therapeutic management.

6.2 Eyelids, Periorbital Skin and Tear Film

6.2.1 Anatomy and Physiology

The thinnest skin in the body is located on the outer
surface of the eyelids. It is devoid of subcutaneous fat
allowing for the accumulation of fluid to manifest
rapidly as swelling. The upper and lower eyelids con-
tain fibrous connective tissue, known as the tarsal
plates, which function as structural support. The
eyelashes are located on the anterior portion of the
eyelids and aid in protection of the eye.

The tear film covers the anterior surface of the
conjunctiva and cornea. It serves the vital role of
supplying the cornea with moisture, nutrients, en-
zymes, immunoglobulins and protein signals, as well
as allowing the maintenance of a clear, non-kera-
tinized epithelium in the visual axis. Furthermore,
the tear film comprises the smooth outer refractive
coating essential to vision by filling in corneal irreg-
ularities. The tear film consists of three layers. The
aqueous layer is produced by the accessory lacrimal
glands found in the conjunctiva. Meibomian glands
located within the tarsal plates produce an oily layer
that sits on top of and acts to stabilize the aqueous
layer. The goblet cells of the conjunctiva produce the
third, or mucous, layer. The overall function of the
tear film is vitally dependant on each of these indi-
vidual layers, and a deficiency in any layer will
adversely affect the entire ocular surface.

The tears drain from the ocular surface via two
puncta located on the medial aspect of the upper and
lower lid margin. The puncta lead to the canaliculi
that empty into the lacrimal sac and, in turn, into 
the nose via the nasal-lacrimal duct.

Figure 6.1

Cross-sectional anatomy of the eye
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6.2.2 Acute Radiation Effects

Madarosis, or loss of eyelashes, and erythema are the
first side effects of radiation therapy (RT) involving
the eye. Usually, eyelashes will grow back; however,
permanent loss does occur. Erythema can occur
within days of treatment (generally after doses of at
least 20–30 Gy) and usually persists for a few days.
Dermatitis is the most common acute side effect of
RT. Dry dermatitis of irradiated skin can occur with
doses greater than 20 Gy and often leads to desqua-
mation. Moist dermatitis, with exposure of the der-
mis and associated serum leakage, can occur after the
fourth week of RT following doses of 40 Gy or more,

fractionated over a 4-week period. Blisters and ede-
ma may precede moist dermatitis. Symptoms include
redness, peeling, burning, itching and pain [1] 
(Fig. 6.2).

6.2.3 Chronic Radiation Effects

The late effects of RT to the eyelids following doses
from 30–60 Gy include madarosis, telangiectasia (di-
lated, tortuous blood vessels; Fig. 6.3), hyperpigmen-
tation, depigmentation, ectropion, hyperkeratosis, at-
rophy, necrosis, ulceration and punctual occlusion.
Although rarely seen today, lid deformities, such as
ectropion (out-turning of eyelid margin), entropion

Figure 6.2

Side effects of chemotherapy and radiation of the eye
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(in-turning of eyelid margin) and atrophy or con-
tracture, are seen when the tarsus has been included
in the radiation field. The time of onset ranges from 2
months to greater than 5 years after treatment. De-
struction or occlusion of the puncta may occur when
the medial portions of the eyelid are irradiated,
which leads to impaired tear drainage. Lid necrosis,
exacerbated by excess sun exposure in areas previ-
ously irradiated, may develop months to years after
treatment [2, 3].

6.2.4 Chemotherapy

Many chemotherapeutic agents, such as cyclophos-
phamide, ifosfamide and methotrexate, alter the nor-
mal tear film physiology either by causing inflamma-
tion of the lacrimal glands or by being excreted di-
rectly into tears, which leads to dry-eye symptoms
and inflammation around the eyelids and anterior
segment of the eye [4]. Patients treated with alkyl sul-
fonates, including busulfan and nitrosourea, have
also reported developing dry eyes [5]. Both 5-fluo-
rouracil [6] and docetaxel [7] have been associated
with stenosis of the punctum and tear (canalicular)
drainage system. In addition, some patients receiving
5-fluorouracil develop excessive lacrimation along

with cicatricial eyelid malpositioning. Intravenous
doxorubicin has also been associated with excessive
lacrimation. Paleness of the periorbital skin has been
reported following mithramycin infusion, while
drooping of the upper eyelid, known as ptosis, has
been reported following long-term corticosteroid 
use [8].

6.2.5 Medical and Nursing Management

The management for eyelid complications due to
cancer treatment consists mainly of skin care, includ-
ing the use of ultraviolet protection, meticulous hy-
giene with mild soaps, the use of skin lubricants,
avoiding skin sensitizing drugs (i.e. tetracyclines)
and occasionally corticosteroid and/or antibiotic
creams. Ptosis, tear drainage or eyelid position may
require minor surgical manipulation by an ophthal-
mologist and should be referred in clinically signifi-
cant cases [9]. The mainstay of dry eye therapy con-
sists of tear replacement with artificial tears drops
and ointment. Patients with symptoms or at risk
should be encouraged to use liberal amounts of arti-
ficial tears. Unpreserved artificial tears are preferred,
especially when they are used more than four times
per day, due to the fact that the preservatives them-

Figure 6.3

Telangiectasia of the conjunctival
blood vessels
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selves can be irritating to the cornea, conjunctiva and
eyelids. Further aids include punctal occlusion, warm
compresses to eyelids and, in advanced cases, cy-
closporine drops. Patients with continued sympto-
matic or refractory dry eyes should be referred to an
eye care professional without delay, as the conse-
quences of hesitating could be permanent vision loss.

6.3 Conjunctiva

6.3.1 Anatomy and Physiology

The conjunctiva is a thin, transparent mucous mem-
brane that lines both the posterior aspect of the eye-
lids (palpebral conjunctiva) and the anterior surface
of the eye (bulbar conjunctiva). The folds between
the palpebral and bulbar conjunctiva are known as
the superior and inferior fornices, respectively. Tis-
sue is redundant in the fornices to allow for adequate
movement of the globe. The main lacrimal gland,
which functions during reflex tearing, empties into
the superior fornix, while the accessory lacrimal
glands, supplying basal tear secretion, are found
throughout the conjunctiva, concentrating in the for-
nices.

The conjunctiva contains a stratified non-kera-
tinized epithelium overlying a stroma, known as the
substantia propria. Goblet cells supplying the mucin
layer of the tear film are found intermixed with the
epithelial cells. Besides acting as a physical barrier,
the conjunctiva aids in host defenses by hosting im-
mune cells as well as colonizing bacteria.

6.3.2 Acute Radiation Effects

Conjunctival inflammation (conjunctivitis), which
manifests as vascular injection with clear or mucoid
discharge tends to occur 1–3 weeks after the start of
radiation treatment. Edema of the conjunctiva,
known as chemosis, may occur simultaneously or in
isolation and usually lasts for a few days. Affected
conjunctiva may also ulcerate leading to an increased
risk of infection. The duration of these signs may be
prolonged when RT doses over 30 Gy are used [1, 2,
10].

6.3.3 Chronic Radiation Effects

Late effects of RT to the conjunctiva include pro-
longed injection, telangiectasis, symblepharon (ad-
hesions between the bulbar and palpebral conjuncti-
va) and subconjunctival hemorrhage, shortening of
the fornices, loss of goblet cells, keratinization and
necrosis. Exposure to 30–50 Gy results in prolonged
conjunctival injection, which develops in 1–2 years,
followed by telangiectatic vessels 3–6 years later.
These fragile vessels tend to rupture with minor trau-
ma, resulting in subconjunctival hemorrhage.

Chronic ulceration of the conjunctiva can be seen
following treatment with 60 Gy. This leads to symble-
pharon formation, resulting in shortening of the for-
nices, trichiasis (turning of lashes onto the ocular
surface) and eyelid malpositioning. Goblet cell loss
occurs at relatively low doses, resulting in tear film in-
stability and dry eye symptoms, while doses over
50 Gy may result in keratinization of the conjunctiva.
These keratin plaques constantly irritate adjacent
cornea, occasionally causing scarring and visual loss.
Necrosis may occur after radioactive plaque therapy
for retinoblastoma patients, where doses to the con-
junctiva between 90–300 Gy are used [1–3, 10].

6.3.4 Chemotherapy

Conjunctivitis is a commonly reported symptom fol-
lowing induction therapy with many medications, in-
cluding cyclophosphamide, ifosfamide, nitrosoureas,
cytosine arabinoside, doxorubicin, methotrexate,
deoxycoformycin and mitomycin. 5-fluorouracil is
also associated with conjunctivitis and eye irritation.
This usually occurs concurrently with the initiation
of therapy and resolves within two weeks of treat-
ment cessation. The immunosuppressive effects of
corticosteroids are believed to facilitate opportunis-
tic infections throughout the eye, including bacterial,
viral and fungal conjunctivitis [11].

6.3.5 Medical and Nursing Management 

Antibiotic eye drops, sometimes in combination with
corticosteroids, are used for prolonged conjunctivitis
and for conjunctival ulceration. Artificial teardrops
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often aid chronic conjunctival irritation by providing
the lubrication necessary to replace lost tear volume
and dilute toxic chemotherapeutic metabolites ex-
creted into the tear film. Vitamin A ophthalmic oint-
ment (tretinoin 0.01% or 0.1%) may reverse squa-
mous metaplasia and loss of vascularization from
scar formation [12]. Patients with infectious conjunc-
tivitis should be instructed to wash their hands fre-
quently and take great care in interactions with
others to prevent the spread of communicable dis-
eases. In addition, sunglasses for protection from the
sun and wind may be helpful in reducing symptoms.
Severe conjunctival reactions, such as symblepharon
and forniceal shortening, may require ophthalmolog-
ic manipulations such as symblepharon lysis on a
repeated basis; or, alternatively, mucous membrane
grafting with forniceal reconstruction may be neces-
sary. Ophthalmologic referral is therefore indicated.

6.4 Cornea

6.4.1 Anatomy and Physiology

The cornea is the transparent, avascular anterior por-
tion of the eye that refracts and transmits light to the
inner structures of the eye. Along with the overlying
tear film, it provides approximately two thirds of the
refracting power of the eye. The conjunctiva borders
the cornea in an area known as the limbus. This re-
gion contains corneal stem cells; therefore, compro-
mising this zone leads directly to the loss of corneal
transparency and often its integrity. The cornea is 
an avascular tissue and thus depends on the limbal
vessels along with the tear film and aqueous fluid
from the anterior chamber for nutrients and waste
removal.

The cornea consists of five specialized layers,
including, from anterior to posterior: epithelium,
Bowman’s membrane, stroma, Descemet’s membrane
and endothelium. The epithelium is stratified, non-
keratinized and replaces itself every 5–7 days. The
stroma contains approximately 90% of the overall
corneal thickness, including a specialized superficial
region known as Bowman’s membrane. Descemet’s
membrane is a tough, thickened basement mem-
brane secreted by the endothelium. The endothelial

cells form a monolayer, which controls corneal hy-
dration via ionic pumps. Small changes in corneal
hydration (thickness) drastically change the optical
properties of the cornea; therefore, the endothelial
pumps are essential to maintaining clear vision. En-
dothelial cells can migrate to fill an area with damage,
but they do not regenerate; therefore, all loss of en-
dothelial cells is permanent. Inflammation of the
cornea, known as keratitis, also increases the corneal
thickness and blurs vision.

6.4.2 Acute Radiation Effects

The corneal epithelium is adversely affected after RT
doses of 10–20 Gy. Early effects include epithelial de-
fects, keratitis and decreased corneal sensation.
When the tear film production or integrity is re-
duced, the epithelial cells become fragile and loosely
adherent to themselves and the underlying stromal
bed, resulting in epithelial defects. Patients with this
problem will complain of ocular discomfort, foreign
body sensation, excess reflex tearing and blurry
vision. Acute keratitis is often self-limited following
exposure to 30 Gy, but, following treatment with up to
50Gy, it may persist for months, along with conjunc-
tivitis . Decreased corneal sensation may result from
nerve damage and be exacerbated by impaired reflex
tearing, which, in turn, diminishes the blink rate and
delays complaints from the patient [1, 10].

6.4.3 Chronic Radiation Effects

Late RT effects on the cornea include chronic epithe-
lial defects, neovascularization, keratinization, ede-
ma, ulceration and perforation. Epithelial defects
may persist for months when radiation causes dam-
age to corneal epithelial stem cells, accessory tear
glands, goblet cells and/or corneal nerves. The cornea
responds to these non-healing areas with neovascu-
larization and keratinization, both of which tem-
porarily or permanently decrease visual acuity. Ab-
normal blood vessels and chronic inflammation may
lead to lipid deposition within the corneal stroma,
further worsening vision. Damage to lacrimal glands,
goblet cells and corneal sensation impairs host de-
fenses by limiting the cornea’s contact with tears and
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their accompanying nourishment, lubrication, im-
munoglobulins and enzymes. Colonization and inva-
sion of the corneal surface by bacteria may accelerate
ulceration and perforation [1, 3, 10, 13].

6.4.4 Chemotherapy

Patients develop keratitis following treatment with
many chemotherapeutic agents, including chloram-
bucil, cyclophosphamide, methotrexate, nitrosoureas,
5-fluorouracil and deoxycoformycin [4]. Punctate
corneal opacities and keratitis will occur acutely with
cytosine arabinoside therapy, usually resolving ap-
proximately four weeks after completion. Both vin-
cristine and vinblastine have been associated with
corneal hypoesthesia [14]. Patients undergoing long-
term tamoxifen treatment may acquire whirl-like
corneal inclusions known as verticillata [15]. In addi-
tion, the immunosuppressive effects of corticos-
teroids are believed to facilitate opportunistic infec-
tions throughout the eye, resulting in bacterial, viral
and fungal keratitis, as well as in corneal ulcers.

6.4.5 Medical and Nursing Management

Artificial tears and ointment are important in main-
taining a healthy cornea following insults from can-
cer treatment. Patients using these solutions more
than four times daily should consider unpreserved
formulations. Antibiotic drops are recommended for
epithelial defects. Corticosteroid (dexamethasone)
eye drops are often given prophylactically with an-
timetabolite treatment, especially cytosine arabi-
noside, to reduce corneal and conjunctival irritation.
Steroid drops may also be used with specific types of
sterile infiltrates for keratitis. Corneal infections and
ulcerations are treated with administration of antibi-
otic eye drops as frequently as every 15 minutes. Ban-
dage contact lenses, along with antibiotic drops, may
be used for non-healing epithelial defects. Emer-
gency surgical intervention may be required when
corneal perforation is pending or apparent, or when
permanent central corneal scarring becomes evident.
Patients should be instructed to avoid factors that
may contribute to eye irritation or dryness, such as
fans, wind, smoke or low-humidity situations.

6.5 Lens

6.5.1 Anatomy and Physiology

The lens is the second clear, avascular refracting sur-
face of the eye. It lies posterior to the iris and is sus-
pended circumferentially by a ligament known as the
zonule. This encapsulated structure is devoid of
nerves and vasculature and thus depends on the
aqueous and vitreous humor for nutrients. Through-
out life, the mitotically active cells located within the
anterior periphery of the lens migrate inward toward
the denser nucleus in the center. The cells of the lens
are never shed; rather, they are incorporated into the
nucleus. Thus, injured cells leave permanent, visible
defects. For this reason, the crystalline lens is partic-
ularly susceptible to the formation of a cataract after
cancer treatment. A cataract simply refers to the loss
of optical clarity within the lens, a condition that can
vary widely in severity.

6.5.2 Acute Radiation Effects

On rare occasion, transient myopia may occur in the
weeks following RT as a result of increased water con-
tent within the lens.

6.5.3 Chronic Radiation Effects

The posterior subcapsular cataract is the characteris-
tic late complication of RT (Fig. 6.4). The lens is 
the most radiosensitive structure within the eye 
because of its perpetual mitotic activity and inability
to remove injured cells or disperse heat efficiently.
The report on cataracts following radiation therapy
in 1957 by Merriam and Focht yielded results that
remain clinically relevant today. They found the
threshold for cataract development to be a single
exposure to 200 rads, fractionated doses of 400 rads
over 3 weeks to 3 months, or a total dose of 550 rads
divided over more than 3 months. Furthermore,
they reported that patients receiving a single treat-
ment of 200 rads, fractionated doses of >1000 rads
over 3 weeks to 3 months, or 1100 rads over greater
than 3 months, developed cataracts 100% of the 
time [16]. The lens in children less than one year 
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of age is more sensitive to radiation, as compared 
to the adult lens, presumably due to higher mitotic
activity [10].

6.5.4 Chemotherapy

The cataract is the most frequently reported side ef-
fect associated with corticosteroid use. The incidence
of steroid-induced cataracts ranges from 15–52%,
depending on dose and duration [17]. Although vari-
able, the approximate threshold for cataract forma-
tion is 10 mg prednisone daily for one year [18]. It
should be noted that steroid-induced cataracts have
been reported following treatment with systemic,
inhaled, topical and skin formulations. Some patients
treated with busulfan [19] also acquire cataracts, as
do those receiving topical mitomycin C. Patients
taking tamoxifen have been found to have a higher
proportion of a specific class of cataract (posterior
subcapsular) following years of treatment, which also
may be indicative of lenticular toxicity [4, 20].

6.5.5 Medical and Nursing Management

At the present time, there are no known medical
treatments for the reversal of cataracts. Prevention of
cataracts is best accomplished by fractionation of the
RT dose, lens shielding during treatment and limiting
exposure to toxic medications. Once a clinically sig-
nificant cataract develops, surgical extractions and
observation become the only options. Cataract ex-
traction is elective in the vast majority of situations
and depends upon the patient’s and family’s desires.

Visual pathways in the brain develop only during a
finite period of time. When the central nervous sys-
tem is presented with altered visual stimuli during
this critical period, such as through an opaque lens,
the potential visual acuity is reduced. When this phe-
nomenon occurs, it is termed amblyopia. The vital
time begins before or at birth and is believed to end
between age 7 and 13. Once development is complete,
alterations in the visual system no longer change the
potential vision. When identified early in its course,
amblyopia is potentially reversible. Visually impair-
ing complications in children must therefore be
recognized early.

Figure 6.4

Radiation-induced cataract
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6.6 Uvea: Iris, Ciliary Body and Choroid

6.6.1 Anatomy and Physiology

The uvea consists of three structures with a common
embryologic origin: the iris, ciliary body and
choroid. The iris acts as the light aperture of the eye.
It is a muscular membrane with a central circular
opening (the pupil). Despite the wide variation in iris
color on the anterior surface, the posterior surface of
the normal iris characteristically contains a thick lay-
er of heavily pigmented cells that act to absorb and
thus limit the influx of light. The size of the pupil is
controlled by the autonomic nervous system with
input from both sympathetic and parasympathetic
systems.

The ciliary body is a muscular structure located
posterior to the iris and peripheral to the lens. The
ciliary body produces the aqueous humor, the fluid
that fills the anterior segment of the eye. This fluid
drains through a structure known as the trabecular
meshwork located anterior to the iris. As a result, the
fluid must travel through the pupil in order to exit the
eye. Any disruption to this flow will result in a back-
up of fluid and increased pressure within the eye,
known as glaucoma. The ciliary body is also respon-
sible for adjusting the tension on the zonule that al-
lows for lens accommodation. The choroid, located
between the retina and sclera, is the posterior seg-
ment of the uveal tract. It is a highly vascular struc-
ture that supplies the outer retina with oxygen.

6.6.2 Acute Radiation Effects

Uveitis is an early effect of RT. It is caused by an in-
crease of vascular permeability, which leads to a leak-
age of protein and inflammatory cells [2]. Iritis (in-
flammation of the iris) is dose-related and can occur
after a fractionated dose of greater than 60 Gy over
5–6 weeks.

6.6.3 Chronic Radiation Effects

Iris neovascularization, posterior synechiae (adhe-
sions between the iris and the lens) and iris atrophy
are the major long-term complications of RT. Iris

neovascularization, also known as rubeosis iritis,
occurs several months to years following RT with
fractionated doses of 70–80 Gy over 6–8 weeks. The
abnormal vessels that result from this condition can
grow into the trabecular meshwork, thereby causing
intractable glaucoma. Rubeosis iritis is believed to be
caused by retinal ischemia, resulting in the liberation
of vascular growth factors throughout the eye. Poste-
rior synechiae can also cause glaucoma by preventing
fluid produced behind the iris from reaching the tra-
becular meshwork located anterior to the iris. Iris
atrophy has been reported three years after high
doses of beta-irradiation with 170–250 Gy [2, 3].

6.6.4 Chemotherapy

Corticosteroid treatment is known to cause an eleva-
tion in intraocular pressure with the associated de-
velopment of glaucoma. Several factors may influ-
ence a patient’s susceptibility to steroid-induced
glaucoma, including older age, genetic predisposition
to glaucoma and length and increased dose of treat-
ment [21–23]. Generally, therapy for at least two
weeks is required for increased intraocular pressure
to manifest.Although the increased pressure induced
by corticosteroids usually resolves with cessation of
the therapy, irreversible glaucoma has also been
demonstrated [24]. In addition, corticosteroids have
been implicated in facilitating infective uveitis.

Severe uveal reactions have been reported follow-
ing intracarotid treatment with chemotherapeutic
agents, including one case, with intracarotid cisplatin
infusion, of serous retinal detachment [25]. In addi-
tion, one report found that 25% of patients treated
with intracarotid mechlorethamine, a nitrogen mus-
tard compound, developed an ipsilateral necrotizing
uveitis [26].

6.6.5 Medical and Nursing Management

The medical management of non-infectious uveitis
includes steroid ophthalmic drops and dilation drops
(often Cyclogyl) to reduce inflammation,paralyze the
ciliary body for pain control and pull the iris away
from the lens. Beta-blocker, alpha-agonist, carbonic
anhydrase inhibitors and prostaglandin analog eye
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drops all aid in lowering intraocular pressure. Photo-
coagulation of the iris (peripheral iridotomy) is occa-
sionally needed to restore aqueous flow from produc-
tion by the ciliary body to drainage in the trabecular
meshwork. Severe, unresponsive glaucoma may
require surgical intervention to create an alternative
pathway for aqueous drainage.

6.7 Sclera

6.7.1 Anatomy and Physiology

The sclera is an acellular, avascular, collagenous pro-
tective layer of the eye. It is continuous with the
cornea at the limbus and covered anteriorly by the
conjunctiva. The superficial coating of the sclera,
known as the episclera, consists of a loose, transpar-
ent, vascular coating.

6.7.2 Acute Radiation Effects

The sclera may become inflamed 2–4 weeks after 
the initiation of RT. This condition is transient and
usually resolves on its own.

6.7.3 Chronic Radiation Effects

The sclera is able to tolerate doses of RT up to 900 Gy
from an iodine or cobalt plaque when administered
over a period of four days to one week. Thinning,
melting or atrophy of the sclera can occur several
years after fractioned RT doses of 20–30 Gy. These
scleral conditions are uncommon after RT for child-
hood tumors treated with external beam radiation,
unless extremely high doses are used. Scleral perfora-
tion may also occur, although it is rare [2].

6.7.4 Chemotherapy

There are no reported scleral complications when
chemotherapy agents are used systemically; however,
mitomycin C, which is used topically as adjunct treat-
ment for ocular surface tumors, may lead to scleral
ulceration, scleritis and scleral calcification [4].

6.7.5 Medical and Nursing Management

Scleritis may benefit from systemic corticosteroid
therapy. More severe reactions, such as scleral melt-
ing and ulceration, require close observation, treat-
ment with antibiotic drops and surgical repair with
scleral grafting. Eye protection and the importance of
avoiding trauma should be emphasized to patients.

6.8 Optic Nerve and Retina

6.8.1 Anatomy and Physiology

The retina is a thin, transparent structure that func-
tions to convert light energy into electrical stimuli for
the brain to interpret. The macula, located temporal
to the optic disc, is responsible for central vision and
contains the highest concentration of photoreceptors.
The blood–retina barrier, which is analogous to the
blood–brain barrier, protects the retina. It is very sen-
sitive to changes in vascular permeability that can lead
to swelling of the retinal layers (i.e. macular edema).

The optic nerve contains 1,100,000 axons from the
superficial layer of the retina. These axons leave the
eye through an area known as the optic disc and com-
prise the pathway through which visual stimuli reach
the brain.

6.8.2 Acute Radiation Effects

RT, either with 20–35 Gy fractionated over 2–4 weeks
or in doses in excess of 50 Gy, has been reported to
produce a transient retinal edema [1, 2].

6.8.3 Chronic Radiation Effects

Radiation retinopathy (Fig. 6.5) is a well-documented
consequence of radiation treatment. It is character-
ized by specific examination findings, including mi-
croaneurysms, hard exudates, cotton-wool spots,
optic disc swelling, vascular occlusion, hemorrhages
and neovascularization. These changes are clinically
indistinguishable from retinal changes due to dia-
betes. Radiation retinopathy can develop as soon 
as 3 weeks, and as late as 15 years, following RT,
although, typically, it occurs between 1 and 3 years.
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Although as little as 15 Gy of external beam radiation
has led to signs of retinopathy, 30–60 Gy are usually
required. In the authors’ experience, fewer than 5% of
children treated with external beam radiation for
retinoblastoma develop radiation retinopathy. 50 Gy
is regarded as the threshold for the development of
retinopathy following radioactive plaque exposure.
Either a history of diabetes mellitus or concurrent
treatment with chemotherapy is believed to increase
susceptibility to radiation retinopathy [3, 27].

6.8.4 Chemotherapy

The optic nerve and retina are common sites for
chemotherapeutic complications. Retinal hemor-
rhages, cotton wool spots and optic disc edema have
all been reported following systemic nitrosoureas
[28], while intracarotid infusion has been implicated
in optic neuritis and atrophy [29]. In some patients
treated systemically, cisplatin has produced optic
neuritis, papilledema and retinal toxicity that mani-
fests as color blindness [30]. Intracarotid infusion
can lead to visual loss from severe retinal and/or op-
tic nerve ischemia, pigmentary retinopathy or exuda-
tive retinal detachment [31]. Carboplatin has led to

visual loss due to retinopathy and optic neuropathy
[32]. Intrathecal methotrexate has been reported to
cause optic nerve atrophy, optic neuropathy, retinal
pigment changes and retinal edema [33]. Patients
treated with Tamoxifen for a period greater than nine
months are susceptible to a crystalline retinopathy
and visual impairment, although the visual impair-
ment is generally reversible with cessation of treat-
ment. In addition, bilateral optic neuritis with retinal
hemorrhages has been reported within three weeks
of Tamoxifen initiation [34].

Corticosteroids have been implicated in the devel-
opment of pseudotumor cerebri and its associated
optic nerve swelling. In addition, the immunosup-
pressive effects of corticosteroids have been linked 
to retinal infections. Plant alkaloids vincristine and
vinblastine may lead to visual loss and double vision
secondary to optic neuropathy, optic atrophy and
cranial nerve palsies [35, 36].Acute optic neuropathy,
along with cranial nerve palsy, may also follow 
5-fluorouracil treatment [4]. In addition, visual 
loss in the form of optic nerve damage has been 
attributed to fludarabine, cyclosporine, paclitaxel,
nitrogen mustards and intrathecal cytosine arabi-
noside [37–40].

Figure 6.5

Radiation retinopathy
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6.8.5 Medical and Nursing Management

Retinal hemorrhages and cotton wool spots as part of
radiation retinopathy will resolve without treatment;
however, they are clear indications of retinal damage
and are cause for ophthalmologic referral. Retinal
edema manifests as blurred vision when it affects the
macula. It is diagnosed by careful slit lamp biomi-
croscopy with the aid of fluorescein angiography.
Current treatment options include laser photocoagu-
lation and corticosteroids. Neovascularization (both
iris and retinal) is a manifestation of chronic retinal
ischemia and is also treated with laser photocoagula-
tion. Because diabetes mellitus and hypertension can
mimic and/or potentiate radiation retinopathy, strict
control of blood sugar and blood pressure should be
emphasized.

The treatment of optic disc edema and optic neu-
ropathy is controversial. While the use of systemic
corticosteroids and pressure-lowering medications
may be effective, observation is also a viable option.

6.9 Orbital Bones and Tissue

6.9.1 Anatomy and Physiology

The orbital cavity is composed of seven bones: the
maxilla, palatine, frontal, sphenoid, zygomatic, eth-
moid and lacrimal bones. They form the shape of a
quadrilateral pyramid with the apex forming posteri-
orly and the medial walls parallel. The soft tissues of
the orbit consist of the extraocular muscles, orbital
fat, fascia and vascular structures. The function of the
orbital bones is to protect the eye, while the soft tis-
sues act to cushion the eye and optic nerve during
movement.

6.9.2 Acute Radiation Effects

There are no known acute radiation effects to the
orbital bones.

6.9.3 Chronic Radiation Effects

Suppression of bony growth remains the most com-
mon orbital complication of chronic RT. The result is
especially noticeable in patients treated at a young
age for retinoblastoma or rhabdomyosarcoma.A hol-
lowing of the temporal bone, stunted vertical growth
of the orbit and saddle nose (flattening and shorten-
ing of the bridge of the nose) are typical features
which occur years after a dose of 40–70 Gy to the
orbit, fractionated over a 3- to 7-week time period [2]
(Fig. 6.6). The bony effects of radiation are reduced
when treatment is delayed until 6 months or, even
better, one year of age [3]. Furthermore, advanced ra-
diation techniques allow greater precision in tissue
localization, thus sparing anterior segments of the
eye and uninvolved bone.

Anophthalmic socket syndrome, or soft tissue at-
rophy, and contracture of the socket following re-
moval of the eye, has been documented after radio-
therapy in patients treated for retinoblastoma [41].
Osteonecrosis rarely results after very high doses of
radiotherapy, but may be associated with concurrent
orbital infections. Most devastatingly, second, non-

Figure 6.6

Orbital bone suppression
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ocular cancers may also develop in the radiation
field, especially in retinoblastoma patients who are
predisposed to tumor formation [42].

6.9.4 Chemotherapy

Intracarotid carboplatin concurrent with intra-
venous etoposide may produce severe visual loss
secondary to severe orbital inflammation and optic
nerve ischemia [43].

Both 5-fluorouracil and methotrexate therapy
have also led to clinically significant periorbital ede-
ma. Corticosteroids have been shown to cause a pro-
trusion of the globe known as exophthalmos [44].
Paralysis of the eye muscles (ophthalmoplegia) has
been reported with cyclosporine [45] and vin-
cristine, due to cranial nerve palsy [14].

6.9.5 Medical and Nursing Management

There is no medical treatment to reverse the retarda-
tion of bone growth. Osteonecrosis may require sur-
gical debridement and antibiotics. Anophthalmic
socket syndrome is very difficult to treat and some-
times requires orbital reconstruction surgery.
Anophthalmic sockets with ocular prosthesis require
regular care and cleaning with gentle soaps. The orbit
itself must be examined by a medical professional pe-
riodically for the development of second malignan-
cies. Finally, counseling should be available to pa-
tients regarding the disfiguring effects of radiation
on bone growth.

6.10 Conclusion

The present and future outlook for the treatment of
children with primary ophthalmic tumors and other
tumors involving the eye and its bony structures is
encouraging. Cancers that were once uniformly fatal
are today viewed as treatable. Newer techniques in
radiotherapy, which provide the ability to conserve
vision and spare non-involved bone, together with
advancements in chemotherapy and surgery, offer
not only a longer lifespan, but also, improved quality
of life.
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7.1 Introduction

The head and neck region is composed of multiple
structures in close proximity that are at risk for acute
and late treatment effects. It is the juxtaposition of
these sensitive tissues, which include the major or-
gans for sensation (eyes, ears, nose and mouth),
mucous membranes, salivary glands, teeth, base-
of-skull and associated regions of brain and the
hypothalamic-pituitary axis, which places multiple
critical structures at risk for radiation damage. Ap-
proximately 40% of rhabdomyosarcomas arise in
this region. Ewing’s sarcoma, osteosarcoma, non-
rhabdomyosarcoma soft tissue sarcoma, nasopha-
ryngeal carcinoma, lymphoma, neuroblastoma, he-
mangioma and histiocytosis also occur in the head
and neck. Consequently, late effects secondary to
local treatment such as radiotherapy (RT) and sur-
gery, as well as systemic therapy, are expected follow-
ing treatment for tumors originating in this area. The
current chapter reviews the pathophysiology and
clinical manifestations of late effects in the head and
neck region, outlines methods for screening and de-
tection and suggests interventions that can be used
for their management.

7.2 Pathophysiology

7.2.1 Normal Organ Development

At birth, the skin and mucous membranes, salivary
glands, taste buds, bones and connective tissues,
deciduous incisor crowns and auditory apparatus are
all formed. These tissues of the head and neck region
arise in the embryo from branchial arches, beginning
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in the fourth week of gestation. Ectoderm, mesoderm
and endoderm, along with migrating neural crest
cells and myoblasts, give rise to the specialized struc-
tural and functional components of this region [42].

Sixty-five percent of the growth of the mandible,
maxilla and alveolar ridge takes place from birth to
puberty, with remaining growth completed by age 
20. During childhood (age 4 through adulthood),
mandibular growth is primarily forward, while the
maxilla grows vertically. The permanent dentition is
developing as well throughout childhood, with the
more visible front teeth developing during the pre-
school years. Dental development may not be com-
pleted until 16 years of age [13]. Thus, therapy any-
time during childhood can affect dentition. Long-
term effects are dependent upon developmental sta-
tus at the time of chemotherapy and radiotherapy.
Manifestation of these effects becomes apparent with
expected growth.

7.2.2 Organ Damage 
and Developmental Effects 
of Cytotoxic Therapy

The head and neck comprise a complex region with
multiple tissue types, including mucosa, skin, subcu-
taneous tissue, salivary gland tissue, teeth, bone and

cartilage. Each has a unique response to cytotoxic
therapy. In general, two types of effects are seen.
Acute effects that occur during or shortly after the
course of treatment usually involve tissues that di-
vide rapidly, resulting in erythema and pseudo-
membrane vs. ulceration of mucosa, erythema and
desquamation of skin, reduced serous output from
salivary glands and reduction of taste acuity. Cell
populations in “late-reacting” tissues proliferate
slowly and may not manifest injury until months to
years after treatment. Early changes within these
tissues may also occur but are usually not detected by
standard methods of observation. Late changes, how-
ever, can occur in all organs. Table 7.1 shows some of
the more common late toxicities in relation to radio-
therapy dose and type of chemotherapy.

7.2.2.1 Skin and Mucous Membranes

Skin and mucosa exhibit early epithelial damage and
delayed permanent vascular injury that are depend-
ent on the total radiation dose, the fraction size and
the volume of irradiated tissue. Early radiation injury
to the skin is directly attributable to the effect of
ionizing radiation on the stratum germinativum cells
[20]. Release of vasoactive substances results in in-
creased capillary permeability and dilatation that

Table 7.1. Radiotherapy doses and types of chemotherapy attributed to late effects in head and neck region

Late effect Radiotherapy dose Type of chemotherapy

Bone
Hypoplasia RT dose ≥30 Gy [23, 28, 33, 49]

Skin
Necrosis/ulceration RT dose ≥70 Gy [7]

Teeth
Growth disturbances RT dose ≥20 Gy [33, 56] Cyclophosphamide

Vincristine
Vinblastine [18, 30, 33, 35, 36, 44, 47, 54, 57]

Salivary gland
Xerostomia RT dose ≥30 Gy [5, 16, 23]

Ear
Sensorineural hearing loss RT dose ≥40 Gy [25, 48] Cisplatin (cumulative dose ≥ 360mg/m2)

Carboplatin [6, 13, 60]
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manifest as skin erythema [55]. An increase in
melanin- containing cells at 2–3 weeks enhances
pigmentation. Moist desquamation that occurs 3–4
weeks from the initiation of treatment has been
found to correlate with the development of severe
delayed telangiectasias [2].

Late radiation effects are primarily caused by fi-
brosis and vascular damage, particularly to small
vessels. Arterioles become narrow as a result of my-
ointimal proliferation and destruction of capillaries
and sinusoids [19]. Delayed histologic manifestations
of these changes include fibrin deposition, ulceration
and fibrosis. Telangiectasias are caused by endothe-
lial cell depletion and basement membrane damage
that causes capillary loops to contract into distorted
sinusoidal channels.

Stomatotoxicity resulting from chemotherapeutic
agents, such as methotrexate, Adriamycin, 5-fluo-
rouracil, bleomycin and cytosine arabinoside, is not
associated with long-term effects. However, when
administered in conjunction with radiotherapy, the
acute injury may be enhanced, resulting in an in-
creased risk for long-term damage.

7.2.2.2 Bone and Connective Tissue

Irradiation of growing bone causes injury to actively
dividing mesenchymal cells, osteoblasts and endo-
thelial cells [20]; it also causes impairment of the
osteoid formation. The long-term injury observed in
irradiated growth centers includes atrophy, fibrosis 
of marrow spaces and a lack of osteocytes. Impaired
vascularity and fibrosis of both periosteum and
endosteum can occur.

The soft tissues may also be affected by radiation.
Fibrosis occurs as a consequence of increased fibrob-
last proliferation, combined with collagen deposi-
tion, in children whose craniofacial structures are
irradiated [21]. Hypoplasia also occurs. Mucosal
atrophy, reduced tissue vascularity and tumor effects
predispose to osteoradionecrosis, chondronecrosis
and soft tissue necrosis, particularly with high radia-
tion dose/time and large irradiated volume. Inter-
stitial implants and intraoral techniques further
enhance the likelihood of such outcomes.

7.2.2.3 Salivary Glands and Taste Buds

The parotid, submandibular and sublingual glands
are the major salivary glands. Other (minor) salivary
glands are variably distributed throughout the oral
cavity and pharynx. In the resting state, saliva pro-
duction comes primarily from the submandibular
gland. With food intake, 60% of the saliva may origi-
nate from the parotid gland. The composition of sali-
va produced is characteristic of the specific gland.
Parotid saliva production is primarily serous, while
the minor salivary glands secrete a predominantly
mucous fluid that is more vicious. The submandibu-
lar and sublingual glands produce mixed mucous
and serous secretions. Radiation damages the serous
cells to a greater extent than it does the mucous cells
and epithelium of ducts. Histopathologic changes
10–12 weeks after initiation of RT to doses of 50–
70 Gy consist predominantly of serous acini loss,
mild fibrosis, dilatation and distortion of ducts and
aggregation of lymphocytes and plasma cells [7].
There is little evidence that chemotherapy has a long-
term effect on salivary gland function [39].

Modification in taste occurs as a result of changes
in oral mucosa and saliva [38]. Patients retain the
perception of sweet and salt more readily than that of
sour and bitter. Dietary changes thus enhance dental
decay in an environment already conducive to caries
production [4]. Although the taste buds are consid-
ered relatively radioresistant, some taste alterations
may be caused by damage to the microvilli.

7.2.2.4 Teeth

RT effects on dentition are influenced by the develop-
mental stage of the tooth, with the most severe dis-
turbances occurring in children younger than six
years of age [9, 34, 56]. Prior to morphodifferentia-
tion and calcification, irradiation may result in
agenesis. Direct irradiation at a later stage may 
cause microdontia, enamel hypoplasia, incomplete
calcification of enamel and arrested root develop-
ment. Chemotherapeutic agents, such as cyclophos-
phamide, vincristine and vinblastine, have also been
shown to affect dentition, resulting in hypodontia,
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enamel hypoplasia, microdontia and root malforma-
tion [1, 11, 18, 30, 33, 35, 36, 44, 47, 54, 57].

7.2.2.5 Ear

Children who present with primary tumors of the
head and neck area or brain frequently encounter
radiation to the external, internal and middle ear
during the course of their treatment [45]. There can
be effects on the otic structures, both during the
treatment sessions and months to years following
therapy. The immediate effect on the ear is desqua-
mation of the columnar epithelium, which lines the
ears and covers the ossicles, leading to edema of the
mucosa within the ear. Altered production of ceru-
men, in conjunction with epithelial desquamation,
leads to plugging of the ear canals that may persist
long after completion of therapy. More chronic ef-
fects from fibrosis and scarring can lead to chronic
radiation otitis and hearing loss. Hearing loss sec-
ondary to radiation therapy is usually permanent
and can be sensorineural or conductive, depending
on the structures affected by the radiation. Direct
effects of radiation on the cartilaginous structures
can lead to stenosis or necrosis of the ear canal.
Chondronecrosis may occur in the cartilage of the
external ear as well.

Cisplatin and carboplatin have sensorineural
effects, and these are most prominent in the high
frequency ranges (which can be affected significantly
by radiation – see Chapter 8).

7.3 Clinical Manifestation 
of Late Effects

7.3.1 Skin and Mucous Membranes

Mucosal atrophy after conventionally fractionated
doses of 60–70 Gy over a period of 6–7 weeks is com-
mon, but necrosis, chronic ulceration and bone expo-
sure rarely occur unless the delivery of dose is accel-
erated or the total dose exceeds 70 Gy in 7 wks [7].
Thrombosis of small blood vessels in the submucosa
results in ischemia and the consequent appearance of
ulcers and telangiectasias. This condition may be-
come apparent as soon as six months after irradia-

tion or as late as 1–5 years and is irreversible. Scar-
ring and fibrosis of the nasal mucosa can alter sinus
drainage and predispose patients to persistent rhi-
nosinusitis. Children may complain of symptoms of
chronic sinusitis, which include chronic nasal dis-
charge, postnasal drip, headache and facial pain and
headache. Smell acuity is significantly affected by
radiation treatment of the olfactory mucosa, and,
although this is not usually voiced as a specific com-
plaint, it can contribute to decreased appetite and
poor nutrition.

Severe skin reactions, including permanent hyper-
pigmentation, telangiectasias and skin ulcerations,
are rarely seen with the use of modern day megavolt-
age RT, unless the skin is intentionally treated with a
high dose. Doxorubicin and actinomycin can interact
with radiation to produce severe skin reactions and
may contribute to late skin effects. When these drugs
are given early in the course of radiation such reac-
tions may be seen after low doses of 20–30 Gy. If they
are delivered after radiation, the phenomena of “radi-
ation recall” may occur, in which skin reactions ap-
pear in the treated field [14, 26]. Skin often remains
chronically dry due to damage to the sebaceous and
eccrine glands. The sebaceous glands are as radio-
sensitive as the basal epithelial cells of hair follicles;
eccrine glands are less sensitive [27]. Epilation with-
in the treatment field usually occurs 2–3 weeks into
the course of radiation treatment. The permanency
of the epilation depends on the total dose of radiation
delivered to the hair follicles, and this, in turn, de-
pends on the treatment technique and beam energy.
Single fraction doses of 7–8 Gy or more and total
doses (after fractionated therapy) of greater than 
40 Gy can result in permanent hair loss.After chemo-
therapy, hair begins to regrow within 1–2 months. It 
may be lighter in color and have a finer texture [20].
Microscopic analysis of hair samples of patients
receiving chemotherapy has shown trichorrhexis,
fragmentation, decrease in diameter and depigmen-
tation of the hair shaft, all of which may account for
the changes in color and texture [46].
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7.3.2 Bone and Connective Tissue

Clinical manifestations of radiation include hypopla-
sia, deformities, fracture and necrosis. The cranio-
facial development of children is affected, resulting in
reduced temporomandibular joint mobility, growth
retardation and osteoradionecrosis [10]. Impaired
growth of the mandible and facial bones can con-
tribute to malocclusion. Chemotherapy may also
affect the growing skeleton, although with limited
long-term consequences. In the immature rat, the
growth plate becomes thicker with methotrexate and
thinner with doxorubicin. These agents do not ap-
pear to have a major effect on the ultimate height of
treated children.

Varying degrees of facial asymmetry, including
hemifacial microsomia and other craniofacial ab-
normalities, may necessitate interventions, including
bimaxillary osteotomies and reconstruction with
prostheses. The clinical effects of chemotherapy and
radiation on dental and craniofacial development
will be discussed later in this chapter. Radiation has
been associated with malocclusion, reduced mobility
of the temporomandibular joint, fibrosis, soft tissue
necrosis and osteoradionecrosis. Eventual fibrosis of
the temporomandibular joint results in muscle pain
and headaches [11]. Tumor invasion of the temporo-
mandibular joint, surgery and the use of large daily
fractions further increase the risk of radiation-in-
duced trismus. Combined modality therapy has a
greater impact on facial structures when radiation
doses are high; children receiving doses of 24 Gy or
less to the temporomandibular joint have not demon-
strated clinical signs of trismus [37]. The facial skele-
ton appears to be the most susceptible to high radia-
tion doses before age six and at puberty, which are
critical times of skeletal development. In a study 
of 26 children receiving a mean dose of 54 Gy for 
either nasopharyngeal cancer or rhabdomyosarco-
ma,cephalometric measurements utilizing CT showed
deviations in the cranial vault, the anterior and mid-
interorbital distances and lateral orbital wall length,
compared with normal skulls [12]. The age at which
RT is given is the most important factor determining
orbital growth retardation in retinoblastoma. The
orbit has three growth spurts, the first between 0–2

months, the second between 6–8 months and the
third during adolescence. Radiation in children
younger than 6 months of age is more damaging to
orbital growth than at an older age [32]. Maxillary
and mandibular hypoplasias are common dento-
maxillofacial defects after chemoradiation. Linear
cephalometric values suggest that the growth of the
mandible may be more affected than that of the max-
illa [41].

Rhabdomyosarcoma of the head and neck is a
condition in which the long-term side effects of com-
bined modality therapy has been extensively studied.
Clinical or radiographic dentofacial abnormalities
have been observed in 80% of patients with head 
and neck rhabdomyosarcoma at a median follow up
of 12.2 years [18]. Abnormalities included enamel
defects, bony hypoplasia/facial asymmetry, trismus,
velopharyngeal incompetence, tooth/root agenesis
and disturbance in root development. Bony hypopla-
sia and disturbance in root formation were the most
common findings. The largest report on late effects in
pediatric head and neck rhabdomyosarcoma comes
from IRS II and IRS III, in which 213 patients were
followed for a median length of 7 years. Seventy-sev-
en percent had one or more late sequelae, including
poor statural growth, facial and nuchal asymmetry,
dental abnormalities and vision/hearing dysfunction
[52]. Late side effects in children treated with com-
bined modality therapy for head and neck rhab-
domyosarcoma are usually seen within the first
10 years after treatment [49], given that most will
have experienced their pubertal growth by that time.
Bony hypoplasia of the orbit was noted in 50–60% of
patients treated for orbital rhabdomyosarcoma in
IRS-I and IRS-III [29, 53]. In both of these studies, or-
bital bone growth was inversely related to age at irra-
diation, which is reasonable, given that the growth
potential is greater in younger children. The cosmet-
ic effects become more apparent as normal growth
proceeds in adjacent unirradiated areas.

In 1983, Guyuron et al.. reported on 41 patients
who had been treated as children with RT to the head
and face. They noted that hypoplastic development 
of soft tissue and bone was a common finding [28].
Irradiation of the cranial base was often correlated
with soft tissue deficits in the upper face and mid
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face. Soft tissue was more vulnerable to RT than
growing facial bones, with a threshold dose as low as
4 Gy (in contrast to 30 Gy for facial bones). In 1984,
Jaffe reported on the maxillofacial abnormalities
seen in 45 patients who had been treated as children
with megavoltage RT for lymphoma, leukemia,
rhabdomyosarcoma and miscellaneous tumors [33].
Forty-three of the 45 patients also received chemo-
therapy (including vincristine, actinomycin-D, cyclo-
phosphamide, methotrexate, 6-mercaptopurine, pred-
nisone, procarbazine or nitrogen mustard in various
combinations). In 82% of the radiated patients, den-
tal and maxillofacial abnormalities were detected,
including trismus, abnormal occlusal relationships
and facial deformities. The most severe radiation de-
formities were seen younger patients who received
higher radiation doses. Those who received median
doses of only 24–30 Gy for leukemia and Hodgkin’s
disease did not have facial deformities or temporo-
mandibular joint deficits. In contrast, 50% of the
patients with rhabdomyosarcoma who received 
a median dose of 55 Gy developed trismus, nasal
voice, caries and maxillary/mandibular and facial
deformities.

In 1986, Fromm evaluated the late effects in 20 pa-
tients who, as children, had received radiation thera-
py and combination chemotherapy with vincristine,
dactinomycin and cyclophosphamide (and, in some
cases, doxorubicin) for sarcomas of the head and
neck [23]. The median follow up was 5.5 years. Age at
irradiation was an important factor, as all 16 children
younger than 9 years of age developed facial growth
abnormalities, while the remaining 4 patients, all of
whom were older than 11 years, did not develop
deformities.“Mild” deformity was seen in 7 patients,
with a median 5.1 yr follow up and a median dose of
40–50 Gy. “Severe” deformities were seen in patients
who had received a median dose of 50–60 Gy and
were only observed at a median follow up of 8.6 yrs.
The length of follow up, as well as total dose received,
are important factors in the severity of defects seen in
survivors of childhood cancer. Paulino found that 
11 of 15 children treated for head and neck rhab-
domyosarcoma with RT and chemotherapy devel-
oped facial asymmetry in the RT field at doses be-
tween 44–60 Gy [49]. Sonis studied 97 patients with

acute lymphoblastic leukemia (ALL) who received
either chemotherapy alone or with 18–24 Gy cranial
RT [56]. The treatment fields routinely included tem-
poromandibular joints, posterior tooth buds and the
ramus of the mandible.A significant dose–effect rela-
tionship was seen between 18 and 24 Gy (2 Gy/frac-
tion). Children under the age of 5 who received 24 Gy
of cranial RT and chemotherapy had was a 90% inci-
dence of craniofacial abnormalities, but no cranio-
facial abnormalities were seen in children over the
age of 5 or in those receiving only 18 Gy of cranial RT
and chemotherapy. No craniofacial abnormalities
were noted after chemotherapy alone. It is unlikely
that chemotherapy alone contributes to bony or soft
tissue abnormalities, although it clearly does affect
dental development in relation to age at treatment
[40, 44].

Radiation therapy has an effect on wound healing
that may be critical for those who require a surgical
procedure in the irradiated region [13]. RT may also
affect the connective tissues and bone, leading to
fibrosis and osteoradionecrosis. In the Fromm series,
two patients developed temporomandibular joint
fibrosis with limitation of jaw motion [23]. Osteo-
radionecrosis has been well described in the adult
head and neck literature; however, little has been
written on its incidence in the pediatric population.
Osteoradionecrosis usually develops in the mandible
and its risk is directly correlated with total radiation
dose, fractionation dose, tumor size and bony in-
volvement by the tumor. The risk is also increased in
dentulous patients and even more so if these patients
receive postirradiation extraction, compared with
pre-irradiation extraction. Amifostine may confer
radioprotection of craniofacial bone growth inhibi-
tion.Pretreatment with amifostine,20 minutes before
35 Gy RT,resulted in significant preservation of linear
bone growth, bone volume and bone mineral density
in the rabbit orbital-zygomatic complex, compared
with controls [22].

7.3.3 Salivary Glands and Taste Buds

Salivary gland dysfunction may occur when one or
more of the major salivary glands are irradiated. Per-
manent damage can lead to xerostomia, predisposing
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to dental caries, decay and osteoradionecrosis. Stud-
ies of salivary function in children after RT are limit-
ed. Fromm found that 8 of 11 parotid glands that had
received >45 Gy to greater than 50% of the volume
failed to secrete saliva, whereas all parotid glands
receiving <40 Gy retained the ability to secrete [23].
More recent studies in adult patients have shown a
lower dose–response effect. Chao found that only
25% of the pretreatment stimulated saliva was pres-
ent when both parotid glands received a mean dose
of 32 Gy; salivary flow rate was reduced by approxi-
mately 4% per Gy of the mean parotid dose [5]. Eis-
bruch found no measurable output or recovery over
time in parotid glands receiving >26 Gy mean dose
[16].

Chemotherapy for children with acute leukemia
alters salivary function [39]. Mansson-Rahemtulla
and colleagues showed decreased thiocyanate con-
centration in saliva following cytotoxic chemothera-
py, which can lead to an alteration in function of the
salivary peroxidase system, as well as increased oral
complications. Patients who undergo bone marrow
transplantation are also at risk. Xerostomia, as has
been noted in patients with chronic graft-versus-host
disease, can persist for as long as a year and results in
a high risk for developing dental caries [3].

7.3.4 Teeth

Late effects on dentition in children can be attributed
directly to the cytotoxic effects on the growing tooth
buds and indirectly to salivary gland damage. Sali-
vary gland damage results in a pronounced shift
toward highly acidogenic and cariogenic oral mi-
croflora, which promotes dental caries [7].

The severity and frequency of long-term dental
complications due to RT are related to the type of RT
given, the total dose, the size and location of RT fields
and the age of the patient. Growing tooth buds may
be arrested with <10 Gy,while doses >10 Gy can com-
pletely destroy buds [38]. Root shortening, abnormal
curvature, dwarfism and hypocalcification are noted
with doses of 20–40 Gy [33, 56].

Age at the time chemotherapy is administered in-
fluences the degree of dental effects. Disturbances of
dental development noted with chemotherapy in-

clude V-shaped and blunted roots [56]. The effects
are most pronounced in children less than five years
of age. All such children have V-shaped roots,
compared with 36% of those older than five years.
Blunted roots occur in 12% of children less than five
years old and in 9% of those older than five years.
Jaffe reported that five of 23 children treated with
chemotherapy for non-head and neck region tumors
had acquired amelogenesis imperfecta, microdontia
of bicuspid teeth and thinning of roots with an
enlarged pulp chamber; none of the 23 patients
developed craniofacial abnormalities [33]. Similarly,
Alpaslan found significant differences in plaque in-
dex, enamel hypoplasias, discolorations and agenesis
in 30 chemotherapy-treated survivors, compared
with matched healthy control subjects [1]. Children
treated with RT and chemotherapy likewise develop
dental complications. Another study showed that 
all children with head and neck rhabdomyosarcoma
receiving RT to developing teeth, the alveolar por-
tion of the mandible or the lingual surface of the
maxilla developed dental abnormalities, including
microdontia, root stunting and dental caries [49].
Kaste found radiographically identifiable dental 
abnormalities, including agenesis, microdontia 
and root stunting in 77% of children with head and
neck rhabdomyosarcoma treated with chemotherapy 
and RT [34].

Information regarding dental outcome after bone
marrow transplants (BMT) is limited [8, 30, 58]. Neu-
roblastoma patients who received 12 Gy fractionated
total body irradiation (TBI)-based or non-TBI-based
transplants were not different in the incidence of mi-
crodontia and missing teeth [30], although TBI was
associated with more severe root defects and a high-
er chance of permanent damage to teeth. The inci-
dence of tooth abnormalities, including agenesis, was
62.9% in another study in which most of the children
were treated with a TBI-based BMT regimen [58].
A study that compared mandibular root surfaces
according to treatment regimen showed that patients
receiving TBI and chemotherapy had a smaller
mandibular root surface area, compared with chil-
dren receiving chemotherapy alone [15].
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7.3.5 Ear

RT has long been associated with various forms of
ototoxicity. The exact mechanism of radiation-in-
duced ototoxicity is unknown. Some physicians hy-
pothesize that direct damage to the ossicles and tym-
panic membrane may lead to conductive hearing loss
and fibrosis. Direct damage to the cochlea may also
be seen. Other physicians believe that late radiation
effects to small vessels cause hypoxia to inner ear
structures, leading to hearing loss. Damage to the
brainstem through radiation may also lead indirectly
to hearing loss.

In categorizing deleterious effects of radiation on
the ear, three clinical syndromes are found [25, 48].
The first of these is acute radiation otitis. The effects
of acute radiation otitis can be seen during or short-
ly after the completion of radiation. It is associated
primarily with erythema of the tympanic membrane
and external canal and occasionally with middle ear
effusion and tinnitus. Radiation doses equal to or
greater than 30 Gy have been implicated. According
to some studies, 15–30% of pediatric patients will be
affected. Acute radiation otitis is usually self-limiting
but in severe cases requires further therapy. The sec-
ond, and most common, clinical syndrome is that of
chronic radiation otitis. Clinically, patients present
with dry cerumen, thickened tympanic membrane
and, occasionally, slight hearing loss (both conduc-
tive and sensorineural). Chronic radiation otitis usu-
ally occurs several months after RT has been com-
pleted. Radiation doses of 45 to 65 Gy are required,
and in some studies this syndrome has been found in
up to 70% of patients receiving radiation therapy
[48]. The third, and most rarely seen, clinical syn-
drome is late radiation-associated deafness. This is
seen in cases of radiation to the brainstem and ear.
Patients experience an irreversible, unilateral, pro-
found hearing loss, which may progress over weeks
or months to the contralateral ear. Symptoms tend to
occur 3–10 years following RT.

Specific antineoplastic agents have been shown to
enhance the ototoxic effects of radiotherapy. In par-
ticular, the platinum based agents, cisplatin and car-
boplatin, have well-documented effects on hearing,
and radiation has been shown to be synergistic in

terms of ototoxicity. Children with primary brain tu-
mors, osteosarcoma, germ cell tumors and neurob-
lastoma are most at risk for this added ototoxicity,
because they are more likely to receive platinum-
based chemotherapy and may require RT as well. The
exact mechanisms of ototoxicity related to chemo-
therapy are not known, but they seem to affect the
cochlea, specifically the outer hair cells in the organ
of Corti. Cisplatin ototoxicity has been reported in
9–91% of patients, depending on the dose, duration
and circumstances surrounding its use. The initial
effects are on high frequency hearing (above 8000 Hz),
but lower frequencies can also be affected at higher
doses. In one study, 14 of 25 children who received a
cumulative cisplatin dose of 474 mg/m2 developed
hearing loss in the 250–2000 Hz range, while only
four of 29 children had hearing loss in the same range
with a cumulative dose of 410 mg/m2 [6]. Hearing
loss with cisplatin is irreversible and symmetric bi-
laterally. Cohen et al. have shown that the threshold
for high-frequency hearing loss in patients receiving
cisplatin is lower than for patients who have brain tu-
mors treated with RT [6]. Information regarding the
effects of timing the treatment with platinum-based
chemotherapy and RT on patients has not been well
characterized. Walker hypothesized that RT given
concurrently with or prior to cisplatin administra-
tion was associated with a worsening of hearing [60].

More recent advances in RT may lead to fewer ear-
related, radiation-induced effects. Intensity-modu-
lated radiation therapy (IMRT) and 3D Conformal
Radiotherapy (3D CRT) have been associated with
reduced ototoxicity in pediatric patients receiving RT
and cisplatin for the treatment of medulloblastoma
[31]. Due to the precise delivery of RT with the con-
formal techniques, patients can receive full doses to
the target volume while receiving lower doses to the
auditory structures [24, 50].

7.4 Detection and Screening

The successful evaluation, diagnosis and manage-
ment of late effects require a multidisciplinary ap-
proach.All children with head and neck cancers need
prolonged follow up by a pediatric oncologist and
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radiation oncologist. They must also have access to
specialists in endocrinology, ophthalmology, oto-
laryngology and dentistry. In addition, psychological
counseling should be available, as some of these chil-
dren have suffered trauma secondary to cosmetic
changes from tumor and/or treatment. Abnormali-
ties in any of the head and neck or dental structures
should be noted at diagnosis and prior to treatment.
Children with head and neck cancers should receive
an annual assessment of growth, pubertal status and
growth function, as well as frequent ophthalmologic
and dental exams.

The initial dental exam for children who have re-
ceived chemotherapy and RT should consist of a full
mouth series of radiographs, including periapical,
bitewing and panoramic views of the teeth.Asympto-
matic patients are often found on radiographic exam
to have dental disease. Horizontal and vertical alveo-
lar bone loss, retained root tips, deep caries and peri-
apical pathoses can usually be visualized only on in-
traoral radiographs [51]. It is critical to assess crown
and root development, as abnormalities can predis-
pose a tooth to premature loss. Changes in root de-
velopment are critically important to recognize, as
they may affect decisions regarding the removal of
permanent teeth. To assess abnormal tooth and root
development, it is recommended that patients receive
a dental exam every six months, with special atten-
tion to early caries, periodontal disease and gingivi-
tis. Careful evaluation of root and crown status is re-
quired before tooth extraction, endodontic and or-
thodontic procedures. With time, the risk of peri-
odontal bone loss increases; it is, therefore, critical
that proper periodontal prophylaxis be offered to pa-
tients, including professional cleaning and meticu-
lous oral hygiene. When areas of the periodontium
exposed to radiation are treated, or in cases where the
risk of infection is increased with trauma, antibiotics
may be given.

Radiation-induced changes in salivary pH and
quantity produce an environment conducive to the
development of caries. Xerostomia and a high carbo-
hydrate diet can predispose the pediatric cancer pa-
tient to radiation-induced caries. Frequent dental vis-
its to identify early caries, periodontal disease, infec-
tion, gingival recession and soft tissue ulcers are im-

portant. Salivary flow studies are helpful in assessing
xerostomia, and salivary substitutes may be offered
to symptomatic patients. Nutritional counseling on
the importance of avoiding fermentable carbohy-
drates and maintaining excellent oral hygiene is crit-
ical. Mouth rinsing is essential and daily topical fluo-
ride applications (either as a solution for mouth rins-
ing, a gel delivered on a tray or brushed on as a paste
or gel) are all effective in reducing the risk of radia-
tion caries [17].

In children who have received high doses of radia-
tion to the developing facial bones and soft tissues,
the use of screening to identify craniofacial abnor-
malities and problems with jaw movement is impor-
tant for early detection and management. Trismus,
crepitus, limited mandibular movement and abnor-
mal growth associated with the temporomandibular
joint may be present [37].

Routine ear, nose and throat evaluation, including
inspection of the oral mucosa for ulcers, indirect and
direct laryngoscopy and nasopharyngoscopy may be
included in the screening process to ensure a thor-
ough assessment of the mucosa. It is important to
look for nasal scarring, as this may interfere with the
normal movement of mucus and sinus drainage,
leading to recurrent sinusitis. The soft tissue of the
head and neck should be evaluated for muscle hy-
poplasia, fibrosis and ulceration. Irradiated skin of-
ten has impaired vascularity and the resultant “thin
skin” is highly susceptible to minor trauma.

Both an otoscopic exam and inspection of the
auricle are necessary to rule out the presence of otitis
externa and chondronecrosis, respectively. Detailed
inspection of the ear canal can detect cerumen im-
paction and tympanic scarring, both of which can
lead to conductive hearing loss. In addition, the pa-
tient should be evaluated for the possible presence of
otitis media or tympanic membrane perforation. In
children receiving cisplatin or high-dose radiation to
the inner ear,pure tone audiometry should be done at
baseline and every 2–3 years to evaluate for sen-
sorineural hearing loss [43]. Finally, the physician
following a child cured from cancer should always be
aware of the possibility of secondary malignancies,
particularly in irradiated fields.
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7.5 Management of Established Problems 
and Rehabilitation

7.5.1 Oral Cavity

One of the best ways to manage late effects of the
teeth is preventative care. Ideally, all patients should
undergo a dental evaluation and treatment of any
existing dental problems prior to undergoing treat-
ment for their cancer. Patients who are younger at
diagnosis and who have received higher radiation
doses will require more watchful attention for future
problems. Patients should have dental exams and
cleanings every six months, and these should include
fluoride applications [17]. For those who develop
malocclusion or other structural abnormalities, con-
sultation with an orthodontist who has experience in
the management of childhood cancer survivors who
have undergone irradiation is preferred. All patients
should have at least a baseline Panorex examination
prior to dental procedures to evaluate their root de-
velopment, since root thinning and shortening occur
fairly frequently.Symptomatic treatment of temporo-
mandibular joint dysfunction may be required and
involve exercises and pain control.

When major periodontal disease is present, care
should be taken to minimize trauma to the oral cavi-
ty. Prophylactic antibiotics may be required prior to
specific dental procedures in patients who have re-
ceived high doses of radiotherapy to the extraction or
procedure site. Oral infections that occur after proce-
dures should be aggressively treated with antibiotics.
Care should be taken to avoid tight sutures and
trauma during use of orthodontics.

Patients should be evaluated yearly for xerosto-
mia. Symptomatic care with saliva substitutes, mois-
tening agents and sialogogues such as pilocarpine
may be required. Fungal infections are more likely to
occur in patients with xerostomia, so special care
should be taken to treat with appropriate antifungal
medications, either topically or systemically.

7.5.2 Bone and Connective Tissue Disease

Many bone and connective tissue late effects may
require extensive surgical correction, often staged
procedures, spanning many months to years. A cran-
iofacial team, consisting of a head and neck plastic
surgeon and neurosurgeon may be necessary in
restoring function and cosmesis to an affected child.

Patients who have experienced radiation to the re-
gion requiring operation will also experience poor
wound healing and increased susceptibility to infec-
tion.Patients who develop infections of the soft tissue
regions will require not only aggressive antibiotic
therapy, but also possible surgical debridement and
supportive care of pain and swelling. Soft tissue and
bone necrosis can be devastating to the patient,
both physically and psychologically, so measures
should be taken to prevent trauma to areas affected
by radiation.

Chronic sinusitis is more likely to occur in patients
who have a history of atopy or hypogammaglobu-
linemia. Aggressive management of sinus infections
with the guidance of ENT specialists is required.
Patients should have their sinuses evaluated at least
yearly by history and physical exam, and CT of the
sinuses should be obtained as clinically indicated.

7.5.3 Ears

Younger patients and those who have received higher
radiation doses are more likely to experience sclerot-
ic side effects and eustachian tube dysfunction. They
are also at greater risk for developing sensorineural
hearing loss. Patients should have audiograms or
brainstem auditory evoked response (BAER) tests
performed yearly, or as clinically indicated. Speech
and language evaluations should be performed at the
end of treatment and as needed for clinical concerns.
Those children with hearing loss will require routine
speech and language therapies. Special educational
interventions may be required as well, including al-
ternative learning methods, individualized education
plans (IEP) and preferential seating in the classroom.
Table 7.2 lists various amplification and assisted liv-
ing devices currently available. The use of a hearing
aid can help amplify any residual hearing. Personal
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devices, such as FM trainers, can aid in reducing the
signal-to-noise ratio in various listening situations,
e.g., in the classroom, where, at times, there may be
significant background noise.

For those suffering with chronic otitis, ENT refer-
ral is indicated. Treatment usually includes antibiotic
therapy, myringotomy and/or the placement of pres-
sure-equalizing tubes. Chronic cerumen and ob-
struction of the ear canal will require routine clean-
ing and the use of agents to soften the cerumen. Some
patients may require treatment for otitis externa 
with the use of topical otic drops. These patients
should avoid submersion in water without protective
earplugs.
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8.1 Introduction

Curative therapy for pediatric malignancies often
requires the use of therapeutic modalities that have
the potential to adversely impact hearing. Monitor-
ing of audiologic function during and after treatment
is therefore an essential component of care for pa-
tients who have received potentially ototoxic therapy.
Since hearing loss can have a significant impact on
social, emotional and cognitive function, timely and
appropriate interventions should be employed to
mitigate the effects of hearing loss in survivors at risk
for this common treatment-related complication.

8.2 Pathophysiology

8.2.1 Normal Anatomy and Physiology

The ears are completely formed in utero, and audi-
tory brainstem responses are present at 28 weeks of
gestation. Newborns are capable of processing sound
and analyzing loudness and pitch; however, contin-
ued maturation of auditory structures, related neu-
ronal pathways and the auditory cortex continue
throughout infancy and early childhood. Interhemi-
spheric sensory transfer through the corpus callo-
sum takes several years to fully mature [40]. The pro-
cessing of sounds occurs in the external, middle and
inner ears (Fig. 8.1). The pinna funnels environmen-
tal sound into the external auditory canal, where it is
amplified and directed toward the middle ear. The
tympanic membrane then vibrates in proportion to
the frequency and intensity of the acoustic wave and
transmits the sound to the ossicles, which serve as
impedance matching transformers, converting the
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sound into mechanical energy and transmitting it to
the inner ear through the oval window. In the inner
ear, sound is transmitted through the cochlea by
hydraulic waves that stimulate specialized sensory
hair cells lining the basilar membrane of the organ of
Corti. The hydraulic waves cause displacement of the
basilar membrane and bending of the sensory hair
cells, resulting in depolarization and release of neu-
rotransmitters, which then stimulate the cochlear
branch of the VIIIth cranial nerve. These neural
impulses are subsequently transmitted through the
medulla, midbrain and thalamus to the auditory cor-
tex of the temporal lobe. In most people, the right ear
is dominant; therefore, speech processing usually
occurs in the left temporal lobe.

Sound is described in terms of its intensity or
loudness (measured in decibels) and frequency or
pitch (measured in Hertz). Normal hearing thresh-
olds are between –10 and 25 dB, and hearing loss is
graded on a scale of “mild” to “profound” (Table 8.1).
The speech frequencies are between 250 and 2000 Hz,
but higher frequencies (>2000–8000 Hz) are critical
for speech discrimination, since many of the con-

sonant sounds (e.g. “th,” “f,” “k,” and “s”) are in the
high-frequency range; therefore,even a “mild”degree
of high frequency hearing loss can have a profound
effect on a young child who is just acquiring lan-
guage. Conductive hearing loss occurs when trans-
mission of sound from the environment is impaired
due to a pathological process in the outer or middle
ear. Sensorineural hearing loss occurs as a result of
pathology involving the cochlea or auditory nerve.

Figure 8.1

Anatomy of the ear

Table 8.1. Degrees of hearing loss

Hearing threshold Degree of loss

–10 to 25 dB Normal

26 to 40 dB Mild

41 to 55 dB Moderate

56 to 70 dB Moderately severe

71 to 90 dB Severe

>90 dB Profound

Data from: Stach [42 pp. 208–209]
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Mixed hearing loss encompasses elements of both
conductive and sensorineural hearing loss. In gener-
al, hearing loss occurring as a consequence of oto-
toxic pharmacologic agents is sensorineural in na-
ture; whereas hearing loss resulting from radiation,
tumor or surgical procedures is often multifactorial
and may include both conductive and sensorineural
components.

8.2.2 Ototoxic Effects of Tumor 
and Therapy: Risk Factors and Incidence

8.2.2.1 Surgery and Tumor

Hearing loss is rarely a presenting symptom in tu-
mors that affect children. Exceptions include na-
sopharyngeal cancer, parameningeal rhabdomyo-
sarcoma, tumors of the base of skull (chordoma),
vestibular schwannoma and metastases that affect
the temporal bone, most notably neuroblastoma.
Although CNS tumors may come in contact with vital
aspects of the auditory system (including the VIIIth
nerve and associated vasculature and the brainstem
and vestibular nuclei, as well as cortical tracts essen-
tial to hearing), hearing loss is not commonly record-
ed at diagnosis. Surgical management of CNS tumors
or musculoskeletal tumors of the head and neck can
have a profound and irreversible effect on hearing,
especially when essential components of the auditory
system are involved with the tumor and surgical re-
section is required.Transcranial surgery in the region
of the middle cranial fossa and suboccipital region
can result in bony complications that may lead to
mastoiditis and infections. Fortunately, most head
and neck tumors are sensitive to radiation and
chemotherapy, thus limiting the extent of surgery to
biopsy. Tumors of the CNS account for nearly 20% of
all neoplasms in children, with the posterior fossa
one of the most common locations. Children with
medulloblastoma, ependymoma, cerebellar astro-
cytoma and other tumors that gain access to the lat-
eral recesses and cranial nerves are at risk for tran-
sient or permanent hearing loss at the time of resec-
tion. Great skill is required to remove tumor from 
the lateral aspect of the brainstem, through which 
the VIIIth nerve and vessels may run (Fig. 8.2). Re-

cent efforts in surgery include electromyographic
monitoring of cranial nerves at the time of resection
to limit neurologic impairment [25].

Children with CNS tumors often present with hy-
drocephalus that requires emergent evaluation and
treatment with temporary ventriculostomy and re-
section. When the natural flow of CSF cannot be
reestablished, permanent ventriculoperitoneal shunt-
ing may be required. Rapid loss of intracranial pres-
sure, which may occur after profound blood loss,
lumbar puncture, ventriculostomy and tumor resec-
tion, has been associated with hearing loss. The
mechanism is likely related to the anatomic connec-
tion between the CSF spaces and the perilymph of
the cochlea (cochlear aqueduct) (Fig. 8.3). Hydro-
cephalus and its management can influence radiation
and chemotherapy-related hearing loss. In one study
that included children with localized brain tumors
treated with conformal radiation therapy, patients

Figure 8.2

Left cerebellopontine angle ependymoma encasing
CN VIII with extension into the internal auditory meatus
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with CSF shunts and pre-irradiation ototoxic chemo-
therapy had the greatest change in hearing thresh-
olds.Among patients who did not receive chemother-
apy, hearing impairment after radiation alone was
apparent at low and intermediate frequencies only 
in shunted patients with supratentorial tumors who
received doses exceeding 32 Gy over a six-week peri-
od. Additionally, patients with shunts and tumors
involving the suprasellar region, hypothalamus and
thalamus developed intermediate-frequency hearing
loss after radiation regardless of dose [28].

8.2.2.2 Radiation Therapy

Hearing loss is a potential complication of radiation
therapy in children. Radiation may affect the con-
ducting system of the ear, with serous otitis media
noted as a complication for patients with nasopha-
ryngeal cancer [46] who receive doses in excess of
45 Gy and for children with medulloblastoma who
receive more than 36 Gy. The problem can be long-
standing, as in the case of patients with nasopharyn-

geal cancer, although the risk appears to be increased
in those with middle ear effusions prior to irradiation
[23] (Fig. 8.4). Mucociliary dysfunction is thought to
be the primary cause of middle ear effusions during
and after radiation therapy; this can be self-limited in
nature or, in severe cases, may require treatment with
myringotomy [8]. Direct structural damage to the
conductive system, including osteoradionecrosis, is
rare with modern radiation therapy, although pa-
tients who receive high dose irradiation to the ear
and temporal bone may be at high risk for complica-
tions from localized bone and soft tissue infections
arising in the region of the external auditory canal.
For this reason, soft tissue infections of the ear
should be treated aggressively and instrumentation
of the external auditory canal should be undertaken
cautiously.

Sensorineural hearing loss can occur as a result of
radiation effects from the auditory cortex to the
cochlea. Because the doses administered to neural
tissue directly or indirectly are generally accepted as
safe and below the threshold for neurologic impair-

Figure 8.3

Drawing of cochlear duct and
anatomic relationships with CSF
spaces and auditory system
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ment, sensorineural effects of radiation are most like-
ly to occur in the cochlea and are usually noted
months or years after treatment. Despite recognition
of the cochlea as the primary component in sen-
sorineural hearing loss [12], the incidence and time
course for injury due to radiation is unknown. Be-
cause most children at risk for radiation-related
hearing loss also receive ototoxic chemotherapy, the
pathophysiology and clinical course of hearing loss is
most often described after combined modality thera-
py. Similar to the effects of ototoxic chemotherapy,
the effects of radiation appear to be dose-related, but
have been described over a relatively narrow dose
range (50–70 Gy) [14], limiting our knowledge of the
effects of lower doses when used alone. The com-

bined effects of radiation and chemotherapy – specif-
ically cisplatin and carboplatin [36] – for the treat-
ment of medulloblastoma and other CNS tumors is
better understood, with the high incidences of hear-
ing loss reported among children receiving com-
bined modality therapy [19].

8.2.2.3 Pharmacologic Therapy

The primary pharmacologic agents implicated in oto-
toxicity include platinum chemotherapy, aminoglyco-
side antibiotics and loop diuretics. These agents are
all capable of causing sensorineural hearing loss. The
mechanism of aminoglycoside and platinum-related
ototoxicity is destruction of cochlear sensory hair
cells. These specialized hair cells are arranged tono-
topically (in order of pitch) in four rows (one inner
and three outer rows) along the organ of Corti, and
each hair cell is sensitive to a limited frequency range.

Cisplatin and aminoglycoside antibiotics damage
the outer hair cells, whereas carboplatin selectively
damages only inner hair cells [44]. The initial hearing
loss associated with ototoxic pharmacologic agents
usually affects the high frequency ranges. This is be-
cause destruction of the sensory hair cells typically
begins at the base of the cochlea, where high-fre-
quency sounds are processed, and proceeds towards
the apex, where the processing of low frequency
sound occurs [34]. Everyone is born with a full com-
plement of auditory sensory hair cells. Once de-
stroyed, these cells cannot regenerate; therefore,
hearing loss occurring as a result of sensory hair cell
loss is almost always irreversible.

The mechanism of ototoxicity associated with
loop diuretics is thought to be related to changes in
the fluid and electrolyte balance within the inner ear,
resulting in tissue edema within the cochlea and
decreased endocochlear potential [35]. Hearing loss
resulting from diuretics typically occurs following
rapid intravenous administration. Fortunately, this
type of hearing loss is usually transient. However,
if loop diuretics are administered simultaneously
with or shortly after the administration of platinum
chemotherapy or aminoglycosides, the likelihood of
permanent auditory damage increases as a result of
synergism between these agents [2, 43].

Figure 8.4

Lateral radiation portal film of a child with nasopharyn-
geal rhabdomyosarcoma
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Factors placing survivors at highest risk for hear-
ing loss related to pharmacologic therapy include
very young age (less than 4 years) at the time of can-
cer therapy, diagnosis of central nervous system tu-
mor, treatment with multiple ototoxic agents and/or
treatment with platinum chemotherapy in combina-
tion with radiation to the ear or brain [18, 31, 36].
Many childhood malignancies, including germ cell
tumors, central nervous system tumors, osteosarco-
ma and neuroblastoma, frequently require treatment
with platinum-based chemotherapy protocols, and
supportive care regimens often employ aminoglyco-
side antibiotics and loop diuretics [15, 29, 39]. There-
fore, the index of suspicion for treatment-related
hearing loss should be high for any survivor who re-
ceived potentially ototoxic therapy. Factors con-
tributing to the risk for ototoxicity include dimin-
ished renal function at the time of treatment,
rapid intravenous administration of pharmacologic
agent(s), prolonged elevated serum trough drug lev-
els [43], co-administration of other ototoxic drugs
(e.g. chelating agents, quinine, salicylates [34]) and
excessive noise exposure [4]. In addition, genetic sus-
ceptibility (e.g. point mutation 1555 A-G in mito-
chondrial 12S ribosomal RNA, glutathione S-trans-
ferase genetic polymorphisms) may play a role in
predisposing certain patients to drug-induced oto-
toxicity [1, 32]. Further, the potential impact of new
agents with ototoxic properties (e.g. tirapazamine
[38]) should be kept in mind when assessing patient
risk.

The incidence of ototoxicity is well documented in
children receiving platinum chemotherapy [37], and
is dose-related, with an inverse relationship to age at
therapy [45]. Brock et al. [3] studied 29 children off
therapy for at least two years who had received 
“standard dose” (60–100 mg/m2/course) cisplatin-
containing chemotherapy regimens without brain 
or ear irradiation. Median age at diagnosis was 
2 years, 2 months (range: 1 month–13.5 years) and
median cumulative dose was 540mg/m2 (range: 400–
1860 mg/m2). Moderate to severe sensorineural hear-
ing loss was detected in 48% of these children, with
33% requiring hearing aids; no child demonstrated
any recovery of hearing at median 4-year follow-up.
Schell et al. [36] studied 177 children and young

adults receiving cisplatin (median cumulative dose
360 mg/m2, range 90–1260 mg/m2) with and without
prior cranial radiation (median dose: 5050 cGy;
range 2880–8260 cGy). In irradiated patients, doses as
low as 270 mg/m2 were associated with a high proba-
bility of substantial hearing loss, whereas non-irradi-
ated patients demonstrated negligible loss at doses
up to 360 mg/m2; however, as cumulative doses in-
creased to 720 mg/m2, the risk of substantial shifts in
hearing threshold increased to 25%. In a study of
49 patients with osteosarcoma receiving 400 mg/m2

cisplatin with or without ifosfamide, Meyer et al. [29]
reported a significant increase in the incidence of
hearing loss (≥30 dB at 2000 or 3000 Hz) in the cis-
platin/ifosfamide group, indicative of a synergistic
effect between the two agents. MacDonald et al. [24]
reported that 50% of children who received Carbo-
platin at a median dose of 2409 mg/m2 demonstrated
a significant hearing loss at 2000 Hz; in addition,
McDonald et al. found that losses in the higher fre-
quencies were predictive of future losses in the
speech ranges.

Ototoxicity is also a potential complication of
therapy with aminoglycoside antibiotics [27] and
loop diuretics [35]. Prospective studies by Fee [10]
and Smith et al. [41] reported ototoxic rates of
10–16% for gentamicin and tobramycin. Lerner et al.
[22] reported an 11% incidence of ototoxicity as-
sociated with gentamicin and a 13% incidence in
amikacin-treated patients. An augmented ototoxic
effect has been reported with the concurrent admin-
istration of cisplatin and gentamicin [33]. Brook-
houser [4] described a 6.4% incidence of furosemide-
associated ototoxicity and a 0.7% incidence for
ethacrynic acid; however, the risk increased signifi-
cantly when loop diuretics were administered con-
currently with aminoglycoside antibiotics [2].

8.2.3 Preventive Measures

The administration of platinum chemotherapy prior
to, rather than following, cranial irradiation in chil-
dren with CNS tumors has been shown to reduce oto-
toxicity [36]. Newer radiation delivery techniques
hold the promise of reducing radiation-related oto-
toxicity by conforming the prescribed dose to the
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Figure 8.5 a–d

Coronal, transverse and sagittal MR images with 3-dimensional radiation dosimetry, showing the ability of conformal
treatment techniques to spare auditory structures not adjacent to tumor bed in a child with cerebellopontine angle
ependymoma. (White arrows represent spared cochlea; red arrows represent irradiated cochlea)

a b

c d
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region at risk and sparing the cochlea. Using these
techniques, the dose to the cochlea can be estimated
more accurately to optimize treatment and to collect
dose information, which can be correlated with other
factors that influence hearing after treatment [17, 28]
(Fig. 8.5).

Careful monitoring and appropriate dose modifi-
cation earlier in the course of therapy, before severe
hearing loss has been sustained, is effective in
decreasing morbidity (Table 8.2). Additional otopro-
tective strategies include counseling patients regard-
ing the importance of avoiding other potentially oto-
toxic agents, including medications (e.g. chelating
agents, salicylates) and loud noises (especially
≥85 dB); patients should also be advised to use pro-
tective measures (e.g. ear plugs) when in noisy envi-
ronments in order to prevent co-morbid noise-
induced hearing loss [13].

Amifostine (a cytoprotective agent) provided
significant otoprotection in a study of adults with
advanced ovarian cancer [20]. A pilot study was
designed to use amifostine as an otoprotectant in 

the treatment of high-risk pediatric extragonadal
germ cell tumors with high-dose PEB chemotherapy 
(bleomycin 15 IU/m2 intravenously on day 1, etopo-
side 100 mg/m2/d IV × 5 d, followed by amifostine
825 mg/m2/d IV × 5 d, and cisplatin 40mg/m2/d IV 
× 5 d repeated every 3–4 weeks for 4–6 cycles).
Among the 25 patients in the study, four were re-
moved due to ototoxicity, and 18 had 10–60 dB losses
at ≥ 500 Hz,requiring amplification in the majority of
cases. The investigators concluded that amifostine, as
used in the setting of their study, did not provide pro-
tection against unacceptable ototoxicity [26]. Al-
though sodium thiosulfate (a rescue agent) has not
yet been introduced in cooperative group pediatric
trials, it has been reported to provide otoprotection
in some limited institutional studies [9, 30].

Table 8.2. Ototoxicity grading scale

Measure Grade

0 (Normal) 1 (Mild) 2 (Moderate) 3 (Severe) 4 (Unacceptable)

Objective Normal ≥30 dB ≥30 dB 30–35 dB ≥40 dB 
(≤25 dB at at 8000 Hz at 4000 Hz at 2000 Hz at 2000 Hz
all frequencies)

Subjective Asymptomatic Asymptomatic Tinnitus, vertigo, 25–50% Requires 
or difficulty hearing of speech signal services in 
in presence missed addition to 
of background Hearing aids hearing aids
noise required

Dose adjustment No change ↓ dose by 25% ↓ dose by 50%, Delete if Delete
recommendation consider alternative 
for ototoxic agents alternative therapy therapy available,

otherwise continue 
at 50% dose

Audiologic testing should include air conduction, with bone conduction added when air conduction exceeds 25dB at any
frequency. In most situations,dose modification should be done for sensorineural hearing loss only.For conductive hearing loss,
the underlying cause should be investigated and intervention provided. Dose adjustments should not be made for correctable
conductive hearing loss.
From: Landier & Larson-Tuttle [21]
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8.3 Clinical Manifestations

8.3.1 Clinical Manifestations 
of Ototoxicity Related to Surgery or Tumor

Tumor-related hearing loss is not a common present-
ing symptom. Notable exceptions include patients
with nasopharyngeal tumors or rhabdomyosarcoma
involving the middle and inner ear, in addition to pa-
tients with eustachian tube dysfunction secondary to
mass effect or lymphadenopathy. In the scope of pos-
sible side effects and complications first noted after
surgery for brain tumors, hearing loss is usually not a
priority. Children at risk for hearing loss from sur-
gery often have acquired other deficits that are more
apparent or life threatening, which can delay the
diagnosis of surgery-related hearing loss. These
patients often have deficits involving the abducens
(CN-VI) or facial nerve (CN-VII) and, in extreme
cases, lower cranial nerves affecting speech and swal-
lowing. Children who require temporary or perma-
nent CSF shunting may experience hearing loss that
is also temporary or permanent, as well the opposite,
which is hyperacusis (extreme sensitivity to normal
levels of sound). Recovery from surgery-related hear-
ing deficits can occur in some cases despite adjuvant
irradiation, provided that the nerve has not been
transected or the vascular supply permanently dis-
rupted.

8.3.2 Clinical Manifestations 
of Radiation-Related Ototoxicity

Radiation-related effects on the auditory system may
occur during or after treatment. Acute effects are
more likely to involve the external auditory canal (ra-
diation dermatitis of the epithelium lining the canal
leading to otitis externa) and middle ear (otorrhea
with otalgia or mucociliary dysfunction of the mid-
dle ear with resultant eustachian tube dysfunction).
Cerumen production appears to be increased in
some patients during and after radiation, although
the contribution from other causes cannot be exclud-
ed. Atrophy of the sebaceous glands may occur and 
is dose-dependent. Soft tissue fibrosis, otosclerosis
and even cholesteatoma have been reported. Because

radiation therapy is often given in conjunction with
ototoxic chemotherapy, separating the effects of the
two treatments can be difficult. Since most instances
of treatment-related hearing loss occur in close
temporal proximity to chemotherapy or combined
modality therapy, more ototoxicity is known or ob-
served in this setting. However, radiation therapy
alone may result in hearing loss with an onset many
years following treatment; therefore, long-term sur-
vivors remain at risk for hearing loss. Radiation-
related hearing loss may occur during the first year
after treatment in patients who also received
chemotherapy, and is usually seen two or more years
after treatment in patients treated with radiation
alone. With newer means of delivering radiation
therapy, namely, non-coplanar, individually-shaped
beams to avoid the middle ear and cochlea, some of
the acute and late effects of treatment appear to be
reduced. With additional considerations regarding
the timing of radiation and chemotherapy, further
reductions in ototoxicity seem to be feasible.

8.3.3 Clinical Manifestations 
of Ototoxicity Related to Pharmacologic Agents

Hearing loss resulting from ototoxic medications is
generally bilateral and symmetrical. Early symptoms
may include tinnitus, vertigo and difficulty hearing
in the presence of background noise, which is in-
dicative of vestibular injury and high frequency
(>2000 Hz) hearing loss. Since consonant sounds are
primarily high frequency and vowel sounds are pri-
marily low frequency; a person with high-frequency
hearing loss will be able to hear vowel sounds better
than consonants. The English language relies heavily
on consonant sounds to convey the meaning of
words; therefore, the inability to hear high-frequency
sounds often results in poor speech discrimination,
or a perception of “hearing but not understanding.”
For people with high-frequency hearing loss, under-
standing high-pitched voices (e.g. females and chil-
dren) may be particularly problematic. Increasing
the volume of the speaker’s voice (e.g. by shouting) 
is generally not helpful, since this raises the inten-
sity level of vowels and not consonants. As hearing 
loss progresses, patients may experience difficulty in
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hearing sounds within the speech ranges (250–
2000 Hz). The impact of even mild high-frequency
hearing loss is significant, particularly in young chil-
dren. It may result in difficulties with speech discrim-
ination and language acquisition and can adversely
affect cognitive and social development.

8.4 Detection and Screening

8.4.1 Auditory Screening

It is important to distinguish between auditory
“screening” and “testing.” Conventional auditory
screening typically evaluates the patient’s ability to
hear pure tones at 1000, 2000 and 4000 Hz in each ear;
a score of “pass” (≤ 20 dB) or “fail” (>20 dB) is given.
Measurement of otoacoustic emissions is another
auditory screening technique often utilized for very
young children. A score of “pass” on an otoacoustic
emission test verifies that a patient has near-normal
(≤30 dB) hearing. However, otoacoustic emissions
measure the function of outer ear hair cells only.
Since carboplatin affects only inner hair cells, this
method of screening should never be used for pa-
tients with a history of carboplatin therapy [16]. In
general, auditory screening is used to select individu-
als who need referral for formalized testing and is not
appropriate for patients who are known to have
significant risk factors for hearing loss; all high-risk
patients should be referred for a formal audiometric
assessment.

8.4.2 Diagnostic Audiometry

8.4.2.1 Pure Tone Audiometry

The most common method used for diagnostic eval-
uation of hearing in cooperative patients is pure tone
audiometry. The aim is to establish hearing thresh-
olds across a wide range of sound frequencies (usual-
ly 250–8000 Hz). This testing is generally done in a
soundproof booth; air and bone conduction thresh-
olds are measured and results graphed on an audio-
gram (Fig. 8.6a), with frequency (in hertz) plotted as
a function of intensity (in decibels). Often, a “stair-
step” pattern of hearing loss, progressing from the

high frequencies down to the speech ranges, is evi-
dent on the audiogram of patients with sensorineur-
al hearing loss resulting from ototoxic therapy
(Fig. 8.6 b). For patients with a developmental age
less than 4–5 years, pure-tone audiometric testing
can be performed using behavioral modification
techniques, such as conditioned play audiometry or
visual-reinforcement audiometry [6].

8.4.2.2 Brainstem Auditory-Evoked Response

For patients unable to cooperate with behavioral test-
ing, hearing can be assessed via brainstem auditory
evoked response (BAER, ABR). Electrodes are placed
on the skull, and clicks (high frequency) and tone
bursts (low frequency) are then presented at intensi-
ty levels that elicit an electrophysiological response,
recorded as a waveform. The intensity of the stimulus
is then lowered until the response is no longer meas-
urable; this level corresponds roughly to the thresh-
old measurements used in pure tone audiometry.
Thresholds of 30 dB or lower are generally consid-
ered within the normal range. The patient must re-
main motionless throughout this test; therefore, se-
dation is almost always required for infants and
young children (as reviewed in [42]).

8.4.3 Guidelines for Audiologic Monitoring

The importance of ongoing audiologic monitoring
and early dose modification for patients receiving
ototoxic therapy cannot be overemphasized. A pre-
ventive approach, when possible, is certainly prefer-
able to a remedial one. Audiologic evaluation is rec-
ommended as a baseline measure for all patients
scheduled to receive ototoxic therapy, then prior to
each platinum-based course for patients at high risk
for ototoxicity (see section 8.2.2). For lower risk
patients, an audiologic evaluation is recommended
prior to every other platinum-based course. Therapy
should be adjusted, if necessary,based on the grade of
hearing loss (Table 8.2), as reviewed in [21].

Survivors who received ototoxic therapy also
require ongoing monitoring. Patients who received
radiation at a dose of 30 Gy or higher to the ear,
infratemporal or nasopharyngeal areas, or to the
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brain or craniospinal axis, should receive audiologic
monitoring on an annual basis for five years follow-
ing completion of therapy, and, if stable, every five
years after that. Patients younger than 10 years of age
should continue annual monitoring until they are at
least five years off therapy and at least 10 years old.
Patients who received treatment with platinum
chemotherapy (particularly at cumulative cisplatin
doses of ≥360 mg/m2 or carboplatin doses of
≥1000 mg/m2), those treated with radiation involving
the ear at doses less than 30 Gy (including the in-
fratemporal or nasopharyngeal areas, whole brain,

craniospinal axis and/or total body irradiation), and
patients who received significant exposure to non-
platinum ototoxic agents (e.g. aminoglycosides or
loop diuretics) should have a baseline audiogram at
entry into long-term follow-up. For patients with ab-
normal audiograms, annual monitoring should con-
tinue until hearing loss stabilizes. Testing should be
done more frequently if there is evidence of progres-
sive hearing loss, in order to allow for continued ad-
justment of hearing aids and referral for other inter-
ventions. Otherwise, the audiogram should be re-
peated as clinically indicated.

Figure 8.6 a, b

a Normal audiogram. b Audiogram demonstrating severe high-frequency sensorineural hearing loss (85 dB at 8,000 Hz
and 60 dB at 4,000 Hz). Hz = Hertz; dB = decibels

a b
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8.5 Management of Established Problems

The impact of deafness goes beyond the loss of hear-
ing; at its core is the problem of impaired communi-
cation that can result in loss of social interaction,
with devastating cognitive and emotional conse-
quences for the survivor.

The impact of hearing loss can be especially pro-
found in prelingual children (infants and toddlers);
however, hearing loss substantially impacts all pa-
tients.

Children with hearing loss are more likely to de-
velop behavioral difficulties than normal-hearing
children, due to ineffectual communication and re-
sultant barriers to the establishment of normal disci-
pline and relationships at home and in the classroom.
Isolation and social adjustment problems can be sig-
nificant.

8.5.1 Hearing Aids

Hearing aids are an integral component of the man-
agement of hearing loss; however, it is important for
the clinician to understand that hearing aids do not
restore normal hearing. Hearing aids amplify all
environmental sounds, including background noise,
and the quality of aided sound for a patient with sen-
sorineural hearing loss will always be distorted due
to sensory hair cell destruction and subsequent loss
of the normal ability to process sounds.

All hearing aids have three basic parts. The micro-
phone picks up sound waves from the environment
and converts them into electrical current. The ampli-
fier increases the intensity (volume) of the sound and
then sends it to the receiver, which converts the am-
plified electrical impulse back into sound waves and
delivers them to the ear.

There are several types of hearing aids available.
To accommodate rapid growth, most pre-adolescent
children are fitted with a behind-the-ear model. In
addition to the hearing aid components, which are
contained in a case located behind the ear, the model
also has an ear mold, which is fitted into the ear canal.
As the child grows, the only component that requires

refitting is the ear mold; this is done approximately
every 6 months through the age of about 9 years.

Other types of hearing aids include in-the-ear,
in-the-canal, and completely-in-the-canal models;
amplification provided by these types of aids is limit-
ed and may not be adequate for patients with severe
hearing loss (as reviewed in [5]).

Patients and parents should be counseled regard-
ing the importance of hearing aid maintenance. Fre-
quent cleaning of the aid is important, and batteries
must be changed regularly (usually every 7–14 days).
Since young children typically will not report a non-
functional hearing aid, use of a calendar or other
reminder system for battery changes is imperative;
parents should also check to be certain that the hear-
ing aid is switched to the “on” position on a daily
basis. Close follow-up by an experienced audiologist
is essential to provide for ongoing adjustment and
fine-tuning of the hearing aid best suited for the
patient’s needs.

8.5.2 Other Assistive Devices

Besides hearing aids, there are a number of other
assistive devices available for patients with hearing
impairment. Auditory trainers are particularly help-
ful in the classroom or daycare setting; these devices
employ a transmitter (worn by the teacher or care-
giver) and a receiver (worn by the patient). The
speaker’s voice is transmitted over FM radio waves to
a receiver that can either be plugged into the hearing
aid or worn as a stand-alone device. The system sig-
nificantly reduces background noise and is ideal for
classroom use.

Additional assistive devices include telephone am-
plifiers and telephone devices for the deaf (TDD), text
pagers, and modified appliances, such as vibratory
alarm clocks and smoke detectors. Closed captioning
for television is widely available, and the Internet also
provides significant communication options for the
hearing-impaired (as reviewed in [5]).

08_Schwartz_Adverse  27.01.2005  8:53 Uhr  Seite 120



Chapter  8 121Adverse Effects of Cancer Treatment on Hearing

8.5.3 Cochlear Implants 

Unlike hearing aids that amplify sound, cochlear im-
plants use electronic impulses to stimulate auditory
neural pathways in the cochlea, circumventing dam-
aged sensory hair cells and allowing transmission of
sound impulses to the brain. Cochlear implants are
indicated only for patients with profound (>90 dB)
hearing loss who are unable to benefit from powerful,
well-fitted hearing aids. The implant’s receiver is sur-
gically placed in the mastoid bone and an electrode
array is threaded into the cochlea. A microphone
worn behind the ear is used to collect environmental
sounds that are filtered and digitalized by an external
speech processor. The digital impulses then travel
across the skull and into the receiver by way of a mag-
netized transmitter. The signal is relayed to the elec-
trodes that in turn stimulate the auditory nerve,
allowing for sound perception by the brain. Sounds
processed through a cochlear implant tend to be dis-
torted and mechanical; however, patients with pro-
found hearing loss may derive significant benefit
from the procedure. Intensive postoperative speech
therapy is always required (as reviewed in [11]).

8.5.4 Communication Methods

Several communication options are available for
patients with significant hearing loss. The auditory-
verbal method is an in-depth educational approach
that teaches children to use residual hearing in order
to learn to listen and speak. Intensive involvement on
the part of the family and the school are required.

Cued speech is a communication method that
combines speech-reading (lipreading) with hand
signs, clarifying certain words.

Sign language is a unique form of communication
with its own grammar and syntax, and is communi-
cated entirely via signs, gestures and facial expres-
sions.

Total communication is a method that combines
auditory training with hand signs correlating exactly
with the child’s primary language (e.g. English). The
decision regarding which communication method is
best suited for an individual patient is an intensely
personal one that should be made by the family. How-

ever, for patients whose hearing loss occurs after they
have attained substantial language development, the
use of methods based on pre-existing language (e.g.
the auditory/verbal or total communication meth-
ods) are often most practical, as reviewed in [7].

8.5.5 Community and Educational Resources

The Individuals with Disabilities Education Act
(IDEA), a public law (PL 105–17) in the United States,
recognizes hearing loss as a disability. As a result of
the IDEA law, children in the U.S. diagnosed with
hearing loss are legally entitled to receive a free and
appropriate public education that meets their special
needs in the “least restrictive” (e.g. regular or modi-
fied classroom) environment. “Part B” of this law
provides for other related services, such as speech
therapy and assistive devices. All services covered 
by the IDEA legislation must be provided at public
expense under the supervision of the state’s educa-
tional agency. If the local public school is unable to
accommodate the child’s needs, services may be pro-
vided through a referral agency.A second U.S. law, the
Americans with Disabilities Act (ADA; PL 101–336),
guarantees people with hearing loss equal access to
public events, spaces and opportunities. It is this 
law that provides the basis for text telephones and
telephone amplifiers in public venues, closed cap-
tioning for television programs and assistive listen-
ing devices in theaters.

8.6 Conclusion

Hearing loss resulting from cancer therapy during
childhood can have a profound impact on the sur-
vivor’s cognitive, social and emotional functioning.
Appropriate surveillance and intervention for deficits
in audiologic function are an integral part of care for
survivors at risk for this potentially debilitating com-
plication.
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Thyroid dysfunction or deregulation is a clinically
significant sequelae of cancer therapy due to the
spectrum of physiologic consequences.Primary hypo-
or hyperthyroidism may result from direct irradia-
tion of the thyroid gland incidental to the treatment
of malignancies such as Hodgkin’s disease and head
and neck rhabdomyosarcoma. Primary hypo- or hy-
perthyroidism may also result from central nervous
system (CNS) tumors that require spinal axis irradia-
tion [7, 11, 32]. Central hypothyroidism may develop
in children with brain tumors treated with cranial ir-
radiation or chemotherapy that includes the hypo-
thalamic-pituitary axis [25]. The development of
benign thyroid nodules and malignancy after thyroid
radiation therapy (RT) is also a sequela with poten-
tial adverse consequences [12, 13, 16, 18, 23, 44].

9.1 Pathophysiology

The hypothyroidism that follows direct thyroid irra-
diation manifests as an elevated serum thyroid stim-
ulating hormone concentration, with or without a
concomitant decreased serum thyroxine concentra-
tion. The pathophysiology is not clearly understood,
but it is possible that it results from direct radiation
damage to the thyroid follicular cells, the thyroid
vasculature or the supporting stroma. The endocrine
parenchymal cells of the thyroid are fully differenti-
ated cells with a low turnover rate (reverting post-
mitotic cells) that may have relatively low radiation
sensitivity. Conversely, the endothelial cells (EC) of
the thyroid may have proliferation cycles shorter
than those of endocrine cells. As a result, damage to
the EC of the extensive thyroid capillary network may
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be an important mechanism for both early and late
radiation injury [15]. Less likely mechanisms that
could contribute include radiation-induced im-
munologic cascades or damage from the iodine load
administered during lymphangiography (LAG). Sup-
port for the latter theory is based on the observation
that radioiodine treatment will induce hypothy-
roidism in patients with autoimmune thyroiditis [3].
Histopathologic changes in an irradiated thyroid
gland include progressive obliteration of the fine vas-
culature, degeneration of follicular cells and follicles
and atrophy of the stroma [29]. Because radiation
damage is dependant on the degree of the mitotic
activity and because the thyroid of a developing child
grows in parallel with the body [14], this gland might
be expected to show an age-related degree of injury
and repair.

9.2 Clinical Manifestations

The common clinical manifestations of hypothy-
roidism include cold intolerance, constipation, inor-
dinate weight gain, dry skin and slowed mentation.
Specific signs include a round puffy face, slow speech,
hoarseness, hypokinesia, generalized muscle weak-
ness, delayed relaxation of deep tendon reflexes, cold
and dry skin, brittle hair and periorbital edema. The
most common clinical picture of hyperthyroidism is
similar to that of Graves’ disease and usually charac-
terized by a diffusely enlarged thyroid gland, oph-
thalmopathy and dermopathy.

9.2.1 Hypothyroidism

The incidence of hypothyroidism noted following
therapeutic irradiation for Hodgkin’s disease (HD)
varies, depending on the report. If an elevated serum
TSH concentration is the determinant, then 4–79% of
patients become affected. This large range exists
because parameters relevant to the induction of
hypothyroidism – such as radiation dose, technique
and the frequency and types of follow-up testing –
differ in the various reports. A recent study by
Hancock and colleagues [16] of 1677 children and
adults with Hodgkin’s disease in whom the thyroid

had been irradiated showed that the actuarial risk at
26 years for overt or subclinical hypothyroidism was
47% (Table 9.1), with the peak incidence occurring
2–3 years after treatment. There are few reports
specifically addressing the incidence of hypothy-
roidism in children as a function of radiation dose.
Constine and colleagues [7] noted thyroid abnormal-
ities in four of 24 children (17%) who received man-
tle irradiation of 26 Gy or less, and in 74 of 95 chil-
dren (78%) who received greater than 26 Gy. The
abnormality in all but three children (one with hy-
perthyroidism and two with thyroid nodules) includ-
ed an elevated serum TSH concentration with or
without low serum T4 concentration. The sponta-
neous return of TSH to normal limits was observed
in 20 of the 75 patients (27%).

A recent report by Sklar [37] from the Childhood
Cancer Study Group showed that the relative risk of
hypothyroidism in HD survivors was 17.1, with 28%

Figure 9.1

Probability of developing an underactive thyroid after
diagnosis of HD. Patients are grouped according to
dose of thyroid irradiation. RT, Radiation. (From [37],
with permission.)
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of the cohort affected.The average time to developing
hypothyroidism was five years. In a multivariate
analysis, the major risk factors associated with the
future development of hypothyroidism were the dose
of radiation, female sex and older age at diagnosis. In
fact, the actuarial risk of developing hypothyroidism
20 years after a diagnosis of HD was 30% for patients
whose thyroid received 35–44.99 Gy and 50% for
patients whose thyroid received 45 Gy or more
(Fig. 9.1). In patients who were treated with chemo-
therapy alone, the incidence of hypothyroidism was
7.6%.

Although patients may develop an abnormal
thyroid function test within six months of RT, most
patients become abnormal between 1–5 years after

treatment; however, rare and unexpected new cases
can occur more than 20 years after diagnosis of HD
[16, 37]. Uncompensated hypothyroidism (decreased
serum T4 and elevated serum TSH concentration)
occurs in 6–27% of children receiving radiation to
the thyroid. In the thyroid dysfunction study by
Constine and colleagues, age did not affect the inci-
dence of hypothyroidism but was weakly correlated
with the degree of abnormality, as suggested by high-
er serum TSH concentrations in adolescents com-
pared with younger children [7]. In both Hancock’s
and Sklar’s reports, older age at treatment of HD was
a major risk factor for future development of an un-
deractive thyroid. This may reflect the greater sensi-
tivity of the thyroid gland in rapidly growing puber-

Table 9.1. Thyroid disease after treatment of Hodgkin’s disease

Disease No. of patients/total no.a Actuarial risk (%) Time to occurrence (years)

20 years 26 years Median Range

At least one thyroid disease 573/1787 50 63 436 0.2–25.6
570/1677 52 67 4.6 0.2–25.6

Hypothyroidism 513/1787 41 44 4.0 0.2–23.7
512/1677 43 47 4.0 0.2–23.7

Graves’ diseaseb 34/1787 3.1 3.1 4.8 0.1–17.6
32/1677 3.3 3.3 4.9 0.1–17.6

Graves’ ophthalmopathyb 21/1677 – – – –

Silent thyroiditis 6/1677 1.6 0.6 3.7 0.8–15.3

Hashimoto’s thyroiditis 4/1677 0.7 0.7 7.9 3.5–15.2

Thyroidectomy 26/1677 6.6 26.6 14.0 1.5–25.6

Thyroid cancer 6/1677 1.7 1.7 13.3 9.0–18.9

Benign adenoma 10/1677 – – 12.0 1.5–25.6

Adenomatous nodule 6/1677 – – 17.4 12.7–24.4

Multinodular goiter 4/1677 – – 14.8 10.8–19.4

Clinically benign nodule 12/1677 3.3 5.1 12.6 2.4–22.6

Clinically benign cyst 4/1677 0.7 0.7 8.1 1.6–16.7

Multinodular goiterc 2/1677 0.5 0.5 13.8 10.5–17

a The total refers either to all 1787 patients at risk or to the 1677 patients who underwent irradiation of the thyroid region.
b Thirty of the 34 patients who had been given a diagnosis of Graves’ disease had hyperthyroidism; ophthalmopathy devel-

oped in three during a period of hypothyroidism and in one during a period of euthyroidism.
c Identified by clinical examination.
(From [16], with permission.)
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tal children, compared with preadolescents; or, it may
reflect the fact that the older children generally
received a higher radiation dose than the younger
children. The iodine load from LAG may be a causal
factor in the hypothyroidism observed in patients
who are irradiated for Hodgkin’s disease. In fact,
there is a low, but greater than expected incidence, of
hypothyroidism in patients having LAG without neck
irradiation. Some recent reviews found that thyroid
function was more likely to be abnormal in patients
irradiated soon after LAG and mantle irradiation.
However, no influence of LAG on thyroid dysfunction
was noted in other studies [32, 38, 43]. The role of
chemotherapy in producing thyroid abnormalities is
less understood. The influence of chemotherapy on
the development of thyroid dysfunction among
Hodgkin’s patients appears to be negligible in most
reports [7, 11, 42], although data from England sug-
gest that chemotherapy may add to the frequency of
compensated hypothyroidism [25].

Primary hypothyroidism following irradiation of
the spinal axis in the course of treating children with
CNS tumors is also well documented. Ogilvy-Stuart
[25] evaluated 85 such children and found a 32%
incidence of compensated hypothyroidism. Constine
[6] evaluated eight children treated with 4–10MV
photon radiation to the spinal axis (mean dose:
30 Gy). Three demonstrated primary thyroid injury
with low serum free-T4 concentration and an exag-
gerated TSH response to provocative testing with thy-
rotropin releasing hormone (TRH). Other reports
indicate an incidence for compensated hypothy-
roidism of 20–68%, with overt hypothyroidism being
rare [19, 24].

A recent study by Paulino [26] reviewed the inci-
dence of hypothyroidism in children with medul-
loblastoma treated with lower dose CSI (23.4 Gy) plus
chemotherapy (CT), compared with higher dose CSI
(36 Gy) alone or in combination with CT. Paulino
found that 56% patients developed hypothyroidism
(38% primary and 19% central) at a median of
41 months after CSI. Hypothyroidism was more com-
mon in patients treated with combined chemothera-
py and radiation than in those treated with radiation
therapy alone, suggesting that chemotherapy did
augment the effects of RT. A recent analysis by the

Childhood Cancer Survivor Study (CCSS) [17]
showed that the risk of adult survivors of childhood
brain tumors developing hypothyroidism was more
than twice as great for patients who had received a
thyroid radiation dose >25 Gy, compared with the
risk of patients who received a radiation dose of
<25 Gy, with an RR of 2.7. Another study by
Schmiegelow et al. [33] compared CSI with cranial
irradiation (CIR) in causing hypothyroidism among
survivors of childhood brain tumors. The overall
incidence of primary hypothyroidism was 24%, of
whom 71% had been treated with CSI, versus 29%
who had been treated with CIR. In the CIR cohort,
primary hypothyroidism was more common than
central hypothyroidism, suggesting that the thyroid
was directly affected by scattered radiation from the
cranial RT field.

Overall, the role of chemotherapy in causing
thyroid dysfunction in survivors of brain tumors
remains controversial. The study by Paulino suggests
that chemotherapy might be more causative in the
induction of hypothyroidism than was previously
recognized, but the number of patients was small.
Nevertheless, Paulino concluded that the benefit of
lowering RT dose was negated by the addition of
chemotherapy. Two other reports supported his con-
clusion [19, 25], but two more studies did not find an
association [4, 33].

Patients undergoing a bone-marrow transplant
who receive total body irradiation (TBI) are also at
risk for thyroid injury due to direct injury to the
thyroid gland, rather than to the pituitary-hypothal-
amic axis. Sklar [36] found that a single dose of 7.5 Gy
caused a decrease in serum T4 concentration in 9%
patients and an elevated serum TSH concentration in
35%. The frequency of overt hypothyroidism follow-
ing transplantation is highly variable and depends
largely on the conditioning regimen. It was found to
be nearly 90% with a 10 Gy, single- dose of TBI [18],
but only 15% with fractionated TBI. The frequency of
overt hypothyroidism was even less common after
conditioning with Bu-Cy [40].

Thyroid abnormalities have been observed among
long-term survivors of acute lymphoblastic leukemia
(ALL). Robibson [28] collected data on 175 survivors
first evaluated seven years after diagnosis. Seventeen
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(10%) had thyroid function abnormalities, including
five with uncompensated primary hypothyroidism
and 11 with compensated hypothyroidism. Eight in
the latter group reverted to normal without replace-
ment therapy. No significant association was observed
between hypothyroidism and the radiation dose
(18 Gy versus 24 Gy), duration of chemotherapy (3
years versus 5 years), or age at the time of irradiation.

9.2.2 Hyperthyroidism

The potential for Graves’ disease also appears to be
increased after RT for Hodgkin’s disease, with a risk
that is 7.2–20.4 times the expected risk [16]. In the
same childhood cancer survivors study described by
Sklar et al., the RR of developing a hyperactive
thyroid gland among HD survivors was found to be 8,
with 5% of patients diagnosed with hyperthy-
roidism. The mean time between diagnosis of HD
and development of hyperthyroidism was 8 years. A
radiation dose of ≥35 Gy was an independent predic-
tor of hyperthyroidism [37]. An immunologic basis
has been suggested as an explanation for the appar-
ent higher frequency observed after treatment for
Hodgkin’s disease, compared with other malignan-
cies in which the neck is incidentally irradiated.

9.2.3 Thyroid Nodules

Extensive data exist on the development of benign
thyroid nodules and malignancy after thyroid RT.
Representative incidences for thyroid nodules are 6%
for malignant and 8–12% for benign lesions follow-
ing lower dose (less than 15 Gy) external beam RT
[8]. The latency period for the development of thy-
roid cancer following thyroid RT varies from 5–26
years [37].A recent report from the Late Effects Study
Group [44] found that, of 9170 patients who had sur-
vived two or more years after the diagnosis of a can-
cer in childhood, the risk for thyroid cancer was
53 times as great. This risk was associated with both
increasing radiation dose and the time from treat-
ment. Sixty-eight percent of the cancers occurred in
areas directly within the radiation field, and the thy-
roid glands of all patients had received at least 1 Gy
(via scatter for some patients).

Hancock et al. [16] observed nodularity in 44 of
1677 patients treated for Hodgkin’s disease 1.5–25
years after RT. Six patients were diagnosed with
malignant nodules, with an RR of 15.6 (95% CI,
6.3–32.5). The other two reports found an RR for de-
veloping thyroid cancer among childhood Hodgkin’s
disease survivors following RT almost identical at
32.7 (95% CI, 15.3–55.3) and 33 (95% CI, 15–62),
suggesting that children are at greater risk [2, 31].
Patients treated for neuroblastoma and Wilms’ tumor
were affected more commonly than those treated for
HD; however, patients with the former two cancers
were generally younger in age, which may be associ-
ated with an increase in risk for thyroid cancer as a
second malignancy when data from children are
compared with those from adults.

In the recent report by Sklar et al. [37], the inci-
dence of thyroid nodules in HD survivor patients was
9%, with an RR of 27, compared with sibling controls,
and 7.5% of these nodules were malignant. There
were nine cases of thyroid cancer without any known
associated thyroid nodule. The RR of developing
thyroid cancer was 18.3, compared with the general
population. Their multivariate analysis revealed that
an interval ≥10 years since diagnosis, female sex and
radiation dose ≥ 25 Gy were independently associat-
ed with future development of thyroid nodules.

In Hancock’s data [16], the risk for developing
thyroid cancer nine to 18 years after RT was 15.6%. In
a study by Schneider and colleagues [34], 318 of 5379
patients who had received RT for benign conditions
of the head and neck developed thyroid cancer 3–42
years later. Overall, in this setting (low dose RT, gen-
erally 2–5Gy, for benign conditions) new nodules
develop at a rate about 2% per year, with a peak inci-
dence at 15 to 25 years [10]. It is crucial to review the
pathology of any biopsied nodule carefully, because
an adenomatous nodule with cytologic atypia can be
difficult to distinguish from thyroid carcinoma [5].
The most common type of cancer in this study was
papillary carcinoma, which, fortunately, has a high
cure rate if detected early [30]. The course of the can-
cer in these patients was the same as that of thyroid
cancer found in other settings [34]. It is important to
note that thyroid nodules have been found during
surgery or autopsy in as many as 35–50% of a non-
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irradiated population, and that clinically palpable
nodules are found in 4–7% of normal adults [22, 27,
39, 41].

9.3 Detection and Screening

It is clearly important to obtain a comprehensive his-
tory and perform a thorough physical examination in
all patients who received direct or scattered RT to the
neck. Laboratory screening evaluations for asympto-
matic patients should include serum concentrations
of TSH and thyroxine (usually, free T4) tests. The
measurement of free T4 rather than other tests (usu-
ally, total T4 by radioimmunoassay) is recommended
because the former is not affected by changes in
binding proteins [46]. Although some patients 
with normal serum-free T4 and TSH concentrations
might show an exaggerated TSH response to
provocative testing with TRH, the clinical signifi-
cance of this finding is unclear. Screening for im-
munologic abnormalities can be performed by exam-
ining serum concentrations of antimicrosomal and
antithyroglobulin antibodies, but abnormalities in
asymptomatic patients are, again, of uncertain clini-
cal significance. Patients with palpable abnormalities
of the thyroid gland should undergo ultrasono-
graphy (USG) to evaluate the number, location and
density of nodules and 99mTc scanning to evaluate
the functional status of the nodules. Whether all pa-
tients who have received radiation to the thyroid
gland should undergo periodic screening with one or
the other of these techniques is controversial. Stewart
and colleagues performed USG on 30 patients treated
with mantle radiation for Hodgkin’s disease who did
not have palpable abnormalities and found unilateral
or bilateral atrophy in eight patients, multiple hypoe-
choic lesions smaller than 0.75 cm in 18 and domi-
nant cystic solid or complex lesions larger than
0.75 cm in seven patients [41]. Biopsies were not per-
formed. Soberman [39] performed USG on 18 long-
term survivors of Hodgkin’s disease who had re-
ceived a mean dose of 34 Gy to the neck 1–16 years
(mean 6.4) previously; 16 patients (89%) had abnor-
malities, including diffuse atrophy (nine cases), soli-
tary nodules (five cases), multiple nodules (six cases)

and gland heterogeneity (one case). Only two pa-
tients had palpable nodules. Biopsies in four patients
revealed multifocal papillary carcinoma in one
patient and adenomas in three patients.

We have performed 99mTc scanning in 34 patients
who were irradiated to the cervical region for
Hodgkin’s disease or other malignancy. All patients
had an interval of at least five years since radiation
treatment, all were euthyroid and all were without
palpable thyroid abnormalities.Seven patients (21%)
had abnormal scans, and two of these patients were
diagnosed with thyroid cancer [30]. Patient numbers
are currently too small to make firm recommenda-
tions. Although 99mTc scanning is less sensitive than
USG, its specificity for detecting clinically-significant
nodules is greater.

9.4 Management

The functions regulated by the thyroid gland are par-
ticularly important in a growing child. Therefore,
early diagnosis and treatment of hypothyroidism,
even when subclinical, is required to optimize
growth, cognition and progression to puberty [35].

Patients with uncompensated hypothyroidism
(low serum concentration of thyroxin) clearly re-
quire thyroid replacement therapy. In most institu-
tions, patients with compensated hypothyroidism
(elevated serum concentrations of TSH but normal
thyroxine) also are treated with thyroid replacement
therapy. The rationale for this approach is based on
animal studies, which have demonstrated that elevat-
ed levels of TSH in the presence of irradiated thyroid
tissue can lead to the development of thyroid carci-
noma. The observation of thyroid cancer following
neck irradiation in humans and the high frequency of
elevated serum TSH concentrations in children who
have received radiation for Hodgkin’s disease have
prompted us to institute thyroid replacement therapy
in this population.Approaches to decrease the risk of
thyroid injury in the setting of RT for Hodgkin’s dis-
ease have included shielding the gland from irradia-
tion [20] and administering thyroxine during irradi-
ation [1]. The former approach was found to place
patients at risk for the inadvertent shielding of dis-
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eased cervical lymph nodes, and the latter approach
did not prevent subsequent hypothyroidism. There-
fore, these approaches are not recommended. Thy-
roid tissue is routinely protected from the radio-io-
dides used in MIBG scanning by administering a
large dose of cold iodide, but this approach is suc-
cessful in only 36% of patients. A recent study by van
Santen et al. [45] found that administering thyroxine,
methimazole (a drug to treat hyperthyroidism) and
potassium iodide protects the thyroid gland effec-
tively against radiation damage from Iodine-123/131
during diagnostic and therapeutic MIBG administra-
tion in children with neuroblastoma. At 2.6 years fol-
low-up, this combination had successfully protected
the thyroid in 85.6% of children. In contrast, the pro-
tection afforded by potassium iodide alone was 60%.

Patients with palpable thyroid abnormalities
should undergo USG or 99mTc scanning and be eval-
uated by an endocrinologist and surgeon. If nodules
are discovered, then biopsy is necessary. Depending
on the results, further therapy may be necessary. The
treatment approaches vary in different centers, as
recently reviewed by Mazzaferri [21]. For papillary
thyroid carcinoma, treatment will generally involve
near total thyroidectomy, radioactive iodine and TSH
suppression with thyroxine [9]. It remains unclear
how best to treat patients who are not receiving
replacement hormone and have clinically normal
thyroid glands, but who also have nodules detected
by USG or 99mTc scanning. Multiple small 2–3 mm
carcinomas have been found in irradiated thyroid
glands [18]. Because autopsies have shown a high in-
cidence of occult (less than 1 mm) papillary carcino-
mas, the significance of cancer found in clinically
occult lesions is arguable. However, it would seem
appropriate to biopsy nodules that are detectable
until additional information is available for more
definite guidelines.
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During the past 35 years, advances in the treatment of
childhood cancer have allowed many to survive their
disease and its treatment. The cardiovascular seque-
lae that may affect children are clearly a major con-
cern in considering their potential for a normal adult
life. Recent data on 33,938 children and adolescents
who were treated for cancer in the United States and
Scandinavia, and who survived for at least five years,
have shed light on the relevance of cardiovascular
disease to patient survival [1, 2]. The standardized
mortality ratio (SMR) was 10.8, with 67–70% of
deaths due to recurrent primary malignancy, 7–12%
due to a subsequent malignancy and 8–11% due to
non-cancer treatment-related sequelae, including
cardiovascular disease (CVD) [2]. The specific SMRs
for CVD in the US and Scandinavian populations were
also remarkably similar, 8.2 and 5.8, respectively.

Thus, it is clear that cancer therapy, which fre-
quently includes cardiotoxic agents such as anthracy-
clines and radiation, may cause late cardiovascular
effects a few months to decades after therapy. For
newer combinations of radiotherapy and anthracy-
clines, risks are less well known and should be con-
sidered at least as damaging as older protocols until
more time has elapsed.

Radiation therapy and chemotherapy can cause ir-
reversible cardiac damage. Although many survivors
appear well, they may be compensating, either physi-
ologically or by altering their lifestyles, for some de-
gree of heart damage. While it is not known how
many will eventually be debilitated by cardiac dam-
age, early recognition and treatment of problems
allow survivors to have longer and more symptom-
free lives. Early intervention can also help minimize
additional damage to the cardiovascular system asso-
ciated with Western society’s lifestyle.

Cardiovascular Effects 
of Cancer Therapy

Chapter  10 133

M. Jacob Adams · Sarah A. Duffy ·
Louis S. Constine · Steven E. Lipshultz
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10.1 Pathophysiology

10.1.1 Normal Organ Development

In the third week of gestation, cardiac development
begins, and primary morphogenesis is complete by
the end of the eighth week. Myocardial cell replica-
tion rates are highest in the earlier weeks and de-
crease as the septum of the heart develops [3]. Cell
size remains constant during this period of rapid
growth. During most of embryonic development, the
heart increases its mass by cell proliferation (hyper-
plasia) rather than cell enlargement (hypertrophy)
[4]. In the late prenatal and early postnatal periods,
heart growth is achieved by both hypertrophy and
hyperplasia [5]. The adult number of myocytes is
present by six months of age. Subsequent growth of
the heart occurs almost exclusively by myocyte hy-
pertrophy. Myocytes that die after six months of age
are replaced with fibrosis. Such losses are compensat-
ed for by hypertrophy of surviving cells.

The pumping action of the heart occurs by syn-
chronized contraction of the myocytes. This contrac-
tion is initiated by an electrical stimulus (action
potential) that originates in the sinus node and is
propagated through the atrioventricular (AV) node
and His-Purkinje system to the ventricular myocytes.
In order for the action potential to cause an effective
contraction of the myocyte, several factors must
work optimally. First, the actin and myosin filaments
must be in their normal relaxed state. If the myocytes
are already stretched (as in anthracycline-induced
dilated cardiomyopathy), cross bridging cannot
occur as effectively. Second, calcium must be avail-
able in the sarcoplasmic reticulum (SR) for release by 
the action potential into the sarcoplasm. Calcium cat-
alyzes the cross bridging, producing contraction of
the myocyte.Third, the myocytes must return to their
resting state in order for the next action potential to
generate another contraction. Some types of cardiac
damage, including anthracycline and radiation-in-
duced cardiomyopathy, impede the return to the rest-
ing state, thus decreasing diastolic compliance.

10.1.2 Changes Induced by Cytotoxic Therapy

10.1.2.1 Anthracyclines

The earliest changes seen in cardiac myocytes after
exposure to doxorubicin include swelling of the
sarcoplasmic reticulum, and mitochondria with
occasional nucleolar changes [6, 7]. Large vacuoles
that probably distend SR displace mitochondria and
contractile elements. Injuries to the mitochondria,
SR and sarcolemma affect both calcium transport
mechanisms and intracellular calcium concentra-
tions. Those injuries, in concert with the actions of
other potential mediators of anthracycline-induced
cardiac damage (e.g. free radicals, prostaglandins,
histamines and metabolites), result in the morpho-
logic changes noted on endomyocardial biopsies tak-
en from patients undergoing anthracycline therapy,
as well as cell death [8, 9].

The major types of myocyte damage described by
Billingham and colleagues [8] are myofibrillar loss
and vascular degeneration. These changes are graded
as follows:

1. Myofibrillar loss or sarcoplasmic swelling in the
occasional myocyte;

2. Widespread myofibrillar dropout or definitive cy-
toplasmic vacuolization in clusters of myocytes;

3. Diffuse injury with marked cellular damage and
necrosis.

Electron micrography shows reduction in myofibril-
lar bundles, myofibrillar lysis, swollen mitochondria
and distortion of the Z-line substance. The severity of
these changes correlates with total anthracycline
dose [10].

Since myocytes rarely proliferate after six months
of age, virtually all myocardial growth after this point
results from increasing myocyte size. Therefore,
the main way to compensate for lost myocytes due to
anthracycline therapy is for surviving myocytes to
hypertrophy even more than usual in order to main-
tain normal cardiac output [11]. Lipshultz et al. noted
such hypertrophy in conjunction with reduced wall
thickness and interstitial fibrosis in myocardial
biopsy specimens from children treated with anthra-
cyclines [11]. This suggests that late-onset cardiac
failure after anthracycline therapy may be due to the
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inability of surviving myocytes to adequately com-
pensate for the demand placed on the heart by the
normal growth of the body, pregnancy or other
cardiac stresses.

10.1.2.2 Cyclophosphamide

The effects of cyclophosphamide on the heart –
specifically, the myocardium – are described primari-
ly in the setting of high-dose preparatory regimens
for bone marrow transplant. Left ventricular wall
mass and thickness increase as a result of intramy-
ocardial edema or hemorrhage, often in association
with a serosanguinous pericardial effusion with fibri-
nous pericarditis [12]. Multiple areas of myocardial
hemorrhage are seen, with extravasation of blood, in-
terstitial edema and multifocal myocardial necrosis
[13]. Cyclophosphamide induces endothelial damage
causing myocardial edema, and it may also cause
myocardial fibrosis [14–16]. Chronic changes have
not been described after cyclophosphamide therapy,
although it may exacerbate anthracycline-induced
cardiotoxicity [17]. Sequential dosing of cyclophos-
phamide may result in increased myocardial sensitiv-
ity to the drug. This is because the median lethal dose
(LD50) for cyclophosphamide-induced cardiotoxici-
ty is decreased by glutathione deficiency, which is
induced by cyclophosphamide [17]. Other chemo-
therapeutic agents may cause cardiac damage as well,
but the evidence for their effect is much less than 
for anthracyclines and cyclophosphamide [18, 19].
Nevertheless, they are included in Table 10.1.

10.1.2.3 Radiation

The long-term adverse impact of RT on the heart has
been the subject of study since the 1940s [20]. Seque-
lae can include pericarditis, myocarditis, cardio-
myopathy, coronary artery disease (CAD), valvular
injury, conduction defects and autonomic dysfunc-
tion (Table 10.2). The frequency of RT-related cardiac
injury varies because of differences in radiation
dosage and techniques employed. Important charac-
teristics that determine risk include total and frac-
tional doses, volume and specific regions of the heart
irradiated and relative weighting of the radiation

portals. The presence of other risk factors for cardiac
disease (e.g. tobacco use, dyslipidemia) and the use 
of cardiotoxic chemotherapeutic agents, especially
anthracyclines, also influence the incidence of car-
diac sequelae.

Radiation-associated heart disease generally has a
characteristic morphology and pathophysiology. The
histological hallmark is fibrosis in the interstitium
with normal-appearing myocytes and narrowing of
capillary and arterial lumens. Historically, the most
common manifestation had been pericardial disease.
Dense collagen and fibrin replace the normal adipose
tissue of the outer layer of the heart. Fibrosis occurs
in the stroma and on the mesothelial surfaces of the
pericardium. A protein-rich pericardial fluid is often
found, although it usually develops slowly so that
cardiac tamponade rarely occurs [21, 22]. Injury to
the myocardium is characterized by non-specific, dif-
fuse interstitial fibrosis. Lesions measure from a few
millimeters to several centimeters in size, but usually
do not encompass the entire myocardium. The sever-
ity of fibrosis can be markedly different from one re-
gion to another [21, 23]. Collagen not only increases
as a whole, but the proportion of type I collagen in-
creases in comparison to type III [24]. These changes
are thought to change the compliance of the heart
and thus contribute to the significant diastolic dys-
function seen in this population. Cells of the myo-
cardium that are involved with conduction are sensi-
tive to radiation-induced fibrosis as well. Radiation
damages the myocardium and pericardium by in-
juring the capillary endothelial cells, which causes
obstruction of the capillary lumen and the formation
of thrombi of fibrin and platelets. This leads to
ischemia and potentially myocardial cell death and
fibrosis.

The pathology and pathophysiology of coronary
artery disease after radiotherapy appears to differ,
but only slightly, from that of coronary artery disease
in the general population. Coronary artery disease
(CAD) occurs relative to radiation dose distribution,
with the left anterior descending and the right coro-
nary arteries most often affected after anterior-
weighted mantle radiotherapy. Before the use of
modern techniques, disease of the left main coronary
artery occurred more often in those who received
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Table 10.2. Spectrum of radiation-associated cardiovascular disease

Manifestation Comments References

Pericarditis 1. During therapy – Associated with mediastinal tumor [21]
and some chemotherapy agents such as cyclophosphamide

2. Post therapy – Acute effusion, chronic effusion, [21]
pericarditis, constrictive pericarditis

Cardiomyopathy 1. Fibrosis secondary to microvasculature changes [21]
2. Frequently with normal left ventricular dimensions, ejection fraction [39]

and fractional shortening as measured by radionuclide scan 
or echocardiogram

3. Can have progressive, restrictive cardiomyopathy with fibrosis. [39]
Can cause pulmonary vascular disease and pulmonary hypertension

4. Diastolic dysfunction often occurs alone as well as with systolic dysfunction [39]

Coronary artery disease 1. Premature fibrosis and probable acceleration of atherosclerosis [27, 31]
2. Distribution of arteries affected tends to be anterior [21]

with anterior weighted therapy
3. Lesions tend to be proximal and even ostial [25, 27, 31]
4. Apparent increase in lipid profile risk in survivors of the atomic [149]

bomb compared to age matched controls
5. Increased rates of silent ischemia, clinically unsuspected and clinically [105]

suspected acute myocardial infarction (see autonomic effects)

Valvular disease 1. Predominantly mitral valve and aortic valve affected [21]
2. Increased regurgitation and stenosis with increased time since therapy [32, 154]
3. Many people with normal valves at completion of therapy demonstrate [105]

significant disease 10–20 years later.

Conduction system/ 1. High rate of complete or incomplete right bundle branch block [104]
arrhythmia is suggestive of right bundle branch fibrosis

2. Can progress to complete heart block and cause congestive heart failure, [104]
requiring a pacemaker

3. Complete heart block rarely occurs without other radiation-induced [103, 104]
abnormalities to the heart

4. Increased left ventricular fibrosis associated with increased 
high grade ventricular ectopic activity

5. Increased right atrial pressure associated with increased risk 
of atrial arrhythmia

Autonomic dysfunction 1.Tachycardia, loss of circadian rhythm and respiratory phasic heart rate [105]
variability

2.The above is similar to a denervated heart, suggesting autonomic [105]
nervous system damage

3. Decreased perception of anginal pain [105]

Vascular changes 1. Significant pulmonary artery stenosis and hypoplasia in some, [39]
especially in those treated in early childhood.

2. Carotid artery and aortic artery increased incidence of fibrosis [150]
and atherosclerosis

3. Increased incidence of calcification of the aorta in A-bomb survivors [151, 152]

Modified from Figure 8.15.3 in [113] with permission.

10_Schwartz_Cardiovascular  27.01.2005  8:58 Uhr  Seite 137



Chapter  10138 M. J. Adams et al.

radiotherapy than in the general population [25].
However with the use of modern techniques, the 
distribution of disease sites is similar to that of the
general population [26]. Narrowing of the artery gen-
erally occurs proximally and often involves the coro-
nary ostia [25, 27]. The morphology of radiation-
associated CAD is no different from that of sponta-
neous atherosclerosis, except for potentially more
fibrosis of the media and adventitia [25, 27–29]. Thus,
specifically diagnosing radiation-induced lesions
through histology is not possible. The mechanism 
of radiation-associated coronary artery disease is
thought to involve intimal injury and the replace-
ment of the damaged cells by myofibroblasts, deposi-
tion of platelets and the other events that usually
occur in atherosclerosis.

The cusp and/or leaflets of valves may undergo
fibrotic changes, with or without calcification, but 
the underlying pathophysiology is unknown [30].
Changes to valves on the left side appear to be more
common than changes to those on the right, regard-
less of dose distribution [31, 32]. This suggests that
the higher pressures of the systemic circulation play
a role in the pathogenesis of radiation-associat-
ed valvular disease [32]. It also suggests that such
disease is progressive.

10.2 Clinical Manifestations

10.2.1 Anthracyclines

Anthracyclines are the most common class of chemo-
therapeutic agents associated with adverse effects on
the heart. They were first introduced in the late 1960s
and early 1970s [33] and are critical in the treatment
of many pediatric malignancies [34]. Krischer et al.,
in their review of the Pediatric Oncology Group
(POG) protocols, demonstrated that more than 50%
of 12,680 patients treated between 1974 and 1990
received anthracycline chemotherapy [35]. The most
commonly used drugs in this class are doxorubicin
(Adriamycin), daunorubicin (Cerubidine), epirubicin
(Pharmorubicin) and idarubicin (Idamycin) [36].

Childhood cancer survivors have an increased
mortality from all causes following the cure of their
cancer. In a large cohort of pediatric cancer patients

who had survived at least five years after diagnosis,
the standardized mortality ratio from all causes was
10.8 [1]. A substantial proportion of the described
morbidity and mortality was cardiac in nature (the
standardized cardiac mortality ratio was 8.2) [1].
Mortality from anthracycline-induced cardiac failure
is substantial, with historic mortality rates as high as
20% after heart failure symptoms develop [37]. As
early as the 1970s, the higher risk of cardiac death in
anthracycline-treated patients was noted [38].

10.2.1.1 Spectrum of Anthracycline Damage

Heart damage from anthracycline therapy can be
divided into three categories: 1) acute changes that
occur within a week of infusion, 2) early onset, chron-
ic progressive cardiotoxicity that occurs within one
year after completing therapy and 3) late onset,
chronic progressive cardiotoxicity that occurs after
the first year (Table 10.3). Acute changes can range
from minor electrocardiographic (ECG) abnormali-
ties to fatal congestive heart failure. During infusion
of an anthracycline, the corrected QT interval (QTc)
on the ECG can become prolonged, and the rare pa-
tient may develop a ventricular arrhythmia. Echocar-
diography can reveal left ventricular dysfunction that
may be transient. However, some of the changes can
become permanent, especially with higher cumula-
tive doses of anthracyclines. Most patients, however,
recover at least temporarily. In fact, the risk for
chronic cardiac dysfunction may be greatest for those
diagnosed by echocardiography with abnormal car-
diac function during or immediately following thera-
py [39]. Nevertheless, the most appropriate and effec-
tive methods of on-therapy monitoring, as well as 
its prognostic value for long-term cardiotoxicity,
remains an area of some controversy and active in-
vestigation [40]. Data from Krischer et al. illustrate
the prevalence of CVD and the importance of devel-
oping effective monitoring. In a cohort of 6,493 child-
hood cancer patients treated with anthracycline,
1.6% developed early, acute congestive heart failure,
which prompted permanent discontinuation of an-
thracycline therapy [35]. None of the 6,187 children
treated without anthracycline therapy were reported
to have clinical cardiotoxicity.
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Many more individuals appear to develop cardiac
dysfunction over the long-term than suffer acute
decompensation. Children tend to show combined
dilated and restrictive pathophysiology [36], while
adult patients typically display purely dilated disease
[37, 41]. Late anthracycline-related cardiac decom-
pensation has been documented to occur as long as
two decades after completion of therapy, but it is un-
clear whether there is any time limit. In both early
and late chronic cardiotoxicity, electrophysiologic
changes, left ventricular dysfunction, decreased exer-
cise capacity and clinical congestive heart failure
(CHF) may develop [42]. Symptoms of CHF include
fatigue, exercise intolerance, cough and dyspnea.
Tachycardia, tachypnea, hepatomegaly, rales and a
new S3 or S4 heart sound may be noted on physical
examination.

Late onset toxicity occurs ≥ 1 year after the com-
pletion of therapy; by definition, there must be a
latency period before cardiac dysfunction develops
[11]. Asymptomatic disease is most common, al-
though some patients may report easy fatigability or
dyspnea before being diagnosed. Late-occurring
acute, severe disease has been reported but is rare,
and it is manifested by deadly arrhythmia or rapid
cardiac decompensation [43].

Late-onset anthracycline cardiac dysfunction is a
result of damage caused during therapy that is not
serious enough to cause symptoms immediately. The
myocyte loss and damage that occurs during cancer
therapy leads to progressive left ventricular dilation,
left ventricular wall thinning and a decrease in con-
tractility [42]. As ventricular contractility diminish-
es, the ventricle dilates further to maintain cardiac
output. These changes produce a chronic elevation in
left ventricular wall stress, thereby promoting further
left ventricular compromise. Cancer survivors may
also unconsciously compensate for anthracycline-
induced cardiac damage by choosing less active
lifestyles, allowing them to live without symptoms.
However, a heart with ventricular dilatation is less
likely to compensate further when metabolic de-
mands increase. Acute viral infection and cardiovas-
cular stressors such as pregnancy, surgery or heavy
isometric exercise (weightlifting) may tip the already
vulnerable heart into acute cardiac failure [44, 45]. In
fact, studies have shown an increased risk of cardiac
decompensation when additional stress is placed on
the heart by growth hormone-induced growth spurts 
in children with ALL [46], pregnancy-induced hyper-
volemic weight gain or the increase in cardiac after-
load associated with vaginal delivery or weight lifting
[43, 47]. Death is likely within months to years after
the onset of congestive heart failure, without success-

Table 10.3. Characteristics of different types of anthracycline cardiotoxicity

Characteristic Acute cardiotoxicity Early-onset chronic Late-onset chronic 
progressive cardiotoxicity progressive cardiotoxicity

Onset Within the first week <1 year after the completion ≥1 year after the completion 
of anthracycline treatment of anthracycline treatment of anthracycline treatment

Risk factor Unknown Yes Yesa

dependence

Clinical features Transient depression Dilated cardiomyopathy Dilated cardiomyopathy
in adults of myocardial contractility

Clinical features Transient depression Restrictive cardiomyopathy Restrictive cardiomyopathy 
in children of myocardial contractility and/or dilated cardiomyopathy &/or dilated cardiomyopathy

Course Usually reversible on Can be progressive Can be progressive
discontinuation of anthracycline

Modified from Table 2 in Simbre et al. [18] with permission from the publisher
a Data from Giantris et al. [36] and Grenier and Lipshultz [42].
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ful treatment. Thus early recognition and prevention
of progression of cardiac dysfunction is key.

Noninvasive monitoring of long-term cancer sur-
vivors treated with anthracyclines generally reveals
increasing abnormalities over time. Abnormalities
can exist in echocardiographic parameters, such as
left ventricular (LV) fractional shortening, LV end
diastolic dimension,LV afterload (determined by end
systolic wall stress), LV contractility (determined by
the stress velocity index) [11, 43, 48] and LV diastolic
filling phases [48]. Electrocardiographic and exercise
stress results can also be abnormal [49, 50]. Some
patients with these abnormalities eventually progress
to symptomatic CHF. Lipshultz et al. detected late-
onset cardiotoxicity in >50% of a cohort of 115 chil-
dren treated for ALL with doxorubicin, 1–15 years
earlier [11]. Cardiotoxicity was evaluated by taking
an oral history, 24-hour ambulatory electrocardio-
gram (ECG) recording, exercise testing and echocar-
diography. Over half (57%) the patients had abnor-
mal end-systolic wall stress (afterload) or contractil-
ity. Patients with excess afterload at the initial evalu-
ation showed less increase in left ventricular wall
thickness than expected for somatic growth. In addi-
tion, there was a significant increase in age-adjusted
afterload during follow-up, with 24 of 34 patients
(71%) having higher values on their last study. Simi-
larly, among patients in the National Wilms’ Tumor
Study who received doxorubicin for their initial
treatment, CHF occurred late (greater than one year
after therapy) in two-thirds of the CHF cases that
developed [51].

In addition to abnormalities of left ventricular
structure and function, electrical abnormalities,
including lethal conduction blocks or ventricular
arrhythmia, may occur during anthracycline therapy
or in follow-up. An increased frequency of QTc inter-
val prolongation may occur with higher cumulative
doses of anthracyclines [52–54].

10.2.1.2 Risk Factors 
for Anthracycline-Induced Cardiotoxicity

There are many risk factors that influence anthra-
cycline-induced cardiotoxicity (Table 10.4). Some of
the risk factors can be altered. Examples include the

type of anthracycline administered, the cumulative
dose, the use of cardio-protectants and concomitant
mantle radiation [36].However,patient characteristics,
which are not modifiable, also affect the risk of devel-
oping cardiomyopathy. These include age at time of
treatment, gender, race and length of follow-up. Pre-
existing or concomitant medical conditions and treat-
ments can also influence the risk of cardiotoxicity.

Higher cumulative dose has been well established
as a risk factor for cardiac damage.An early study re-
ported an incidence of heart failure of 0.15% or less
among patients with cumulative doses of 400 mg/m2

or less, and 7% among patients with cumulative dos-
es of 550 mg/m2 [37]. In the previously mentioned
study of 6,493 children who received anthracyclines
on POG protocols from 1974–1995, the risk of car-
diotoxicity in children treated with 550 mg/m2 or
more was five times greater than the risk in children
treated with lower cumulative doses [35]. In fact,
a high cumulative dose of anthracycline was the
strongest predictor of cardiotoxicity. Lipshultz et al.
found a similar relationship among 115 children
treated for ALL with doxorubicin during the previous
1–15 years [11]. Patients receiving 45 mg/m2 in a
single dose were compared to patients receiving
228 mg/m2 or more in multiple doses. Left ventricular
posterior wall thickness adjusted for body surface
area was lower in all patients who received doxoru-
bicin, compared with normal controls. Furthermore,
left ventricular posterior wall thickness was signifi-
cantly lower than normal in patients receiving the
higher dose of doxorubicin. Children who received a
single dose had less impaired function than children
who received 228 mg/m2 or more. Fractional shorten-
ing and left ventricular contractility were significant-
ly reduced, and afterload was significantly elevated in
all patients in the high-dose group [11].Afterload is a
function of blood pressure, the size of the ventricular
cavity and wall thickness; but in these patients, blood
pressure and size of the left ventricular cavity were
normal. Therefore, increased afterload was attributa-
ble to reduced left ventricular wall thickness. Higher
cumulative dose of anthracyclines was a significant
predictor for both increased afterload and decreased
contractility [11].Similar results were found by Stein-
herz et al., in their evaluation of 201 survivors who
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had been treated with anthracyclines 4–20 years pre-
viously [43]. Echocardiogram revealed the following
percentages with decreased cardiac function after the
cumulative doses of doxorubicin indicated: 11% after
<400 mg/m2, 23% after 400–599 mg/m2, 47% after
500–799 mg/m2 and 100% after >800 mg/m2 [43].
The study of the National Wilms’ Tumor Study Group
found that cumulative dose of doxorubicin increased
the patient’s relative risk of congestive heart failure
by a factor of 3.3 for every 100 mg/m2 of doxorubicin
[51]. Although the risk of cardiotoxicity increases
with the cumulative dose of anthracycline adminis-
tered, the relationship is complex and far from linear
[36]. Indeed, reports of cardiac dysfunction in pa-
tients treated with <300 mg/m2 exist [55, 56]. Individ-
uals vary in their susceptibility, and risk may increase
over time. Thus, it is important to emphasize that
there is no absolutely safe dose of anthracycline.

Younger age at treatment appears to increase the
risk of anthracycline-induced myocardial impair-
ment [7, 11, 48, 57, 58]. In one study, children under the
age of 4 years at the time of exposure were at a signif-
icantly greater risk for developing abnormal cardiac
function [11]. A retrospective study of 120 children
and adults who had received cumulative doxorubicin
doses of 244–550 mg/m2 for acute lymphoblastic
leukemia (ALL) or osteosarcoma during childhood

or adulthood showed that younger age at diagnosis
was predictive of ventricular dysfunction [48].

Longer follow-up has become important in screen-
ing, as both the prevalence and severity of cardiac ab-
normalities increase over time [48, 59]. In a serial fol-
low-up of 120 doxorubicin-treated patients, those
with longer follow-ups were more likely to have re-
duced left ventricular wall thickness and secondary
increased left ventricular afterload [48]. Asympto-
matic cancer survivors are at increasing risk for car-
diac dysfunction later in life. Patients may develop
cardiomyopathy with CHF after years of latency [11,
35, 36, 42, 48, 60]. Although acute episodes can often
be treated successfully, cardiac function generally
shows a progressive decline even with long-term
medication. Studies have shown that, six years after
completion of therapy, 65% of childhood cancer sur-
vivors treated with anthracyclines have subclinical
cardiac dysfunction that is often progressive [11, 36,
48]. Heart failure frequently develops after an added
stress on the heart, such as pregnancy, infection,
an unsupervised exercise program or cocaine use.
Monitoring cardiac function is thus extremely
important during pregnancy or other events that can
increase stress on the heart [40].

Girls appear to be more vulnerable than boys to
the cardiotoxic effects of anthracycline therapy. In

Table 10.4. Risk factors for anthracycline-induced cardiotoxicity in decreasing order of importance

Risk factors Features

Total cumulative dose Most significant predictor of abnormal cardiac function

Age For comparable cumulative doses, younger age predisposes 
to greater cardiotoxicity 

Length of follow-up Longer follow-up results in higher prevalence of myocardial impairment 

Gender Females more vulnerable than males for comparable doses 

Concomitant mantle irradiation Evidence of enhanced cardiotoxicity; not clear whether additive or synergistic

Rate of anthracycline administration Higher rate was thought to predispose to greater toxicity, but current trials 
do not support this

Others Concomitant exposure to cyclophosphamide, bleomycin, vincristine, amsacrine,
or mitoxantrone, may predispose to cardiotoxicity.Trisomy 21 and black race
have been associated with a higher risk of early clinical cardiotoxicity.

Modified from Table 3 in Simbre et al. [18] with permission from the publisher
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their review of patients treated on POG protocols
from 1974–1990, Krischer et al. reported that being
female was an independent risk factor for early
cardiotoxicity [35]. Lipshultz et al. also found that
female patients were more likely to have late de-
pressed contractility than male patients [48]. In their
cohort of 120 children and adults treated for ALL
(73%) or osteogenic sarcoma (27%) with doxoru-
bicin (≥ 244 mg/m2) years earlier, 45% of the female
patients (28 of 62) had contractility more than 2 stan-
dard deviations below normal, compared with 12%
of male patients (7 of 58; P<0.001). In addition, there
appeared to be a direct relationship between the cu-
mulative dose and the difference in contractility be-
tween male and female patients (the higher the dose,
the higher the difference). The findings of Silber et al.
also showed the association of increased risk with fe-
male gender [61]. In this study, 150 patients under-
went one of three procedures: 1) resting and gated
nuclear angiography,2) exercise testing using standard
cycle ergometry with electrocardiographic (ECG)
monitoring, or 3) both tests. Approximately 38% (32
of 85) of the male patients had abnormalities in one or
both of the cardiac function tests,compared with 64%
(42 of 66) of the female patients. Similar results were
found in the National Wilms’ Tumor Studies, from
which it was concluded that, given the same level of
cumulative doxorubicin dose and radiation therapy,
the risk of developing congestive heart failure for
girls is about four times greater than for boys [51].

The reason for the sex difference is unclear. One
hypothesis is that anthracyclines may be distributed
differently in the male and female bodies. Doxo-
rubicin does not distribute well into fat tissue and is
metabolized more slowly in the obese [62]. Equal
doses of anthracycline given to males and females
may lead to higher dose exposure in the hearts of
females, because females have more body fat than
males of the same body surface area. This hypothesis
is supported by Silber’s study, which found that the
association between cardiac dysfunction and female
sex was particularly strong in children older than age
12, when puberty begins to produce larger differ-
ences in fat distribution between boys and girls [61].

Rate of administration (continuous infusion ver-
sus bolus doses) had previously been suggested as a

risk factor for developing cardiotoxicity during and
after treatment [36], but recent evidence does not
support this. Because continuous infusion reduces
peak anthracycline levels, it was thought that this
might protect the heart. This method, however, pro-
longs exposure. Lipshultz et al. reported that serum
measurements of cardiac troponin-T were elevated in
children who received doxorubicin for ALL by either
method and that no significant difference existed in
their mean levels. This suggests that neither method
provides a protective advantage to the heart [63]. In
both groups, multiple echocardiographic measure-
ments showed abnormalities, including a significant
decrease in median left ventricular (LV) fractional
shortening and LV contractility, and a significant
increase in LV peak systolic wall stress. The median
follow-up period in this study was only 1.5 years,
however. Levitt et al. had similar findings. They
showed that late subclinical cardiotoxicity after mod-
erate doses of anthracycline is not alleviated by six-
hour infusions [64].

Other patient characteristics may also be risk fac-
tors but are not as well documented. In the previous-
ly discussed review of children treated on POG pro-
tocols from 1974–1990, African-American race was
associated with a higher risk of early cardiotoxicity
[35]. This link is consistent with the increased mor-
bidity and mortality found in patients of African
American ancestry with other forms of cardio-
myopathy [60]. However, few studies have examined
the effect of racial and ethnic differences in cancer-
related cardiotoxicity. Children with certain types of
cancers, including Ewing’s sarcoma [59], acute non-
lymphoblastic leukemia and T-cell leukemia, appear
to have an increased risk of cardiotoxicity [42]. This
is likely the result of the higher doses of anthracycline
used to treat these malignancies. The risk of car-
diotoxicity is also higher in children with trisomy 21,
even when children with congenital cardiovascular
malformations are excluded [65].

10.2.2 Radiation

The functional and structural complexity of the heart
is mirrored by the variety of radiation injuries that
can occur (Table 10.2). A classification system modi-
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fied from Fajardo and Stewart [23] includes: acute
pericarditis during irradiation (rare and associated
with juxtapericardial tumor); delayed pericarditis
that can present abruptly or as chronic pericardial
effusion; pancarditis, which includes pericardial and
myocardial fibrosis, with or without endocardial
fibroelastosis (only after large doses); myopathy in
the absence of significant pericardial disease; CAD,
usually involving the left anterior descending artery;
functional valve injury; and conduction defects.
Several parameters (Table 10.5) must be considered
in the evaluation of radiation injuries, including:
relative weighting of the RT portals and, thus, the
amount of radiation delivered to different depths of
the heart; the presence of juxtapericardial tumor;
volume and specific areas of the heart irradiated;

total and fractional radiation dose; the presence of
other risk factors – such as age, weight, blood pres-
sure, family history, lipoprotein levels and habits such
as smoking – and the administration of specific
chemotherapeutic agents.

After anterior weighted radiotherapy to the medi-
astinum, the rate of hemodynamically important
cardiac complications was estimated to be between
15 and 30% within a decade [66]. The prevalence of
asymptomatic cardiac abnormalities was probably
even higher. A recent study by Adams and colleagues
[67] evaluated the cardiac status in 48 asymptomatic
survivors of childhood or young adulthood Hodgkin’s
disease who received between 27.0 and 51.7 Gy of
mediastinal irradiation (median 40.0) from 1970 to
1991 via relatively modern techniques (equal weight-

Table 10.5. Risk factors for the different manifestations of radiation induced heart disease

Risk factor Peri- CMa CADb Arrhyth- Valvular All causes Reference
carditis mia disease CDc

Total dose; (>30–35 Gy) Xd X X X X X [21, 32, 73, 99]

Fractionated dose; ( ≥ 2.0 Gy a day) X X X Likelye Likely X [21]

Volume of heart exposed X X X Likely Likely X [21]

Relative weighting of radiation X X X Likely Likely X [21, 70]
portals and thus how much 
radiation is delivered to different 
parts of the heart and not using 
subcarinal blocking

The presence of tumor next X –f – – – – [21]
to the heart

Younger age at exposure – X X Likely Likely X [21, 48, 70, 141]

Increased time since exposure – X X X X X [32, 70, 104, 153]

Type of radiation source X X X Likely Likely X [21]

Use of adjuvant cardiotoxic – X – X X X [21]
chemotherapy

The presence of other known – – X – – X [21, 26, 73]
risk factors in each individual 
such as current age, weight,
lipid profile, and habits 
such as smoking

– a: CM = cardiomyopathy; b: CAD = coronary artery disease; c: CD = cardiac death; d: X = associations of specific risk factors 
with specific presentation; e: likely = unknown but likely association; f: – = No known association
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ing of daily treatments, subcarinal blocking, etc.). All
but one survivor suffered a significant cardiac abnor-
mality following diagnosis (the median follow-up
time was 14.3 years) [67]. It is noteworthy that anteri-
orly- weighted techniques and RT doses above 25 Gy
are seldom used in the current treatment of children
with Hodgkin’s disease.

10.2.2.1 Coronary Artery Disease 
and Mortality from All Cardiac Causes

Numerous studies demonstrate that Hodgkin’s dis-
ease (HD) survivors treated with mediastinal irradi-
ation have an increased risk of fatal CVD [68–71].
Relative risk estimates for all survivors range from
2.2–7.2, compared with age and gender-matched
controls from the general population [68–70]. The
absolute excess risk of fatal cardiovascular disease is
11.9–48.9 per 10,000 patient years, depending upon
patient characteristics [70]. This increased risk
becomes statistically significant 5–10 years after
radiotherapy [71, 72], and is largely due to fatal
myocardial infarctions [70].

Myocardial infarction (MI) may be the most
important cardiac concern for survivors treated with
radiotherapy since the 1970s. While risk of death
from cardiac causes other than myocardial infarction
has decreased with the use of subcarinal blocking,
the incidence of fatal MI has not changed significant-
ly. This was demonstrated by a study of 2,232 HD
patients treated at Stanford during 1960–1991. The
study showed that the relative risk of non-MI cardiac
death decreased from 5.3 to 1.4 with subcarinal
blocking, while the relative risk for fatal MI did not
change significantly [70]. This might be explained by
the continued exposure of the proximal coronary
arteries to radiation despite the protection to the base
of the heart afforded by the subcarinal blocking.

The risk of thoracic irradiation should be consid-
ered in the context of other cardiovascular risk fac-
tors, but information on the prevalence of risk factors
in comparison populations is generally lacking. One
report that did assess other risk factors [26] demon-
strated that patients experiencing an MI also had a
higher frequency of elevated cholesterol, tobacco use
and obesity than the US population as a whole. In

fact, each survivor with an event had at least one
other known cardiac risk factor [26]. Unfortunately,
risk factor information for those without events was
not gathered, so further analysis was not possible.
Glanzmann et al. [73] evaluated patients with HD for
the risk of fatal myocardial infarction associated with
modern techniques of mantle irradiation in the con-
text of known cardiac risk factors: smoking, hyper-
tension, obesity, hypercholesterolemia and diabetes.
The total group of survivors had a significantly high-
er-than-expected incidence of fatal myocardial in-
farctions and/or sudden death at a mean follow up of
11.2 years (the relative risk of myocardial infarctions
alone was 4.2, and the relative risk of either outcome
was 6.7). The risk of cardiac events in patients with-
out other known cardiovascular risk factors, how-
ever, was not significantly different from that of the
age-matched population. This underscores the fact
that radiotherapy is only one of several risk factors
for cardiovascular disease.

Nevertheless, case reports [25, 74–77] and studies
of acute myocardial infarction in young survivors of
chest radiotherapy, presumably without other known
risk factors, suggest that mediastinal irradiation
alone may be sufficient to increase the likelihood of
fatal coronary artery disease. Fatal myocardial infarc-
tions have occurred in children as young as 12 years
of age after mediastinal radiotherapy [76]. Survivors
of childhood (<21 years of age) HD treated between
1961 and 1991 suffered fatal myocardial infarctions
41.5 times more frequently than the age-matched
general population [71]. Deaths occurred 3–22 years
after therapy. These deaths were limited to those
exposed to ≥ 42 Gy of irradiation but 71% of this
cohort received ≥ 40 Gy. Although it is uncommon to
treat children today with >25–30 Gy, it is unclear
whether limiting exposure has impacted the rate of
fatal MI in HD survivors [70, 78]. Whatever the case
may be with respect to current treatment protocols,
the many HD survivors who were treated success-
fully with the higher doses remain at risk for cardio-
vascular sequelae.
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10.2.2.2 Pericarditis

Historically, pericarditis was the most common se-
quelae of radiotherapy to the chest, occurring in
20–40% of Hodgkin’s disease patients [79–81]. How-
ever, reports from one center employing modern
techniques – including equally-weighted anterior
and posterior fields, daily fraction sizes of 2.0 Gy or
less and subcarinal blocking – showed a decrease in
the frequency of pericarditis from 20% to 2.5% [80].
Pericarditis can remain clinically silent, or it can
present with sudden onset of fever, dyspnea, pleuritic
chest pain and/or friction rub, as well as its typical
signs of ST and T wave changes and decreased QRS
voltage. Early, acute-onset pericarditis occurs during
radiotherapy and is usually associated with a large
tumor contiguous with the heart. It is thought to be a
reaction to necrosis of the tumor and does not have
long-term consequences. Delayed pericarditis occurs
four months to several years after radiotherapy,
although mostly within the first year. Two overlap-
ping forms are seen: delayed acute pericarditis and
delayed chronic pericardial effusion. The former
presents as described above and may have recur-
rences.About half of these patients will develop some
degree of tamponade, presenting with paradoxic
pulse or Kussmaul’s sign. Delayed chronic pericardial
effusion is usually asymptomatic and is discovered
by routine chest radiography revealing an enlarged
cardiac silhouette, although a minority will present
in tamponade (paradoxical pulse, Kussmaul’s sign).
Most effusions clear spontaneously in 1–10 months,
but it may take up to two years. About 20% of those
with delayed pericarditis develop chronic and/or
constrictive pericarditis 5–10 years after therapy. The
risk for developing chronic pericarditis is substan-
tially greater if pericardial effusion was present pre-
viously [82]. Chronic effusive-constrictive pericardi-
tis develops in 10–15% of these patients and may
necessitate pericardectomy. Chronic pericarditis can
also develop without antecedent acute pericarditis
5–10 years after irradiation [21, 83, 84]. Pancarditis 
is severe pericarditis combined with significant myo-
cardial fibrosis. This rare complication probably
results from at least 60 Gy of irradiation to the me-
diastinum. Most of these patients have severe,
intractable congestive heart failure.

10.2.2.3 Cardiomyopathy

Radiation can cause long-term diastolic and systolic
left ventricular dysfunction [85]. This differs from
the common, acute transient decrease in ejection
fraction that occurs soon after therapy. The relation-
ship between acute and long-term changes is un-
known [85]. The predominate characteristics of the
long-term changes primarily depend upon concur-
rent chemotherapy and the prior condition of the
heart. Restrictive cardiomyopathy, characterized by
diastolic dysfunction, is more common in survivors
who have not received an anthracycline [86]. In con-
trast, dilated cardiomyopathy, characterized by sys-
tolic dysfunction, is more common in those who also
received an anthracycline.

While clinically evident heart failure is rare in sur-
vivors treated with radiotherapy alone, subclinical
changes are common and may be progressive. The
prevalence varies, depending upon treatment, length
of follow-up and method of screening. In a series of
21 asymptomatic adults treated with 20–76 Gy (mean
35.9 Gy) for HD prior to 1983, 57% had an abnormal
left and/or right ventricular ejection fraction 7–20
years after treatment (the mean was 14.1 years) [87].
However, these survivors were largely treated with RT
techniques considered suboptimal by current stan-
dards. For patients treated with modern radiothera-
py techniques, the outlook appears improved. Cons-
tine et al. [88] evaluated 50 HD survivors who had
been treated using modern techniques with 18.5–
47.5 Gy (mean: 35.1 Gy) 1–30 years previously (mean:
9.1 years). The results of radionuclide ventriculogra-
phy revealed that 4% had an abnormal left ventricu-
lar ejection fraction and 16% had an abnormal peak
filling-rate (which is an indirect measure of diastolic
function). Recent studies in survivors of left-sided
breast cancer who received adjuvant irradiation also
suggest restrictive cardiomyopathy. From these stud-
ies it may be inferred that diastolic dysfunction is the
primary problem in those who receive radiotherapy
to the chest [89, 90]. Overall, the studies suggest that,
although diastolic dysfunction associated with chest
radiotherapy continues to occur, modern techniques
appear to have decreased the rate of systolic dysfunc-
tion. The concern is that diastolic dysfunction may
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worsen over time and could lead to congestive heart
failure [30, 91].

Reports from the 1970s [8, 92–94] first suggested
that radiation to the heart in conjunction with an-
thracycline therapy was associated with greater car-
diac toxicity than either modality alone.As previous-
ly noted, radiation and anthracyclines damage the
myocardium through different pathophysiological
mechanisms. In rabbits, the combined effects of radi-
ation and doxorubicin are additive, not synergistic
[95]. Studies of long-term childhood cancer sur-
vivors [96, 97] and breast cancer survivors [98] 
have confirmed that combined therapy affects left
ventricular systolic function and mortality more
significantly than either alone.

10.2.2.4 Valvular Disease

Valvular abnormalities are frequent in survivors of
HD treated with mediastinal radiotherapy. Valvular
insufficiency seems to be more common, but stenosis
is of greater hemodynamic significance, sometimes
requiring intervention [32]. In prospective studies of
survivors treated with radiotherapy, the frequency of
left-sided valvular regurgitation of grade 1 or greater
has ranged between 16–40% [99–101]. The largest
study to date, which screened 90% of eligible sub-
jects, demonstrated a 24% frequency of left-sided
regurgitation in the 116 HD survivors treated with
chest radiotherapy +/– chemotherapy between 1980
and 1988, 5–13 years after therapy [101]. This rate of
left-sided regurgitation was dramatically higher than
the 2% reported in the control population, although
the difference was not statistically tested and a
comparison of the two groups was not provided.
Lipshultz and colleagues also demonstrated that the
frequency of aortic stenosis, aortic regurgitation,
mitral stenosis and mitral regurgitation in HD sur-
vivors treated with modern techniques are each
greater than expected in an age-and gender-matched
normal population [102]. Except for this last study,
given the length of follow-up, most data suggest that
a threshold dose for valvular regurgitation is approx-
imately 30 Gy.

Radiation-associated valvular disease appears to
be progressive.A review of 38 cases calculated a mean

interval to asymptomatic valvular dysfunction of
11.5 years post-therapy, while the mean time to diag-
nosing symptomatic dysfunction was 16.5 years
post-therapy [32]. The one patient for whom annual
echocardiograms were available demonstrated pro-
gressive thickening of the aortic and mitral valves
with development of tricuspid regurgitation. It
appears that continued hemodynamic stress increas-
es the likelihood that radiation-associated damage
will progress. Signs and symptoms are no different
from those of patients in the general population with
valvular abnormalities.

Despite the clinical observations suggesting an
association between radiation and valvular disease,
there is no pathophysiologic mechanism to directly
link radiation and valvular disease. Valves in the
heart do not have blood vessels so the best under-
stood mechanism of radiation injury does not apply.
Furthermore, experimental models of radiation-
induced heart disease do not demonstrate valvular
lesions. Nevertheless, the literature in humans indi-
cates that valvular disease is increased in survivors of
cancer treated with mediastinal radiation [30].

10.2.2.5 Dysrhythmia/
Conduction Abnormalities

Life-threatening arrhythmia and conduction distur-
bances are rare and occur years after radiation expo-
sure. They are different from the frequent, asympto-
matic, nonspecific and transient repolarization ab-
normalities seen shortly after irradiation [50]. Seri-
ous abnormalities reported after radiotherapy in-
clude atrioventricular nodal bradycardia, all levels of
heart block – including complete heart block [103,
104] – and sick sinus syndrome [66, 104]. In their case
series report and review of the literature, Orzan et al.
[103] reported that infranodal blocks were more
common than nodal blocks, and that right bundle
branch block was one of the most common abnor-
malities. Many, but not all, of the reports reviewed by
Orzan, however, involved survivors who had received
RT with techniques and doses no longer in use. Un-
fortunately, only a few prospective studies have re-
ported the incidence of conduction abnormalities. In
a study of 134 survivors of childhood cancer treated
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with anthracyclines and/or chest irradiation, ventric-
ular tachycardia was significantly greater in those
treated with chest radiotherapy than in a group of
historical controls, at a mean 5 years after therapy
[50]. This increased rate was not seen in those treat-
ed with anthracycline without radiotherapy. The fre-
quency of QTc >0.44 seconds was 12.5% in those
treated with chest irradiation alone and 18.9% in
those treated with irradiation and anthracyclines.

Persistent tachycardia at a fixed rate and loss of
circadian variability in heart rate may be common in
survivors of childhood HD treated with chest irradi-
ation [67]. This picture is similar to cardiac trans-
plant patients who have a denervated heart. It sug-
gests that there may be autonomic nervous system
dysfunction in HD survivors treated with mediasti-
nal radiotherapy, which could lead to the decreased
perception of anginal chest pain observed in some of
these patients [105]. Symptoms from conduction ab-
normalities are uncommon but range from palpita-
tions to syncope to sudden death. However, conduc-
tion delays, which produce symptoms, rarely occur
without some other injury to the heart associated
with irradiation [103].

10.3 Detection and Screening

Long-term survivors of childhood cancer who have
received potentially cardiotoxic therapies should
undergo regular, repeated evaluations of cardiac
status, even if the patient is asymptomatic. Patients at
highest risk include (but may not be limited to) those
who have received anthracyclines, high-dose cyclo-
phosphamide (typically, only those who received it in
preparation for bone marrow transplant), and car-
diac irradiation (mediastinal, mantle, and possibly
spinal, whole lung and left renal bed). Although
screening regimens have been suggested for patients
treated with doxorubicin and/or irradiation [30, 91,
106, 107], no specific regimen for childhood cancer
survivors has ever been tested for efficacy and cost ef-
fectiveness. Nevertheless, serial evaluation recog-
nizes the following:

1. As the survivor grows and matures, demands on
the heart increase, which a damaged heart at some
point may no longer be able to meet;

2. Lifestyle changes may further stress the heart;
3. Cancer therapy-related heart disease may itself be

progressive.

Furthermore, survivors need to be screened as they
undertake or contemplate changes in their life that
increase the workload of the heart, such as beginning
a new exercise program, starting growth hormone
therapy, becoming pregnant or undergoing anesthe-
sia. Clearly, those patients who have had an abnormal
study or a symptomatic cardiac event at any time
should have more frequent cardiac screening. The
importance of screening all survivors treated with
potentially cardiotoxic therapy is underscored by the
fact that Lipshultz and colleagues could not find a
correlation between patient- or parent-reported
symptoms and measures of LV function or exercise
tolerance in those treated for ALL with doxorubicin
with or without chest irradiation [11].

While the broad range of cancer therapy-related
cardiac abnormalities makes it potentially necessary
to use multiple diagnostic modalities, cardiac evalua-
tion of the survivor should first begin with a thor-
ough history and physical. The fact that self-reported
symptoms without specific questioning do not neces-
sarily correlate well with cardiovascular abnormali-
ties detected by specialized testing makes it essential
that information be determined by specific, quantita-
tive parameters (e.g.“Can you walk up two flights of
stairs without becoming short of breath?”). Because
the manifestations of late anthracycline-related car-
diotoxicity include congestive heart failure and ar-
rhythmias, changes in exercise tolerance, dyspnea on
exertion, palpitations and syncope should all be eval-
uated by some screening modality. The history
should not only evaluate risk from therapy, but also
traditional CVD risk factors (smoking, blood pres-
sure, family history, etc.). Worrisome findings on
physical examination include tachypnea, tachycardia,
extra heart sounds, rales, hepatomegaly, peripheral
edema, diminished peripheral pulse volume and
perfusion, any of which is suggestive of congestive
failure.

10_Schwartz_Cardiovascular  27.01.2005  8:58 Uhr  Seite 147



Chapter  10148 M. J. Adams et al.

10.3.1 Assessment of Myocardial 
and Valvular Function

The most common screening methods for anthra-
cycline-associated cardiomyopathy are echocardio-
grams, radionuclide ventriculography – also com-
monly referred to as radionuclide angiography (RNA)
– and electrocardiograms. These methods are also
useful for screening for radiation-associated car-
diotoxicity with subtle differences. Echocardiogra-
phy and RNA are both excellent methods of measur-
ing left ventricular systolic function, but echocardio-
graphy has the advantage over RNA of being nonin-
vasive. Echocardiography also has the advantage of
being able to evaluate heart structures such as the
pericardium and valves. Due to body habitus and
bone density, however, trans-thoracic echocardio-
graphy is frequently of poor quality in adults.

Fractional shortening (FS) and ejection fraction
are reliable echocardiographic measures of left ven-
tricular systolic function. FS is the percentage of
change in left ventricular dimension between systole
and diastole. Both measurements, however, are de-
pendent on loading conditions, which may vary con-
siderably,particularly during chemotherapy [108,109].
Load- independent measures of myocyte health and
myocardial function can be provided by measure-
ments of wall stress and contractility, i.e. the relation-
ship between wall stress and the heart rate corrected
velocity of circumferential fiber shortening [109].Ad-
ditionally, anatomic measurements such as posterior
wall thickness and left ventricular dimension are use-
ful. Current monitoring recommendations include
obtaining echocardiograms of these measurements 
at regular intervals after therapy [106]. The recom-
mended monitoring interval depends on the cumula-
tive anthracycline dose, other therapies received, the
detection of abnormalities,any symptoms the patient
may experience and co-existent stressors, such as
growth or participation in competitive athletics.

Radionuclide ventriculography determines an
ejection fraction that is arguably more accurate than
that derived from echocardiography by calculating
the change in radioactivity at end diastole to that at
end systole. But this measure is also load-dependent,
and no load-independent measure of myocyte health

exists for this modality. Although it has been recom-
mended as a baseline study to be repeated every five
years in anthracycline-treated children (in addition
to more frequent echocardiography [99, 107]), fur-
ther studies are necessary to determine whether RNA
is of clinical value for the entire cohort of asympto-
matic patients. It is clearly useful for those in whom a
good echocardiogram cannot be obtained, which is
frequently the case in adults, due to body habitus and
bone density. However, it should be noted that the FS
on echocardiography and the ejection fraction on
RNA are not directly convertible.

A significant difference in anthracycline and radi-
ation associated cardiomyopathy is the type of car-
diac dysfunction caused. Although otherwise quite
different from other types of dilated cardiomyopathy
[128], anthracycline-associated cardiomyopathy re-
sembles dialated cardiomyopathy, because it pri-
marily causes systolic dysfunction. Radiation causes
restrictive cardiomyopathy which primarily leads to
diastolic dysfunction (i.e. problems with filling the
heart). (Restrictive cardiomyopathy may cause sys-
tolic dysfunction, but only in its terminal stages.)
Both conditions, however, can cause heart failure in
the long term. Therefore, it is important to screen for
both with the hope that early intervention can delay
or prevent heart failure. The problem is that measur-
ing diastolic function noninvasively can only be done
through imprecise echocardiographic techniques.
In addition to measuring left ventricular (LV) wall-
stress, LV fractional shortening and LV wall thick-
ness, we recommend measuring LV mass and LV
chamber size, which, if abnormal, may suggest re-
strictive cardiomyopathy. We also recommend meas-
uring the ratio of peak early filling to peak late filling
of the left ventricle (E/A ratio) and other indirect
echocardiographic indicators of diastolic function.
Echocardiography is also useful for following valvu-
lar and pericardial status.

10.3.2 Assessment of Dysrhythmias/
Conduction Abnormalities

Electrical conduction abnormalities and rhythm dis-
turbances may remain silent until fatal. Pertinent
ECG findings include prolonged corrected QT inter-
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val, atrioventricular conduction delay, ventricular ec-
topy, low voltage, second-degree AV block, complete
heart block, ventricular ectopy, ST elevation (or
depression) and T wave changes.

Long term survivors treated with cardiotoxic ther-
apy with left ventricular dysfunction often have 24-
hour continuous ECG monitoring performed. How
often it should be repeated in asymptomatic sur-
vivors without any other abnormalities on cardiac
screening is unclear. Steinherz and colleagues have
recommended performing 24-hour ECG every five
years in long terms survivors who had received
anthracyclines, but no formal study backs this
recommendation [107].

10.3.3 Assessment 
of Coronary Artery Disease Risk Factors

All childhood cancer survivors should be screened
regularly for coronary artery disease (CAD) risk fac-
tors. While those treated with mantle radiation are
probably most at risk for CAD, survivors treated with
anthracyclines and high-dose cyclophosphamide are
also likely to have damaged hearts that can ill afford
further damage from a myocardial infarction. Pa-
tients who received brain irradiation, especially those
with proven growth hormone deficiency or other
hypothalamic-pituitary axis dysfunction, may also be
at higher risk, compared with other survivors. Risk
factors for CAD, such as family history, hypertension,
smoking, hyperlipidemia, obesity, diabetes mellitus
and a sedentary life-style, should be evaluated at each
long-term visit. Counseling to reduce such risk fac-
tors is not only appropriate, it is extremely important.
Signs and symptoms of pericarditis (fever, dyspnea,
pleuritic chest pain, friction rub, ST and T wave
changes, decreased QRS voltage), cardiomyopathy,
valvular disease (new murmur), arrhythmia (palpita-
tions, syncope) and CAD (left arm and chest pain,
diaphoresis, dyspnea) should all raise concern. As in
other children, chest pain is usually due to costo-
chondritis (Tietze’s syndrome) in young survivors
and is characterized by point tenderness, discomfort
with inspiration and response to nonsteroidal anal-
gesics. However, because of the sharply increased risk
of myocardial infarction in survivors treated with

mediastinal irradiation, myocardial infarction should
be ruled out in any such patient who presents acute-
ly. Although the possibility of myocardial ischemia 
is strongly suggested by crushing pain (especially
with exercise), diaphoresis, dyspnea and nausea, the
absence of these symptoms does not necessarily war-
rant clearing a survivor. This is because chest irradi-
ation may cause individuals to feel cardiac pain ab-
normally [105]. Complaints of chest pain, even in
young survivors treated with mediastinal irradiation,
therefore require additional evaluation.

10.3.4 Exercise Stress Testing

ECHO and ECG exercise testing have been shown to
reveal cardiac injury that is not discernible in resting
studies [49, 52, 110]. Although more research is
required to determine the appropriate use of such
studies in chemotherapeutic- or radiation-associated
cardiovascular disease [91], it is likely that these tests
will be of good predictive value, especially since
anthracycline-treated and/or cardiac- irradiated pa-
tients appear to decompensate at times of cardiac
stress. Exercise stress testing also provides the oppor-
tunity to measure maximum oxygen consumption.
This parameter is a key prognostic indicator in pa-
tients with cardiomyopathy [111]. We, and others,
have noticed it to be surprisingly low in long-term
survivors of childhood cancer treated with anthra-
cyclines and/or mediastinal radiotherapy [67].

Screening tests for measuring the indirect effects
on the cardiovascular system should also be per-
formed periodically. In particular, pulmonary and
thyroid function tests should be performed for those
at risk for these abnormalities (as a result of e.g.
bleomycin, chest irradiation).

10.3.5 Invasive Procedures

In all survivors treated with potentially cardiotoxic
therapies, angiography and cardiac catheterization
are appropriate for evaluating symptomatic disease
(angina and heart failure, respectively). They are not
appropriate for routine serial screening in the
asymptomatic survivor. According to some experts,
however, these procedures should be performed if
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any clinically significant cardiac lesion is found, due
to the fact that CAD can be asymptomatic and is
often present in those who received mediastinal irra-
diation [112].

10.3.6 Recommendations 
from Personal Experience

Although data do not exist to support definitive
recommendations on test frequency, the Children’s
Oncology Group suggests screening survivors for
cardiovascular abnormalities on a regular basis
[106]. One author (S.E.L.) follows survivors of child-
hood malignancy exposed to anthracyclines and/or
mediastinal irradiation on a regular basis (usually,
every one to two years) [113]. Echocardiography is
performed to assess systolic and diastolic function,
valvular and pericardial abnormalities and coronary
flow. Serial ECG, Holter monitoring and exercise
stress testing are often performed. These tests assess
for the prevalence of high-grade ectopy, conduction
defects, ischemia and abnormal hemodynamic re-
sponse to exercise. Lipid profiles, CAD risk profile
and thyroid function screening are also usually per-
formed annually on at-risk patients. Pulmonary
function tests are performed periodically. Radionu-
clide angiography is not performed regularly unless a
high quality echocardiogram cannot be obtained.

10.4 Preventive Measures

10.4.1 During Therapy

Prevention is the “best treatment” for cardiovascular
sequelae. Many treatment protocols now address the
dose of cardiotoxic therapy. The treating physician
must also monitor the individual’s cardiac studies
closely for early evidence of enhanced sensitivity,
although the specific regimen of monitoring patients
while on therapy remains an area of intense debate
and research. Other strategies during therapy to pre-
vent long-term cardiac sequelae are still investiga-
tional. As discussed above, the method of delivery
does not appear to be as promising as was once
thought. Replacing conventional anthracyclines with
less cardiotoxic analogues or new formulations, such

as epirubicin hydrochloride, idarubicin hydrochlo-
ride and liposomal anthracyclines is another ap-
proach being studied [18]. However, the danger of all
these strategies is that the mechanism that protects
the heart may also limit antineoplastic efficacy [18].

One approach to preventing or minimizing chemo-
therapy-induced cardiotoxicity is to add a cardiopro-
tectant. One cardioprotectant that has been proven 
to be effective in many adult patients is dexrazoxane
(Zinecard; Pharmacia & Upjohn, Peapack, NJ) [114,
115]. In a randomized clinical trial of 92 women on
the same treatment protocol for advanced breast can-
cer, dexrazoxane provided significant protection
against doxorubicin-induced cardiac toxicity with-
out reducing its antineoplastic effect [114]. Results
showed 11 episodes of clinical cardiac toxicity in the
control arm and only two in the dexrazoxane arm. In
a follow-up study, Speyer et al. concluded that adding
dexrazoxane could also allow patients to receive
higher cumulative doses of doxorubicin [116].A sim-
ilar, but larger, randomized, double-blind trial of 534
patients with advanced breast cancer also demon-
strated a significant protective effect, with cardio-
toxicity 2.0–2.6 times higher in the group that did not
receive dexrazoxane [115]. The most substantial
cardioprotective effect was seen at the higher cumu-
lative doses of doxorubicin, but there was a decreased
response rate of the breast cancer in one of the trials
utilizing dexrazoxane.

Results in children seem promising as well [117–
119]. In an open-label, randomized trial involving 38
pediatric sarcoma patients,Wexler et al. [118] showed
that dexrazoxane reduced the incidence of short-
term subclinical, doxorubicin-induced cardiotoxici-
ty. Eighteen dexrazoxane-treated and 15 control
patients were assessed for cardiac toxicity. The study
revealed that the dexrazoxane-treated patients were
less likely to develop subclinical cardiotoxicity (22%
vs 67%, P<0.01), despite having received a higher
median cumulative dose of doxorubicin (410 vs
310 mg/m2, P<0.05) than control patients. Dexraz-
oxane-treated patients also had a smaller decline in
LV ejection fraction per 100 mg/m2 of doxorubicin
(1.0 vs 2.7 percentage points, P=0.02). There were no
significant differences in response rate, event-free
survival or overall survival. A recent randomized,
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multi-centered trial of dexrazoxane in newly diag-
nosed childhood ALL patients treated with doxo-
rubicin reported a 50% reduction in serum cardiac
troponin, indicating significantly reduced acute myo-
cardial injury during therapy [119]. In another study,
preliminary results suggest that second cancers are
more frequent in those that received dexrazoxane in
conjunction with etoposides [120]. Additional clini-
cal trials and longer follow-up are needed to deter-
mine whether the short-term cardioprotection pro-
vided by dexrazoxane will reduce the incidence 
of late cardiac complications in childhood cancer
survivors, without decreasing survival.

Modern radiotherapy techniques decrease the risk
of most radiation-associated cardiac sequelae, but
probably do not eliminate them. These modern tech-
niques include 3-dimensional treatment planning,
the use of a linear accelerator as the radiation source,
equally weighting anterior/posterior portals on a dai-
ly basis, the use of a subcarinal block after ≥ 30 Gy
and the shrinking field technique. Although perma-
nent complications tend to occur less frequently with
a total dose less than 40 Gy, it is not a good idea to sys-
tematically limit treatment, since doing so may be
inadequate to control disease. Dexrazoxane may 
also protect against the cardiotoxic effects of radio-
therapy, without decreasing therapeutic efficacy.

10.4.2 Post Therapy

Heart-healthy lifestyles should be encouraged in 
all survivors of cancer treated with potentially car-
diotoxic therapies [18]. Activities to be encouraged
include maintaining a diet low in saturated and trans
fats and implementing a regular exercise program in
consultation with a cardiologist and exercise physiol-
ogist. Obesity is a major preventable coronary risk
factor and its prevalence is greater in survivors of
pediatric malignancy, especially ALL [121]. Aerobic
exercise can produce symptomatic, physiologic and
psychological benefits [122–125]. However, it is im-
portant for patients to be monitored by exercise test-
ing to ensure they have stable cardiac status before
exercise programs are recommended. Isometric exer-
cises such as weight lifting should generally be dis-
couraged until the results of further studies are avail-

able. If they are pursued, it should only be under 
the direct supervision of a cardiologist and exercise
physiologist [18]. Rigid dietary restrictions are not
necessary, but the American Heart Association di-
etary recommendations are appropriate for those of
school age and older. Cigarette smoking should be
emphatically discouraged, because it may further im-
pair left ventricular function, as well as increase the
risk of coronary artery disease. Illicit drug use and
alcohol consumption can also impair left ventricular
function and should be discouraged as well. Since the
lifestyle choices that lead to these problems occur
early in life, a major focus of annual visits should be
to encourage aerobic exercise and a low-fat diet. In
addition, all patients should be educated about the
cardiotoxic risks of their treatments, and, when ap-
propriate, about the need for lifelong monitoring of
heart function and coronary artery disease risks.

In terms of cholesterol-lowering medications, the
recently revised NCEP recommendations provide a
well thought-out minimum of care that should be
provided for the screening and treatment of in-
creased risk for coronary artery disease [126]. Medi-
astinal radiotherapy should be considered as an
independent risk factor in determining whether an
individual’s lipid profile suggests the need for treat-
ment. A decision to use medication should be made
in consultation with a preventive cardiologist, who
ideally should follow the patient at least initially.
Based on their increased risk, survivors treated with
chest and brain irradiation should be screened with a
fasting lipid profile soon after completion of their
therapy and on a periodic basis throughout their
lives. Screening tests for the indirect effects on the
cardiovascular system should also be performed
periodically – in particular, for pulmonary function
and thyroid function.

10.5 Management of Established Problems

In large part, the management of a manifestation of
cancer therapy-related cardiotoxicity is similar to, or
the same as, the management of the same condition
in the general population [91]. This is probably be-
cause the particular disease process, although precip-
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itated by a different agent, is the same. But it is also
due to the fact that randomized clinical trials target-
ed at childhood cancer survivors have not been, and
are unlikely to be, performed to ascertain cardiac
outcomes [127]. Any patient diagnosed with a spe-
cific problem needs to be referred to a cardiologist
familiar with the cardiotoxicity of cancer therapy for
management and ongoing follow-up. Ideally, such a
cardiologist should be providing the regular screen-
ing discussed in the above section.

10.5.1 Cardiomyopathy,
Congestive Heart Failure 
and Ventricular Arrhythmia

As signs and symptoms of congestive heart failure
become evident, therapy clearly becomes necessary.
The need to treat survivors with abnormal afterload,
contractility and/or fractional shortening, but with-
out symptoms, is less clear.While theoretically advis-
able to prevent progression, one of the most useful
medication classes, angiotensin-converting enzyme
(ACE) inhibitors, also appear to decrease the heart’s
normal growth [127]. Additionally, little is known
about most of the medications in this class in regard
to development or teratogenicity. There also are no
proven long-term benefits to ACE inhibitor therapy
in this population [127, 128]. Nevertheless, for rea-
sons to be discussed below, ACE-inhibitor therapy
should be considered for survivors with congestive
heart failure, as well as for those with asymptomatic
changes on their echo, especially if these changes are
progressive. Other useful medications include beta-
blockers, digoxin and diuretics – specifically, spiro-
nolactone, a diuretic that recently has proven in ran-
domized clinical trials to increase survival in conges-
tive heart failure patients [18, 129] although some of
these findings are controversal.

Current treatment for subclinical chemotherapy-
induced cardiomyopathy, as well as symptomatic
congestive heart failure, focuses on correcting the
underlying abnormalities, such as increased after-
load and decreased contractility. Therapy often
includes treatment with angiotensin-converting
enzyme (ACE) inhibitors and/or beta-blockers that
may delay subclinical abnormalities from deteriorat-

ing to symptomatic heart failure [18, 130]. Afterload
reduction treatment with ACE-inhibitors, such as
captopril and enalapril, may alter the course of pro-
gressive ventricular dysfunction for patients with or
without symptomatic heart failure. In a randomized
study of post-myocardial infarction patients with
mild to moderate systolic dysfunction, captopril de-
creased overall mortality by 19% [131].A prospective
study of 18 doxorubicin-treated, long-term survivors
of childhood cancer on enalapril demonstrated im-
provement that lasted 6–10 years in patients with
asymptomatic left ventricular dysfunction and 2–6
years in patients with congestive heart failure [132].
While encouraging in the short-term, the improve-
ment proved only temporary, with decline eventually
reoccurring in all patients [132]. This reinforces 
the theoretical concern, touched on above, about 
the chronic use of ACE-inhibitors in children with
anthracycline-induced thinning of the left ventricu-
lar walls. ACE-inhibitors may limit cardiac growth
potential by inhibiting cardiac growth factors, and
this can result in further thinning of left ventricular
walls relative to body surface area, with a subsequent
increase in afterload [18]. This concern should be
carefully discussed with patients, but should not
preclude the use of ACE-inhibitors.

Beta-blockers have been demonstrated to signifi-
cantly improve the quality of life and to extend the
life of patients with congestive heart failure [133–
137]. The use of beta-blockers may also be effective in
improving the heart function of doxorubicin-treated,
long-term survivors of childhood cancer. One study
has shown that the left ventricular ejection frac-
tion of patients with doxorubicin-induced cardio-
myopathy improved from 28–41% after treatment
with beta-blockers [130]. The effect was similar to 
the effect in idiopathic cardiomyopathy patients
[130].

Treatment for symptomatic chemotherapy-in-
duced cardiomyopathy focuses on providing sympto-
matic relief and preventing the progression of the
underlying abnormalities. However, many anthra-
cycline-treated, as well as mediastinal radiotherapy-
treated, long-term survivors with late congestive
heart failure have a restrictive cardiomyopathy. As a
result, patients may be more severely affected than
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their history and physical examination suggest [40].
Careful early invasive assessment of hemodynamics,
followed by aggressive, tailored pharmacologic ther-
apy and early heart transplantation, has been benefi-
cial. However, before transplantation is considered,
all reversible factors should be treated and the med-
ical regimen should be optimized. Heart transplanta-
tion is an option for patients with end-stage cardiac
failure, where the goal of transplantation is to im-
prove functional capacity, quality of life and length of
life. Rejection is no more likely in cancer survivors
than in other transplant patients [138]. Cancer sur-
vivors require no significant modification of im-
munosuppression, and their 2-year survival rate is
similar to that of other recipients [138]. The absolute
and relative contraindications to this approach in-
clude any major systemic condition with the poten-
tial to further deteriorate on immunosuppression, re-
cently-treated cancer (not yet reaching 5-year, event-
free survival), active rheumatologic disease or any
condition that would limit the potential for full reha-
bilitation, such as cognitive impairment, psychiatric
instability, alcohol or drug abuse and repeated non-
compliance [18]. The long-term prognosis for pa-
tients with advanced heart failure who are treated
medically is worse than the extended prognosis for
those who undergo transplantation. Unfortunately,
the inadequate supply of donor organs, the cost of
post-transplant care and the finite lifespan after
transplantation require that indications for trans-
plantation be based on the 1- to 2-year prognosis [18,
139]. As further information is obtained regarding
troponin and other biochemical markers, and as ad-
vancements are made in imaging modalities, the rec-
ommendations for screening for transplantation may
change [140]. Additional research into cardiotoxicity
in long-term survivors should also allow evidence-
based studies of lifestyle and medical interventions
for preventing and treating cardiomyopathy.

All patients with cardiomyopathy are at risk for
ventricular arrhythmias and conduction abnormali-
ties. All such patients should undergo 24-hour ECG
monitoring on a regular basis. If arrhythmias are
occurring, anti-arrhythmic agents or a pacemaker
may be necessary. Pacemakers may be a better op-
tion, given that many of the medications used to treat

arrhythmias can also depress myocardial function or
interfere with other medications.

10.5.2 Coronary Artery Disease

A cardiologist should follow all patients with known
coronary artery disease (CAD). Clinical evaluation
includes both the regular workup for CAD and a full
evaluation to look for other manifestations of cancer
therapy-related cardiotoxicity. In the general work-
up for CAD,resting ECG and ECHO are performed,as
well as an ECG stress test (with or without an imag-
ing study with exercise). The presence of ischemic
changes and exercise-induced arrhythmias can be
detected by an ECG stress test.However,ECG changes
on a stress test may not correlate well with the pres-
ence of CAD in an already-damaged myocardium. As
a result, in addition to the ECG stress test, an imaging
study such as RNA or echocardiography may be
needed to directly visualize areas of ischemic myo-
cardium or abnormal wall motion that may indicate
clinically significant CAD. A problem with RNA is
that it lacks the specificity to differentiate ischemic
myocardium due to the initial radiation damage from
that of other causes. Cardiac catheterization may also
be necessary.

Not only are thoracic-irradiated survivors proba-
bly most at risk for CAD, they also require some spe-
cial considerations in their surgical treatment, if and
when surgery becomes necessary. Coronary artery
bypass surgery may be a better option in this popula-
tion to relieve acute coronary blockage than percuta-
neous transluminal coronary angioplasty (PCTA).
Complications during PCTA may require placing an
emergency coronary artery bypass graft, but under
emergent conditions, coronary bypass can be espe-
cially difficult due to fibrosis in the mediastinum.
Stent results are lacking. Several studies report good
long-term results with non-emergent bypass surgery
in this population [25, 141, 142].

Irradiated survivors should be screened preopera-
tively by echocardiography and pulmonary function
testing because of the high frequency of coexistent
pulmonary dysfunction and valvular problems –
40% in one report [143]. Consideration should be
given to repairing comorbidities, even if they are not
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severe enough on their own to require intervention.
The reason is because repeat surgery can be more
difficult in these patients than in general, due to
increased fibrosis in the chest [143]. Carotid stenosis
should be screened for as well, if the neck was ex-
posed to significant irradiation.Anterior pericardiec-
tomy should be routinely considered with the initial
operation on the heart, whether or not there is a
thickened pericardium [141]. The choice of bypass
graft should be carefully decided, because arterial
grafts maintain their patency better than venous
grafts but are more likely to have been damaged by
irradiation. Despite this concern, internal mammary
and thoracic arteries have been used successfully for
grafts in this population [142–145].

10.5.3 Valvular Disease

The clinical significance of valvular disease is highly
variable. Mild to moderate tricuspid or pulmonary
valve regurgitation is often well tolerated. Degenera-
tion of mitral or aortic valves, however, may lead to
congestive heart failure and death. All patients with
evidence of valvular insufficiency need antibiotic
prophylaxis prior to dental or surgical procedures to
decrease the risk of bacterial endocarditis. Frequent
follow-ups by a cardiologist are necessary to evaluate
the type and timing of interventions. Surgical inter-
vention carries the same caveats mentioned above 
in regards to CAD surgeries. In contrast to earlier
reports that patients with radiation-associated valve
disease did not do well with surgery [32], a more re-
cent report suggests that patients do well even when
valve repair is performed concurrently with coronary
artery bypass [146].

10.5.4 Pericarditis

Over half of patients require no treatment for acute
pericarditis and another 40% respond to bed rest,
nonsteroidal anti-inflammatory medications and
mild diuretics. Asymptomatic effusions can be fol-
lowed while awaiting spontaneous resolution, which
may take up to two years. Chronic effusions that
cause symptoms and/or hemodynamic abnormali-
ties of cardiac compression should be treated with

pericardiectomy instead of pericardiocentesis [147].
Pericardiectomy may decrease the likelihood that
radiation-associated effusions will evolve into con-
strictive pericarditis. Waiting until constriction is
present risks greater mortality due to acute dilatation
and heart failure. If tamponade is present, pericar-
diocentesis should be performed under local anes-
thesia just before pericardiectomy, because of the
high risk of general anesthesia in this situation.
Treatment is usually successful unless myocardial
fibrosis or constrictive pericarditis is present, in
which case the prognosis is poor. Hypothyroidism
should be excluded prior to surgery, because it is
common after mantle irradiation and may cause a
chronic effusion. Pericardial fluid and pericardium
should be analyzed to exclude infectious agents or
tumor invasion.

10.5.5 Other Problems

Autonomic dysfunction may result in hemodynamic
instability. For example, induction of general anes-
thesia in anthracycline-treated patients has been
associated with ventricular arrhythmias. Anesthesi-
ologists should be made aware of the patient’s prior
history and the associated risks [148]. Similarly, ideal
care of a woman of reproductive age includes the
involvement and education of her obstetrician. Al-
though many cancer patients have tolerated pregnan-
cy and childbirth well, cardiac consultation should 
be sought prior to pregnancy. Close monitoring
throughout pregnancy may be necessary.

All of our patients are pioneers. The cytostatic
therapies that cured their cancers may have caused
cardiac damage. Careful long-term surveillance, ear-
ly diagnosis and prompt treatment will allow each
patient the maximum opportunity to lead a produc-
tive and healthy life.
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Long-term follow up of children and adolescents
treated with chemotherapy and/or radiation has
demonstrated the potential for significant impact on
pulmonary function and thoracic development. Both
radiation therapy (RT) and chemotherapy can acute-
ly and chronically affect lung function. Thoracic irra-
diation in children can cause developmental abnor-
malities including inhibited growth of the thoracic
cage resulting in impairment of pulmonary function.
Other effects of direct radiation on the lungs include
pneumonitis and fibrosis. Pulmonary effects of cyto-
toxic drugs usually present as acute effects and less
frequently as long-term effects, but there is the
potential for significant late morbidity and mortality.
Although treatment approaches have been adapted
to provide optimal therapy with minimal toxicities,
for some diseases therapies continue to include
potentially pulmonary toxic agents and modalities.
Knowledge of these agents and an understanding of
lung physiology and how it may be altered by therapy
facilitate appropriate clinical care and monitoring of
long-term survivors.

11.1 Pathophysiology

11.1.1 Development of the Lung

Lung development begins on day 26 of gestation and
continues through the toddler years. There are five
phases in development. The embryonic period ex-
tends from day 26 through 52 of gestation. During
this time, the primitive lung bud arises from the
foregut, elongates caudally and branches to form the
major airways. The pseudoglandular phase encom-
passes the time from day 52 through the end of 16
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weeks gestation. During this phase of development,
the process of branching continues and the smaller
airways are formed. Fetal breathing movements are
identified as early as eight weeks, and by the end of
this phase, the two lobes of the left lung and three
lobes of the right lung can be identified. Cartilage and
smooth muscle cells are present, and about half of the
epithelial cell types that will eventually comprise the
mature lung are identifiable. The canalicular phase of
development extends from weeks 17 through 26. It is
during this phase that the airway branching is com-
pleted. Interstitial tissue decreases, and prospective
gas exchange regions begin to appear. A differentia-
tion process occurs in the cuboidal epithelial cells,
and Type I and II pneumocytes appear. Type I pneu-
mocytes are the functional exchange unit of the lung,
while Type II pneumocytes produce surfactant, a
phospholipid substance that serves to decrease sur-
face tension within the Type I cell and prevent it from
collapsing. Vascularization of the lung occurs
throughout development, and, at this point, the capil-
laries can be found in close proximity to the pneu-
mocytes. The saccular phase of development extends
from 24 weeks through 36 weeks gestation. During
this time, there is continued thinning of the connec-
tive tissue between the potential air spaces, further
maturation of the Type II pneumocytes and in-
creased surfactant production. Primitive alveoli,
lined by both Type I and Type II pneumocytes, can
now be identified as pouches in the walls of the sac-
cules and respiratory bronchioles. The alveoli phase
of development extends from 36 weeks gestation
through about 3 years of age. At birth, there are few
alveoli present, but potential airspaces are present as
smooth-walled ducts and saccules with thickened
septa. Inflation of the saccules occurs at birth. The
septa become thin and grow into air spaces, forming
partitions within the pouches. Within a few months
the infant’s alveoli resemble those of the adult, with
greatly increased surface area available for gas ex-
change. Completion of the vascularization process
during this time results in single capillary networks
associated with each area of gas exchange [105, 136].
After birth, minor structural changes continue to
occur. The alveolar surfaces become more complex,
and the alveoli become more numerous with the in-

crease in body size. The most rapid phase of pul-
monary growth probably occurs within the first years
of life, followed at 4–6 years of age by a slow growth
phase. The number of alveoli that will be present in
adulthood is reached at approximately eight years of
age, after which the alveolar surface face enlarges by
increases in volume or size [57, 135]. Radiographic
measurement of lung diameters demonstrates linear
growth during childhood and a spurt at puberty
[129].

11.1.2 Pathophysiologic Changes Induced 
by Cytotoxic Therapy

Lung disease may be obstructive, restrictive, or inter-
stitial or a mixed picture. Most long-term toxicity is
the result of interstitial disease, which involves in-
flammation and fibrosis of the alveolar walls and
changes in the capillary endothelium and alveolar
epithelial lining cells, as described below. The histo-
logic hallmarks of interstitial lung disease are pro-
liferation of fibroblasts and excessive deposition of
collagen [122]. Interstitial lung disease also may im-
pact the small airways. As alveolar-capillary mem-
brane destruction is an integral part of interstitial
disease, pulmonary function tests demonstrate a
decrease in the measured diffusing capacity [122].

Pulmonary disease after chemotherapy or radia-
tion therapy may also have obstructive or restrictive
components. Obstructive diseases result from airway
narrowing. This may be due to bronchospasm, mucus
or luminal narrowing as a result of edema and in-
flammation or scarring [88]. Airway narrowing due
to disease can be detected as a decrease in expiratory
airflow. Pulmonary function tests demonstrate a
decrease in the ratio of the volume exhaled in 1 sec-
ond (FEV1) to the total exhaled forced vital capacity
(FVC).

Restrictive lung diseases occur as a result of alter-
ations in the elasticity of the pulmonary system [38].
Restrictive diseases can originate in the lung or from
structural anomalies of the chest wall. In the healthy
lung, collagen and elastin fibers contribute to the for-
mation of an organized web, which has a significant
ability to stretch and recoil [38]. Disruption of this
organization from inflammation and fibrosis occurs
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as a result of injury and response to cytotoxic thera-
py, thereby decreasing the elasticity of the lung and
resulting in restrictive disease. Restrictive lung dis-
ease may also occur as a result of growth impairment
of the lung or musculoskeletal structures, a condition
which may occur as well after cytotoxic therapy. Chil-
dren are more vulnerable to chronic respiratory
damage from impairment of the normal growth and
development of the lungs and the thoracic cage. In
the child, cytotoxic therapy may impair the prolifera-
tion and maturation of alveoli, leading to inadequate
alveoli number and lung growth, and resulting in
chronic respiratory insufficiency.Inhibition of growth
of the thoracic cage (i.e. muscle, cartilage and bone)
can limit chest wall compliance, with resultant re-
strictive problems. Therefore, younger children are
more at risk than adults or adolescents for developing
chronic toxicity, a situation that results in  long-term
pulmonary effects that need to be considered in
appropriate follow-up, monitoring and counseling.

In restrictive respiratory disease, pulmonary func-
tion testing demonstrates an increased FEV1/FVC ra-
tio with an increased maximal expiratory airflow.
With more advanced restrictive disease, total lung ca-
pacity, vital capacity and lung volumes are decreased,
with evidence of uneven distribution of ventilation
[88].

Pneumonitis and pulmonary fibrosis are the two
most important consequences of irradiation of the
lung. Pulmonary fibrosis occurs in almost 100% of
patients receiving high doses of radiation, but it may
not be of clinical significance if the volume is small.
The clinically significant presentation of pulmonary
toxicity is usually pneumonitis, due to its prevalence
and potential morbid outcome. The presentation
varies with the type of lung injury present. Often
there are complaints of a nonproductive cough, fever
and dyspnea. However, the presentation can also be
quite acute with respiratory insufficiency and acute
respiratory distress syndrome (ARDS). Other pre-
sentations include bronchospasm, pleural effusion,
bronchiolitis obliterans, pulmonary veno-occlusive
disease, sarcoidosis, pulmonary alveolar proteinosis,
pneumothorax and pulmonary hemorrhage.

The pathogenesis of pulmonary toxicity is largely
based on animal experimentation. However, it is

believed to occur through one of four mechanisms of
injury: 1) DNA damage from the drug or radiation
itself, 2) damage inflicted by free radical generation,
3) allergic response to the cytotoxic agent and 4) sub-
sequent injury induced by the inflammatory re-
sponse to the primary damage itself. Pulmonary
fibrosis, which mediates many of the long-term
effects, can arise from collagen deposits that occur
after cellular damage. In addition, the breakdown of
actual lung tissue can trigger an inflammatory reac-
tion that activates increased production of elastin by
actin-expressing smooth muscle cells. This also re-
sults in pulmonary fibrosis. While there are several
postulated means of injury to the pulmonary tissue,
the common finding in all is diffuse alveolar damage.
The cytotoxic changes start as endothelial blebs in
the alveolar capillaries and lead to capillary leak syn-
drome. These are then associated with interstitial
edema. There is destruction and a resulting decrease
in number of Type I pneumocytes, as well as reactive
changes and proliferation of Type II pneumocytes.
More recently, progress has been made in under-
standing the molecular and cellular events after radi-
ation lung injury, leading to clinically and histologi-
cally recognizable changes. The process appears to be
dynamic and to involve proinflammatory cytokines,
profibrotic cytokines, chemokines and adhesion
molecules in modulating and recruiting immune
cells to the sites of radiation lung injury [20]. Long-
term effects on the lungs are the result of this com-
plex process.

Chemotherapy. Drug-related pulmonary disease
may be the result of toxicity, allergy or idiosyncrasy
[70]. Toxicity, with a dose response, has been shown
for bleomycin, chlorambucil and the nitrosoureas.
Pulmonary damage, likely mediated through allergic
mechanisms, is caused by cyclophosphamide, metho-
trexate, procarbazine and bleomycin. Pulmonary dis-
ease has also been associated with mitomycin, cyto-
sine arabinoside, the vinca alkaloids and alkylating
agents.

Bleomycin may be the most commonly recognized
cause of pulmonary toxicity. Lung injury following
low-dose bleomycin has been explained by idiosyn-
crasy, possibly due to genetically impaired drug me-
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tabolism. The lung is vulnerable to bleomycin injury
because it has low levels of bleomycin hydrolase [69]
that inactivates bleomycin. Mouse data demonstrate
that strain sensitivity to bleomycin is related to dif-
ferent levels of bleomycin hydrolase activity [58].
Hence, individual variations in bleomycin sensitivity
may be explained at least in part by genetically deter-
mined levels of bleomycin hydrolase activity. The
pathogenesis of bleomycin injury has been studied
extensively [24, 53, 65]. Free radical formation and
oxidative damage play a role in bleomycin-induced
lung injury. Fibrosis after bleomycin therapy devel-
ops under the influence of immune processes that
include activation of effector cells, including alveolar
macrophages, and release of cytokines. Tumor necro-
sis factor may play a pivotal role [73, 94]. Pathology
demonstrates endothelial and Type I cell necrosis
with Type II hyperplasia and hyaline membranes.
Bleomycin-induced pulmonary effects usually occur
during or within a year of treatment.

Alkylating agents, such as the nitrosoureas, are
known to cause late onset pulmonary fibrosis. The
pathology of the fibrosis noted after nitrosourea
therapy demonstrates less inflammation than bleo-
mycin-induced fibrosis, but consistency in Type I
depletion and Type II hyperplasia with excess colla-
gen deposition. The formation of free radicals and
lipid peroxidation of phospholipid membranes may
also be the mechanism by which cyclophosphamide
and mitomycin damage the capillary endothelium
[25]. Permeability increases, resulting in interstitial
edema. Hyaline membranes form as plasma proteins,
and fluid enters the alveoli through the denuded ep-
ithelium. Type I pneumocytes swell, become necrotic
and are replaced by cuboidal cells. Proliferation of
fibroblasts then occurs. This process may evolve
slowly, with fibrosis increasing over a period of years.
Interstitial pneumonitis (either the desquamative
type that appears to be an earlier stage or the usual
type with fibrinous exudation, hyaline membranes
and interstitial fibrosis) is also seen with alkylating
agents. This pneumonitis may lead to the develop-
ment of chronic pulmonary fibrosis that is character-
ized by the enhanced production and deposition of
collagen and other matrix components. Pulmonary
veno-occlusive disease, with vasculitis and intimal

fibrosis resulting in pulmonary hypertension, has
been reported with bleomycin and mitomycin [30].

Radiotherapy. Relatively similar histopathologic
changes and resultant physiologic abnormalities are
found in the lung following radiotherapy and chemo-
therapy. Injuries resulting from radiation to the lung
are most likely present in all patients, even after very
small doses of radiation. Studies of the immunologi-
cal regulation of inflammation after radiation in ani-
mals have revealed a complex interaction between
local tissues, resident cells and circulating immune
cells, mediated through chemokines, adhesion mole-
cules, inflammatory cytokine and fibrotic cytokines.
Chemokine monocyte chemotactic protein-1 (MCP-
1) [61], adhesion molecules (intercellular adhesion
molecule-1 [ICAM-1]) [51, 64] and interferon-in-
ducible protein-10 (IP-10) [61] appear to be involved
in initiating radiation lung injury [16, 20, 49, 51, 61,
64, 111, 116, 134]. Afterward, there appears to be a
cascade of proinflammatory cytokines and fibrotic
cytokines [117]. In the first few days to weeks after
irradiation, ultrastructural alterations in the capil-
lary endothelial lining become evident. The cells be-
come pleomorphic and vacuolated and may slough,
thereby producing areas of denuded basement mem-
brane and occlusion of the capillary lumen by debris
and thrombi [46, 71, 78, 102]. There is exudation of
proteinaceous material into the alveoli, leading to im-
pairment of gas exchange. Studies have shown that
radiation-induced lung injury is characterized by
alveolar infiltrates of mononuclear cells, primarily
CD4+ T cells and macrophages/monocytes (mononu-
clear alveolitis), and that there is a relative scarcity of
neutrophils [36, 40], a common marker for infectious
processes. Lavage fluids obtained from bronchoscopy
have confirmed this finding in patients with active
pneumonitis [75, 89, 111]. In a few weeks the intersti-
tial edema organizes into collagen fibrils,which even-
tually leads to thickening of the alveolar septa. These
exudative changes may resolve in a few weeks to a few
months. However, depending on the volume of lung
parenchyma irradiated, the total dose and the dose
per fraction, the changes can result in an acute radia-
tion pneumonitis. Although no specific lesion is
entirely characteristic of pneumonitis, current evi-
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dence suggests that damage to the type II pneumo-
cyte and to the endothelial cell is closely linked to the
pneumonitic process [99, 137, 138, 147]. The type II
pneumocyte, which produces surfactant and main-
tains patent alveoli, has been well studied. After radi-
ation exposure a rapid decrease in the content of
cytoplasmic surfactant-containing lamellar bodies
occurs, followed by the ultimate sloughing of some of
the cells into the alveolar lumen [97, 98]. Changes 
in the surfactant system that lead to alterations in
alveolar surface tension and low compliance are most
likely a direct result of the radiation [99, 118, 119],
although it has been postulated that the changes in-
directly result from exudation of plasma proteins
[47]. Endothelial cell damage results in changes in
perfusion and permeability of the vessel wall. Endo-
thelial leakage and increased permeability allow
immune cells to undergo transendothelial migration
and extravasation from the vascular compartment
into the alveolar space.

Late lung injury is characterized by progressive
fibrosis of the alveolar septa, which become thick-
ened by bundles of elastic fibers. The alveoli collapse
and are obliterated by connective tissue. Studies in
animals have confirmed the protective effect of frac-
tionation, indicating a significant degree of recovery
of lung tissue between fractions [128, 146]. The
mechanisms of chronic injury may be related to the
effects of radiation on the pulmonary vasculature
(endothelial cells) or somatic cells. The nature of the
triggering event in the pathogenesis of radiation-re-
lated lung fibrosis is complex. The classic hypothesis
that fibrosis is a connective tissue replacement
process following parenchymal cell death has been
challenged and the exact mechanisms of early in-
juries leading to the late effects are not entirely un-
derstood. Cytokine-mediated multicellular interac-
tions that initiate and sustain the fibrogenic process
take place within hours to days after radiation in an-
imal research models. Experimental data suggest that
the progression of the initial lung injury to the pneu-
monitic phase may be the result of a cytokine and
cellular interaction, which subsequently regulates 
the fibrotic phase of the presentation [20, 115–117].
In addition, it has been recently hypothesized that
chronic hypoxia, and the perpetual injury to normal

tissue through reactive oxygen species, may also be a
contributing mechanism to chronic and progressive
fibrosis [144].

11.2 Clinical Manifestations

11.2.1 Long-Term Effect 
in Pediatric Population

Potential pulmonary complications of therapy lead-
ing to a range of respiratory manifestations have
been reported by the Childhood Cancer Survivor
Study. Study participants were asked whether they
had ever been told by a physician, or other healthcare
professional, that they have or had a particular diag-
nosis, e.g. pulmonary fibrosis. This self-report study
demonstrated that long-term survivors described a
statistically significant increased relative risk of
lung fibrosis, recurrent pneumonia, chronic cough,
pleurisy, use of supplemental oxygen, abnormal chest
wall, exercise-induced SOB, bronchitis, recurrent
sinus infection and tonsillitis for all time periods,
including during therapy, from the completion of
therapy to 5 years off therapy and >5 years after
therapy. Significant associations existed between the
development of fibrosis and treatment with radiation
therapy, and between the use of supplemental oxy-
gen, recurrent pneumonia, chronic cough and
pleurisy and treatment with radiation therapy and/or
multiple chemotherapy agents [84].
Pulmonary toxicity is frequently reported in sur-
vivors of Hodgkin’s disease, but it also complicates
the cure of survivors of germ cell tumors, rhabdo-
myosarcoma, neuroblastoma, bone tumors and acute
lymphoblastic leukemia (ALL) [14, 50, 56, 62, 66, 86,
90, 91]. Although many of the patients that have been
studied received radiation therapy, the intensified use
of chemotherapy accounts for all or some of the
toxicity in subsets of survivors. Detected pulmonary
abnormalities are generally restrictive. Although
some reports described subclinical findings, it re-
mains to be seen whether there will be clinical mani-
festations with longer follow-up.
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11.2.2 Radiotherapy: Clinical Presentations

When radiation therapy is the only modality used,
radiation pneumonitis follows the completion of the
definitive course of treatment. Cough, pink sputum,
dyspnea and pleuritis are common complaints dur-
ing the subacute pneumonitic phase, which occurs
generally 1–3 months after completion of radiation.
When chemotherapy has been used, as in total body
irradiation (TBI) and BMT-conditioning regimens,
reactions can occur during treatment. The fibrotic
phase of radiation injury starts 3–6 months after
completion of radiation and is progressive. The clin-
ical manifestations of fibrosis are worsening dyspnea,
increasing probability of oxygen dependence and
declining pulmonary function test results.

11.2.2.1 Subacute Radiation Pneumonitis

Subacute pneumonitis is a pneumonopathy that usu-
ally occurs 1–3 months after the completion of radia-
tion. It is well described in the adult literature after
the treatment of lung cancer [5, 6, 109], but little of
the data from such studies are relevant to modern
pediatric cancer therapies. Pneumonitis can occur
unexpectedly, with little or no warning. Because of
this, many attempts have been made to identify clini-
cal risk factors. The factors that influence risk include
total lung radiation dose, irradiated lung volume
exceeding 20 Gy vs 25 Gy vs 30 Gy, mean lung dose,
fractionation of radiotherapy, daily fraction size,
performance status, pre-treatment pulmonary func-
tion, gender, low pre-treatment blood oxygen and
high C-reactive protein [44, 54, 59, 68, 110, 112, 123].

Symptoms of subacute pneumonitis syndrome
include low-grade fever and nonspecific respiratory
symptoms such as congestion, cough and fullness in
the chest. In more severe cases, dyspnea, pleuritic
chest pain and nonproductive cough may be present.
Later, small amounts of sputum, sometimes blood-
stained, may be produced. Physical signs in the chest
are usually absent, although a pleural friction rub or
pleural fluid may be detected. Evidence of alveolar
infiltrates or consolidation is sometimes found in the
region corresponding to pneumonitis. This results
from an acute exudative edema that is initially faint

but may progress to homogenous or patchy air-space
consolidation. Frequently there is an associated vol-
ume loss in the affected portion of the lung. CT stud-
ies of the lung have been used to evaluate lung densi-
ty in this situation. Because of its sensitivity to in-
creased lung density, CT has been favored for radi-
ographic detection of pulmonary damage in humans
[72, 77, 141]. CT findings demonstrate a well- defined,
dose-response relationship [76]. Four patterns of ra-
diation-induced changes have been defined in lung
on CT: homogenous (slight increase in radiodensity);
patchy consolidation; discrete consolidation; and sol-
id consolidation [72]. These patterns, corresponding
to both pneumonitic and fibrotic phases, have vary-
ing timetables and may appear weeks to years after
radiotherapy.

11.2.2.2 Radiation Fibrosis

In contrast to the acute reaction, chronic effects of
cytotoxic therapy may be observed from a few
months to years following treatment, even though
histologic and biochemical changes are evident
sooner. Pulmonary fibrosis develops insidiously in
the previously irradiated field and stabilizes after 1–2
years.

The clinical symptomatology related to the radi-
ographic changes is proportional to the extent of the
lung parenchyma involved and pre-existing pul-
monary reserve. After thoracic radiation, restrictive
changes gradually develop and progress with time
[46]. Gas exchange abnormalities occur approxi-
mately at the same time as the changes in lung vol-
umes. These abnormalities consist of a fall in diffu-
sion capacity, mild arterial hypoxemia that may man-
ifest only with exercise and a low or normal PaCO2

level. The changes appear to be consistent with a
parenchymal lung defect and ventilation–perfusion
inequality that results in a component of effective
shunt [47]. Radionuclide evaluations have demon-
strated that under perfusion, rather than under ven-
tilation, is the cause of these inequalities, reflecting
radiation injury to the microvasculature [106, 107,
143]. Larger doses of irradiation cause reductions in
lung compliance that start at the time of pneumonitis
and persist thereafter [104]. The compliance of the
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chest wall is usually much less affected in adults and
adolescents than in young children, in whom inter-
ference with growth of both lung and chest wall leads
to marked reductions in mean total lung volumes and
diffusion capacity (DLCO) [153]. Whole-lung irradi-
ation in doses of 11 to 14 Gy has resulted in restrictive
changes in the lungs of children treated for various
malignancies [10, 74, 85]. Consequently, RT in
younger children, particularly those younger than
3 years old, results in increased chronic toxicity [85].

One to two years after radiation, clinical symp-
toms stabilize and are often minimal if fibrosis is lim-
ited to less than 50% of one lung [149]. A mild dete-
rioration in pulmonary function may be demonstrat-
ed as fibrosis develops. There is a reduction in maxi-
mum breathing capacity that is particularly evident
in patients with bilateral radiation fibrosis. Tidal vol-
ume usually decreases and breathing frequency tends
to increase, resulting in an overall moderate increase
in minute ventilation [126]. Most studies have found
these changes to persist indefinitely, with little recov-
ery unless there are concurrent improvements in pul-
monary function with lung tumor response [37, 41,
45]. Functional compensation by adjacent lung re-
gions [97] limits the effect of radiation on pulmonary
function tests when small volumes of lung are irradi-
ated. Dyspnea and progressive chronic cor pulmonale
leading to right heart failure may occur when >50%
of a lung is irradiated.

Radiologic changes consistent with fibrosis are
seen in most patients who have received lung irradi-
ation, even if they do not develop acute pneumonitis
(Fig. 11.2). Chest radiographs have linear streaking,
radiating from the area of previous pneumonitis, and
sometimes extending outside the irradiated region,
with concomitant regional contraction, pleural thick-
ening and tenting of the diaphragm. The hilum or
mediastinum may be retracted with a densely con-
tracted lung segment, resulting in compensatory hy-
perinflation of the adjacent or contralateral lung
tissue. This is usually seen 12 months to two years
after radiation. When chronic fibrosis occurs in the
absence of an earlier clinically evident pneumonitic
phase [99, 113, 127], chest radiography generally re-
veals scarring that corresponds to the shape of the
radiation portal. Eventually, dense fibrosis can devel-

op, especially in the area of a previous tumor [114].
CT is currently favored to image regions subjected to
RT [72, 77, 141]. Magnetic resonance imaging (MRI)
is being explored and may have promise in accurate-
ly distinguishing radiation fibrosis from recurrent
tumor [43]. Although radiation tolerance doses may
be exceeded, not all patients will develop complica-
tions, given that the sensitivity to radiation varies
from patient to patient.

11.2.2.3 Radiation Tolerance Doses 
and Tolerance Volumes

It must be noted that these phenomenon are dose and
fraction-dependent, as well as volume dependent.
Scattered changes can be seen at 5.0 Gy, but lesions
become widespread at lethal doses of irradiation. The
effects of lethal radiation doses on the lung paren-
chyma may not become evident until weeks to
months after exposure. With high doses exceeding
clinical thresholds (8.0–12.0 Gy, single dose), pul-
monary reactions clinically express themselves as a
pneumonitic process 1–3 months after the comple-
tion of thoracic irradiation. Lethality can occur if
both lungs are irradiated to high doses (8.0–10.0 Gy,
single dose) or if threshold doses of drugs are ex-
ceeded. Recovery from pneumonitis usually occurs,
however, and is followed almost immediately by the
second phase of fibrosis, which progresses with time.

The clinical pathologic course is biphasic and de-
pendent upon the dose and volume of lung exposed.
Lower doses of lung irradiation (less than 7.0 Gy,
single dose) produce subclinical pathologic effects
that can be expressed by added insult, such as infec-
tion or drugs.

Single Dose,Whole Lung Volume. Total-body irradi-
ation (TBI) in the setting of bone marrow transplan-
tation (BMT) and half-body irradiation (HBI) initial-
ly used single doses of 8.0–10.0 Gy, without lung cor-
rection factors (for lung density) [40–43, 45–48, 52,
53, 57, 63, 65]. Death resulting from interstitial pneu-
monitis was often attributed to secondary oppor-
tunistic infection after BMT for leukemia. Pulmonary
failure 1–3 months later was mistaken for lymphan-
gitic carcinomatosis after HBI. At autopsy, radiation
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pneumonopathy became evident. Studies of fatal
pneumonitis following TBI and HBI conducted by
Keane et al. [65] and Fryer et al. [40] provided precise
dose–response curves for injury, both with and with-
out lung inhomogeneity correction. The threshold
dose for fatal pneumonitis was 7.0 Gy with the TD5

(tolerance dose for 5% probability of death) at 8.2 Gy,
the TD50 at 9.3 Gy and the TD90 at 11.0 Gy, corrected
for pulmonary transmission. The dose response is so
sharp that a difference of 2.0 Gy could change zero
mortality to 50% lethality. Decreasing the dose rate
from 0.5 to 0.1 Gy per minute decreases the incidence
of injury from 90% to 50% [40, 65].

Fractionated Dose, Whole Lung Volume. The toler-
ance of the whole lung to fractionated doses of radi-
ation is well described, particularly in Wilms’ tumor
patients [10, 74, 85, 101, 153]. In the absence of
chemotherapy and with daily doses of 1.3–1.5 Gy, the
TD5 is 26.5 Gy and the TD50 is 30.5 Gy.Young children
experience more chronic toxicity at lower doses than
older children and adults because of interference
with lung and chest wall development, in addition to
fibrosis and volume loss. After 20 Gy, mean total lung
volumes and DLCO are reduced to 60% of predicted
values [153]. Even within the dose range currently
used for whole lung irradiation (11–14 Gy), restric-
tive changes occur [10, 74, 85].

Fractionated Dose, Partial Lung Volume. Clinical tol-
erance of partial lung volumes to fractionated radia-
tion is not well quantified. There are, however, some
relevant data from Mah and colleagues [77]. They
showed that, using an increase in lung density within
the irradiated volume on CT in the post-treatment
period as an endpoint, each 5% increase in effective
dose was associated with a 12% increase in the inci-
dence of pneumonitis. Doses above 30 Gy over a peri-
od of 10–15 days, and 45–50 Gy over a period of
25–30 days, caused radiographic changes in 30–90%
of patients. The need for a clinical guideline in esti-
mating radiation injury prompted the collaborative
work by a task force to address the normal tissue tol-
erance in the standard, fractionated radiation setting.
Information was obtained from a diverse group of
patients afflicted with various diseases of the thoracic

region, but mostly from patients with Hodgkin’s dis-
ease, lung cancer or a disease requiring large-volume
irradiation (hemibody or total body radiation) [33].
The doses agreed on by the physicians in the task-
force are shown in Table 11.1.

11.2.3 Chemotherapy: Clinical Manifestations

As increasing numbers of patients are cured with
chemotherapy, reports of agents responsible for
acute, and possibly chronic, pulmonary toxicity are
expanding. Drug-related lung injury is most com-
monly an acute phenomenon, occurring during or
shortly after the chemotherapeutic agent(s) are ad-
ministered [25]. Three typical patterns of pulmonary
toxicity have been described: pneumonitis or fibro-
sis, acute hypersensitivity (or inflammatory intersti-
tial pneumonitis) and noncardiogenic pulmonary
edema. Hypersensitivity reactions are rare but can be
induced by such agents as methotrexate, procar-
bazine, bleomycin, BCNU and paclitaxel. Cough, dys-
pnea, low-grade fevers, eosinophilia, “crackles” on
exam and interstitial or alveolar infiltrates are noted.
These reactions occur during therapy and usually re-
solve with discontinuation of the offending drug and,
potentially, corticosteroid use. Noncardiogenic pul-
monary edema, characterized by endothelial inflam-
mation and vascular leak, may arise upon initiation
of treatment with methotrexate, cytosine arabi-
noside, ifosfamide, cyclophosphamide and inter-
leukin-2 [25, 70, 132]. All-trans retinoic acid (ATRA)
syndrome occurs in 23–28% of patients receiving

Table 11.1. Lung tolerance dose (TD) in fractionated radio-
therapy

Lung volume TD 5/5a TD 50/5b

1/3 4500 cGy 6500 cGy

2/3 3000 cGy 4000 cGy

3/3 (whole lung) 1750 cGy 2450 cGy

a The probability of 5% complication within 5 years of treat-
ment

b The probability of 50% complication within 5 years of treat-
ment
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ATRA. Pulmonary edema has also been described in
patients treated with bleomycin who are exposed to
supplemental oxygen. These acute reactions general-
ly have a good prognosis. Hypersensitivity reactions
and non-cardiogenic pulmonary edema are unlikely
to result in late-onset pulmonary toxicity.

Drug-induced pneumonitis or fibrosis has a simi-
lar clinical presentation to that described after RT.
Bleomycin, the nitrosoureas and cyclophosphamide
are most commonly the etiologic agents, although
methotrexate and vinca alkaloids have also been im-
plicated [25]. This syndrome is particularly worri-
some because symptoms may not be detectable until
months after a critical cumulative dose has been
reached or exceeded. In addition, persistent subclini-
cal findings may indicate a potential for late decom-
pensation.

Bleomycin. The incidence of bleomycin pulmonary
toxicity is 6–10%, with a mortality of 1–2%. One
study in children with rhabdomyosarcoma exposed
to bleomycin demonstrated an incidence of toxicity
of 70% based on decreased DLCO [62]. A risk factor
for bleomycin-induced pulmonary toxicity is the
cumulative dose with a 10% risk at doses of 400–
500 IU/m2 [13, 120] although injury may occur at
doses as low as 20 IU/m2. The elderly [13] and chil-
dren or adolescents [39] may be more sensitive, espe-
cially when bleomycin is administered in conjunc-
tion with RT. Of children treated for Hodgkin’s dis-
ease with 70–120 IU/m2 of bleomycin [39], 9% had
grade 3 or 4 pulmonary toxicity, according to DLCO.
Three patients (5%) had clinical symptomatology,
and one patient died. Only one patient had received
RT. Although pediatric trials now use a significantly
lower maximal dose than many adult studies, 80% of
the drug is excreted by the kidney, which can result in
an increased risk of toxicity due to renal insufficien-
cy [100, 130]. Other chemotherapeutic agents, such as
cisplatin, cyclophosphamide, doxorubicin, metho-
trexate and vincristine [8,108] may also increase risk.
Exposure to high levels of oxygen or to pulmonary
infection, especially within a year of treatment, is
associated with a risk for immediate progressive res-
piratory failure [42]. Risks associated with surgery
after treatment with bleomycin may be due to fluid

overload [31]. These risks may persist for longer
periods of time. There may be a potential increase in
pulmonary toxicity with the use of granulocyte
colony stimulating factor (G-CSF), which mediates
via the increased numbers of neutrophils [7, 26].

Patients with acute bleomycin toxicity most com-
monly present with dyspnea and a dry cough. Fine
bibasilar rates may progress to coarse rales involving
the entire lung. Radiographs reveal an interstitial
pneumonitis with a bibasilar reticular pattern or fine
nodular infiltrates. In advanced cases, widespread
infiltrates are seen, occasionally with lobar consoli-
dation [120]. The consolidation may involve only the
upper lobes, however. Large nodules may mimic
metastatic cancer [81]. Loss of lung volume may
occur. Pulmonary function testing reveals a restric-
tive ventilatory defect with hypoxia, hypocapnia 
and chronic respiratory alkalosis due to impaired 
diffusion and hyperventilation [140]. The DLCO is
thought by some to be the most sensitive screening
tool for bleomycin toxicity [140]. In patients who
develop mild toxicity, discontinuation of bleomycin
may lead to a reversal of the abnormalities [28], but
some patients will have persistent radiographic or
pulmonary-function abnormalities [9, 95, 151].

Nitrosoureas. The risk of nitrosourea pulmonary
toxicity is age and dose-dependent with patients 
who have received higher doses of nitrosoureas (e.g.
greater than 1500 mg/m2 in adults and 750 mg/m2 in
children) more likely to present with an interstitial
pneumonitis identical to that seen after bleomycin
therapy [1]. Fibrosis may be early onset or late onset.
Radiation therapy also increases risk, as does under-
lying pulmonary abnormality, such as chronic ob-
structive pulmonary disease, although this is rarely a
factor in children. Bone marrow transplant patients
may develop pulmonary fibrosis with BCNU as one 
of the contributing etiologies [92]. As part of a pre-
parative regimen including etoposide and melpha-
lan, BCNU at 600 mg/m2 was associated with unac-
ceptable pulmonary toxicity, but doses of 450 mg/m2

were tolerated in the acute period [2]. Chemotherapy
prior to bone marrow transplant may induce inflam-
matory changes that render the lung more suscepti-
ble to further, potentially irreversible, injury with
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high dose therapy [11]. Although pulmonary fibrosis
has been most commonly associated with BCNU,
it has been described after other nitrosoureas as 
well [12, 29]. Bibasilar rales with a bibasilar reticular
pattern may be seen on chest radiograph, and re-
strictive ventilatory defects are seen. Abnormalities
may be restricted to the upper lobes.A decreased dif-
fusion capacity may precede all other signs [124].
Discontinuation of therapy may alter the course of
BCNU-induced pulmonary disease. However, once
pulmonary infiltrates are noted, the disease may be
irreversible [150]. In a documented study, 47% of
survivors of childhood brain tumors treated with
BCNU and radiation died of lung fibrosis, 12% with-
in 3 years of treatment and the remainder 6–17 years
post treatment. Additional patients were known to
have pulmonary fibrosis and remained at risk for late
decompensation. In this study, age was a risk factor.
The median age of the patients who died was 2.5
years, and the median age of survivors 10 years. All
patients treated under the age of 5 years had died
[93].

Cyclophosphamide. Fibrosis after treatment with
cyclophosphamide is rare, with a reported incidence
less than 1%. However, Makipemaa and colleagues

[79] found that four of 15 children treated with high-
dose cyclophosphamide without mediastinal RT had
significantly decreased forced vital capacities; two 
of these children also had a decreased FEV1. In addi-
tion, one of the children had pulmonary fibrosis 
and a chest deformity. Two children who received 
more than 50 g/m2 of cyclophosphamide had delayed
(greater than 7 years) fatal pulmonary fibrosis, with
severe restrictive lung disease. Severely decreased an-
teroposterior chest dimensions in these patients were
attributed to inability of the lung to grow in accor-
dance with body growth. Fibrosis may also develop
late after prolonged treatment with relatively low
doses of cyclophosphamide. Although there may be
recovery if symptoms occur during therapy and the
drug is discontinued and treatment instituted with
corticosteroids, the course may be one of progressive
fibrosis.

Other Agents. Acute pulmonary effects have oc-
curred with cytosine arabinoside (noncardiogenic
pulmonary edema) [3, 52] and vinca alkaloids in as-
sociation with mitomycin (bronchospasm or intersti-
tial pneumonitis) [24, 48], but delayed pulmonary
toxicity has not been described. Hypersensitivity
reactions to the antimetabolites (methotrexate,

Table 11.2. Pulmonary toxicity of commonly used chemotherapy agents

Agent Toxicity Risk factors

Bleomycin Interstitial pneumonitis Age, cumulative dose, renal impairment,
Fibrosis radiation therapy, oxygen therapy, fluid overload,
Non-cardiogenic pulmonary edema combination chemotherapy

Nitrosoureas Interstitial pneumonitis Age, cumulative dose, combination chemotherapy
Fibrosis

Cyclophosphamide Fibrosis Radiation therapy, oxygen therapy, combination therapy
Non-cardiogenic pulmonary edema

Methotrexate Interstitial pneumonitis No clearly identified risk factors
Non-cardiogenic pulmonary edema No clearly identified risk factors
Fibrosis No clearly identified risk factors
Bronchospasm No clearly identified risk factors

Busulfan Fibrosis Potentially dose, combination chemotherapy,
radiation therapy

Cytosine arabinoside Non-cardiogenic pulmonary edema No clearly identified risk factors
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mercaptopurine and azathioprine) may cause either
a desquamative interstitial pneumonitis or an eosin-
ophilic pneumonitis [70, 141, 145]. Recovery usually
occurs within 10–45 days after methotrexate-induced
pulmonary toxicity [131].

However, long-term follow-up of 26 childhood-
leukemia survivors revealed that 17 (65%) patients
had one or more abnormalities of vital capacity, total
lung capacity, reserve volume or diffusion capacity
[125]. All children with these deficiencies were diag-
nosed and treated before age eight. The findings have
also been attributed to an impairment of lung
growth, which normally proceeds exponentially by
cell division during the first eight years of life. Other
studies have also demonstrated long-term changes in
pulmonary function in survivors of ALL treated
without spinal radiation or bone marrow trans-
plant [91].

Busulfan can result in late pulmonary fibrosis,
with no consistently identified risk factors. Unlike
many other agents, the risk does not appear to be
dose-related. The clinical and pathologic picture is
like that of bleomycin-induced fibrosis. The mortali-
ty from busulfan fibrosis is high [1].Although reports
of pulmonary toxicity with other agents are rare,
pneumonitis and fibrosis should be considered in the
differential of patients presenting with respiratory
symptoms. New agents may also present a risk for late
pulmonary toxicity. See Table 11.2. [1, 82].

11.2.4 Chemotherapy–
Chemotherapy Interactions

In considering the risk of pulmonary toxicity from
chemotherapy, the potential for chemotherapy–
chemotherapy interactions must be taken into
account. Toxicity is seen at much lower doses than
expected with drug combinations such as nitro-
soureas and cyclophosphamide [133], bleomycin and
cisplatin, or vincristine, doxorubicin and cyclophos-
phamide [8, 70, 108]. Vinca alkaloids appear to cause
pulmonary toxicity only in the presence of mito-
mycin [24, 70].

11.2.5 Radiation and Chemotherapy
Combinations: Interaction and Tolerance

Many antineoplastic agents potentiate the damaging
effects of radiation on the lung. Phillips [102] and
Wara [146] demonstrated that dactinomycin admin-
istration lowered the radiation dose threshold for
pneumonitis. Testing the effects of commonly used
chemotherapeutic agents, Phillips and colleagues
[103] reported that the administration of dactino-
mycin, cyclophosphamide and, to a lesser extent,
vincristine enhanced the lethal potential of thoracic
irradiation. The effect of dactinomycin was seen
when given as long as 30 days before irradiation, but
it was not seen when given 30 days after the irradia-
tion. The administration of bleomycin and lung irra-
diation together produces lung toxicity that is more
common and severe than when either agent is given
alone. Catane [18] found pulmonary toxicity in 19%
of patients, and it was fatal in 10%. This toxicity
appears to be maximal when bleomycin is given con-
currently with radiation [32]. Although 500 IU of
bleomycin without RT can be lethal in 1–2% of pa-
tients, as little as 30 IU can be fatal when given with
RT. The effects of RT are also potentiated by doxoru-
bicin. In addition to the enhanced toxicity observed
in skin, intestines and heart, the lung also appears 
to be very sensitive to this combination [17, 19].
Of 24 patients with lung cancer treated with low-
dose doxorubicin and RT, 13 developed pneumonitis
[142].

11.3 Detection and Screening

Pulmonary disease occurring in patients treated for
cancer can present a diagnostic problem because of
the multiplicity of possible etiologies. Progressive
cancer, infections, emboli, allergy, irradiation or
drugs (and their interaction) can be causative. Clini-
cal findings, radiologic studies and pulmonary func-
tion tests can be nonspecific; however, these factors
represent measurable endpoints to quantify toxicity.
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11.3.1 Measurable Endpoints

Symptoms. Fever, cough and shortness of breath are
the most common symptoms of radiation-induced
pneumonopathy. Temperature, respiratory rate, fre-
quency of cough and the nature of sputum produced
should all be recorded.Varying degrees of dyspnea,as
well as orthopnea, can be present, depending on the
severity of pulmonary damage. To standardize grad-
ing in the literature, the grading criteria in Common
Terminology Criteria for Adverse Events (CTCAE),
published by National Cancer Institute and National
Institute of Health [23], have been expanded to be
useful for the long-term survivor.

Sign. The principal signs of both acute and delayed
radiation-induced pneumonopathy are the increase
in respiratory rate percussion of a pleural effusion,
auscultation of rales or rhonchi and, in severe cases,
cyanosis.

Radiography. Plain anteroposterior (AP) and lateral
chest films are useful when disease involves a large
volume of lung. The acute pneumonitic phase mani-
fests as a fluffy infiltrate, and the late fibrotic phase
can follow the intermediate phase of contraction.
However, routine chest radiography has a low level of
reliability in detecting small volumes of pneu-
monopathy, particularly if they are located close to
the chest wall. Chest radiography also lacks the abili-
ty to quantify the volume of affected lung, versus the
total lung volume.

When chronic fibrosis occurs, chest radiography
generally reveals scarring that corresponds to the
shape of the radiation portal. CT scans have the capa-
bility of presenting three-dimensional images and
calculating three-dimensional volumes of functional
lung in a defined range of Hounsfield units. One can
also detect small infiltrates that may be adjacent to
the chest wall, for example, in the case of tangential
field RT, where infiltrates are calculated as a percent-
age of the total lung volume. Mah [76, 77] has shown
a quantitative relationship between the volume of ab-
normality on CT and RT dose (converted to a single-
dose equivalent).

Radiographic changes after chemotherapy are
often bibasilar fibrosis. Fibrosis confined to the upper
lobes has also been described after treatment with
BCNU [96] and bleomycin [80].

Pulmonary Function Tests (PFTs). The various PFTs
that are available can be divided primarily into those
performed in a pulmonary function laboratory and
those performed in a nuclear medicine unit. Classic
PFTs include measurement of static lung volumes,
static and dynamic mechanical properties, airway
reactivity, small airway function and gas exchange
functions. A wide range of abnormalities in PFTs has
been reported during both the acute and chronic
phases of radiation-induced pneumonopathy. The
abnormalities will, of course, relate to the volume of
lung irradiated as well as the dose. Decreases have
been noted in vital capacity, inspiratory capacity,
total lung capacity, residual volume and FEV1. De-
creases in lung compliance have also been measured.

The goal of the classic PFTs is to determine the
pattern of pulmonary disease that affects the patient
in order to provide definitions of restrictive, obstruc-
tive and interstitial disease. Restrictive patterns are
generally found after RT or chemotherapy injury,
with reductions in the vital capacity, lung volumes
and total lung capacity. Combined obstructive re-
strictive patterns may be seen, resulting in reduced
lung volumes, but fibrotic injury also reduces airway
patency. Finally, there is abnormal gas transfer be-
cause of the change in the alveolar capillary barrier.
This can be measured by the carbon monoxide–lung
diffusion test and, in more severe cases, will also be
reflected in elevated arterial oxygen and carbon diox-
ide levels.

The basic evaluation that is most valuable in
studying patients who have had lung injury consists
of the measurement of maximum inspiratory and
expiratory pressures, forced vital capacity and the
FEV1, as well as the FEV1/FVC%. The findings usual-
ly indicate whether there is an obstructive or restric-
tive pattern and to what degree pulmonary function
is impaired. The evaluation consists of a screening
spirometry panel, followed by an examination of
static lung volume, such as total lung capacity, func-
tional residual capacity and residual volume. Finally,
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it is essential to perform a carbon monoxide diffu-
sion test to measure the degree of alveolar–capillary
block. Diffusion results should be corrected for ane-
mia. Combining these various measurements into a
grading system of pulmonary function is difficult.

All these tests are quantitative but must be related
to the expected level of function in a person of the
same age and size, or preferably to measurements
performed before the anticancer therapy was begun,
if the measurements were not affected by tumor
itself. Abnormal PFTs prior to treatment, which are
commonly observed in lung cancer patients with
severe COPD, may also alert the practitioner to pa-
tients at higher risk for pulmonary toxicity. PFTs may
be impossible to obtain in younger children or in
children who cannot cooperate. PFTs must be inter-
preted in the context of the patient’s clinical status. In
addition, PFT abnormalities may be present in the
absence of clinical symptoms and may herald the
development of clinical disease. However, they are
not predictive of the development of clinical disease,
which may also develop despite normal PFTs.

Nuclear Medicine Tests. In evaluating radiation-in-
duced pneumonopathy, qualitative and quantitative
radionuclide studies have been applied in some insti-
tutions. They consist of perfusion studies, ventilation
studies, gallium scans and quantitative ventilation-
perfusion scintigraphy. These nuclear studies have
been primarily for research interests and have not
been routinely applied to the clinical management of
patients.

A perfusion scan is usually obtained with micro-
aggregated albumin labeled with 99mTc, or similarly
labeled microspheres, which are injected intra-
venously and imaged in eight views to ensure that the
entire lung can be seen. Ventilation studies can be
carried out either with 133Xe or 127Xe by inhalation.
The wash-in, equilibration and washout phases can
be observed, generally through posterior and oblique
views. Because of energy and half-life, the 133Xe test is
done before the perfusion study and the 127Xe test
after the perfusion scan. Generally, both should be
employed and, if possible, quantified. The advantage
over classic PFTs is that scans will show regional

function, which can be correlated with irradiated
volume.

In some situations the ventilation study with
xenon may be done with krypton; although krypton
is more expensive. Finally, aerosols of 99mTc diethyl-
enetriaminepentaacetic acid (DTPA) can be substi-
tuted for an inspiration gas study. The pair of studies
(i.e. perfusion and ventilation) is often termed a V-Q
scan; the letter V stands for ventilation, Q for per-
fusion. Gallium scans of the lungs can be useful in
assessing and quantifying bleomycin, cyclophos-
phamide and busulfan chemotherapy injury to the
lung. Gallium scans can also be used to separate radi-
ation-induced pneumonopathy from Pneumocystis
carinii pneumonopathy because the latter will label
heavily with gallium.

Quantitative ventilation–perfusion scintigraphy
consists of three different studies. The first is ventila-
tion per unit volume; the second is blood flow to ven-
tilated alveoli; and the third is blood flow per unit
ventilated lung volume. The second, that is, blood
flow to ventilated alveoli, has proven most useful in
quantifying RT injury.

Laboratory Tests of Serum or Blood. Clinical studies
have reported a number of clinical factors contribut-
ing to the risk of developing radiation pneumonitis
after therapy. Among these are total lung radiation
dose, irradiated lung volume exceeding 20 Gy vs
25 Gy vs 30 Gy, mean lung dose, fractionation of ra-
diotherapy, daily fraction size, performance status,
pre-treatment pulmonary function, gender, low pre-
treatment blood oxygen and high C-reactive protein
and others [44, 54, 59, 68, 110, 112, 123]. Erythrocyte
sedimentation rate (ESR) has been evaluated as a
potential early marker of pulmonary toxicity from
bleomycin [55]. The non-specific nature of this value
may make clinical application difficult, as rises would
also be expected in infection or recurrent disease.
Despite the identification of these clinical contribut-
ing factors, research has tended to focus on the devel-
opment of a reliable and simple diagnostic laborato-
ry test that could predict the risk of post-radiation
pneumonitis and, in particular, could be adminis-
tered prior to the start of therapy.
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The usefulness of serum or blood laboratory tests
is as yet undefined; there is a need for early biochem-
ical markers of normal-tissue damage that would
predict late effects and that would allow the radiation
oncologist and medical oncologist to determine
whether their treatment is exceeding normal tissue
tolerance [113]. If biochemical markers of tissue
damage could be detected in the subclinical phase,
prior to the accumulation of significant injury, one
could terminate therapy or institute treatment to pre-
vent or attenuate later lesions.An ideal marker would
be a simple, reproducible positive or negative bio-
chemical test. In the recent years, some circulating
cytokine markers have been independently found to
be potential predictors of radiation pneumonitis.
These include proinflammatory cytokines inter-
leukin 1α (IL-1α) and interleukin 6 (IL-6) [21, 22],
fibrotic cytokine- transforming growth factor β
(TGF-β) [4] and ICAM [60]. Chen and colleagues
recently tested the ability of IL-1α and IL-6 measure-
ments to predict radiation pneumonitis (unpub-
lished data). The predictive power of IL-1α and IL-6
appeared to be strongest for the blood samples col-
lected prior to radiotherapy than during RT. While
both inflammatory cytokines can serve as diagnostic
testing tools, IL-6 was found to be a more powerful
predictor than IL-1α of radiation pneumonitis. The
specificity and positive predictive value of IL-6 were
as high as 89% for the blood samples collected prior
to RT. The application of these cytokine markers in
the predictive diagnosis of radiation pneumonitis
may prove to have clinical utility in the near future
and deserves further investigation.

In addition to cytokines, the release of many sub-
stances into the circulation could reflect, and may
also predict, the degree of RT and chemotherapy
injury to the lung. These include the surfactant
apoprotein, procollagen type 3 angiotensin-convert-
ing enzyme, blood plasminogen-activating factor
and prostacyclin. These various substances have been
correlated with either acute or delayed radiation-in-
duced pneumonopathy. Significant additional work
is required to evaluate the usefulness of such blood
level measurements.

11.4 Management 
of Established Pulmonary Toxicity Induced 
by Cytotoxic Therapy

Hopefully in the future, pulmonary toxicity will be
prevented rather than managed. Strict attention
should be paid to drug doses and cumulative
drug–dose restrictions. When RT is given, volumes
and doses should be minimized and given in accor-
dance with accepted tolerance. During drug therapy,
monitoring of symptoms and signs, PFTs and chest
radiographs can aid in detecting problems early, and
the causative agent can be withdrawn. After with-
drawal of bleomycin, early stages of bleomycin-
induced pneumonitis have reversed clinically and
radiographically [81].

11.4.1 Precautions 
for Minimizing Potential Complications

Assessing baseline breathing condition and PFTs pri-
or to therapy is most helpful for patients with under-
lying pulmonary pathology such as emphysema,
COPD and idiopathic lung fibrosis. The detection of
abnormalities may allow for better anticipatory guid-
ance and counseling. Counseling on the risks of
smoking is imperative for these patients, even in the
absence of symptoms or abnormalities on evalua-
tion. Patients should also be aware of the potential
risks of general anesthesia and notify physicians of
their treatment history if they are to undergo anes-
thesia. For those with compromised lung condition,
therapy should be tailored to minimize injury from
cytotoxic agents and radiation damage.When follow-
ing survivors of cancer, vigilant evaluation of symp-
toms of respiratory compromise is necessary and
should be anticipated when thoracic RT or drugs
with known pulmonary toxicity have been used. De-
pending on the findings and other circumstances,
lung biopsy may be considered to confirm fibrosis or
exclude the recurrence of cancer. Chronic cough, dys-
pnea or change in exercise should be further evaluat-
ed with chest radiography and PFTs. This is also im-
perative in patients scheduled for general anesthesia.
In the absence of symptoms, chest radiographs and
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lung function testing are recommended every 2–5
years. The number of potential pulmonary toxic
agents, the cumulative doses and the radiation dose
and field size are all factors to be considered in set-
ting follow-up intervals.

11.4.2 Preventative Therapy

The difficult issue in screening is that there is no
definitive therapy. Before therapy, the prophylactic
administration of steroids has no proven benefit and
may present potential risks. A study of inhaled fluti-
casone propionate, however, demonstrated some
potential benefit with reduction of acute pneumoni-
tis in patients treated for breast cancer [83]. Confir-
mation of this benefit and whether like interventions
can reduce long-term pulmonary sequelae requires
further study. The role of amifostine as a radiopro-
tector in preventing lung toxicity has been investigat-
ed. Amifostine is a sulfhydryl compound that was
originally developed as an agent to protect against
ionizing radiation in the event of nuclear war [27,
121]. It was also found to protect normal tissues from
toxicities of radiotherapy for head and neck tumors
[15], alkylating agents and cisplatin [148, 154]. Recent
clinical studies have shown a reduction in pneumoni-
tis using amifostine in chemoradiation treatments
for lung cancer [5, 67].

There is a lack of studies quantifying the impact of
smoking after exposure to chemotherapy and radia-
tion therapy, but it very likely increases the risk of
lung damage. In the Childhood Cancer Survivors
Study (CCSS), survivors smoked at lower rates than
the general population, but more than a quarter
reported a history of having ever smoked, and 17%
reported currently smoking [34]. Smokers who re-
sponded to the study expressed a higher desire to
quit than the general population. Interventions have
been developed and studied to decrease smoking and
improve smoking cessation in long-term survivors
[35, 139].

11.4.3 Therapy for Established Toxicity

Corticosteroids play a useful role in the relief of
symptoms from pneumonitis caused by a variety of
drugs and RT. Severe symptoms necessitating treat-
ment can be relieved markedly and rapidly by corti-
costeroids in half of affected patients [87, 151, 152];
however, prevention or reversal of the fibrotic phase
does not occur. Supportive care with bronchodila-
tors, expectorants, antibiotics, bed rest and oxygen
can be beneficial for relief of symptoms in pneu-
monitis and fibrosis. In cases of radiation or chemo-
therapy-induced pneumonitis in which corticos-
teroids have been used, it is important to withdraw
steroids very slowly to avoid reactivation.

11.5 Future Studies

We have come to appreciate the complexity of inter-
stitial pneumonitis from cancer therapy, now seen as
a process involving an active communication and in-
teraction between resident cell types of the lung
parenchyma and circulatory immune and inflamma-
tory cells. There is increasing evidence of immune
cells augmenting pneumonitis through complex au-
tocrine, paracrine and systemic regulatory mecha-
nisms critically orchestrated by cytokines [20, 117].

Further investigation of the molecular mecha-
nisms involved in pneumonitis and fibrosis will allow
for timely intervention and proper protection. Sub-
stances such as interferons that oppose or inhibit
fibrosis-promoting growth factors potentially may 
be used during therapy, resulting in the desired
enhanced therapeutic ratio. Chemoprotective agents
are being investigated for their ability to reduce the
toxicity of chemotherapy, including lung injury. It is
essential, of course, that they do not disturb the effi-
cacy of the treatment. Improvement of radiotherapy
targeting and normal tissue sparing, such as three-
dimensional conformal radiotherapy and intensity
modulated radiotherapy (IMRT), will minimize radi-
ation to non-target normal lung tissue. Novel inter-
ventions, such as mechanisms to increase the level of
bleomycin hydrolase in susceptible patients or viral-
mediated transfer of a bleomycin resistance gene,
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may hold promise for future applications in clinical
treatment. What may prove to be the most important
is the recognition of those at enhanced risk for long-
term pulmonary toxicity as a result of their genotype.
Understanding of such risk factors could lead to
therapy tailored to an individual risk profile.
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12.1 Introduction

Radiation and specific chemotherapeutic agents may
produce gastrointestinal (GI) or hepatic toxicity that
is acute and transient in the majority of patients, but
may be delayed and persistent. It should be noted,
however, that these relatively uncommon late gas-
trointestinal and hepatic complications are potential-
ly life threatening and capable of severely compro-
mising quality of life. Although the most common
malignancies that can be complicated by GI and
hepatic injury are abdominal sarcomas (rhabdo-
myosarcoma and other soft tissue sarcomas), a limit-
ed number of reports describe GI complications ob-
served in pediatric patients with genitourinary solid
tumors or in those with lymphoma who underwent
staging laparotomy [1–8]. Not surprisingly, the sever-
ity of GI tract and hepatic toxicity is related to the
specific treatment modality and intensity employed;
multimodal therapy confers additive risks. Other
comorbid conditions, for example, transfusion-ac-
quired hepatitis or graft versus host disease (GVHD),
may enhance risk [9–17]. Many reports describe
complications resulting from now outdated treat-
ment modalities. As a result, the current paucity of
literature about long-term gastrointestinal outcomes
may be due to the low frequency of these complica-
tions after contemporary therapy. However, long-
term outcomes after veno-occlusive disease, chronic
graft-versus-host disease and transfusion-acquired
hepatitis remain to be established, as these condi-
tions have been associated with subclinical liver
dysfunction that may predispose aging childhood
cancer survivors to clinically significant liver disease
[11, 16–20].
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This chapter will summarize complications in-
volving the GI tract and hepatobiliary tree observed
following treatment for childhood cancer in the con-
text of normal organ pathophysiology. These seque-
lae may develop after a variety of therapeutic inter-
ventions, for example, radiation, chemotherapy, sur-
gery or bone marrow transplantation, or they may re-
sult from supportive therapies such as blood product
transfusion. Guidelines for monitoring predisposed
childhood cancer survivors and recommendations
for health-protective, risk-reducing counseling will
also be provided.

12.2 Pathophysiology

12.2.1 Upper and Lower Gastrointestinal Tract

12.2.1.1 Normal Anatomy and Physiology

The upper GI tract extends from the oropharynx to
the ileocecal valve and includes the esophagus, stom-
ach and small intestine. The esophagus is a distensi-
ble tube lined by an inner mucosa of squamous ep-
ithelium, surrounded by a submucosa, a muscularis
externa (composed of both striated and smooth mus-
cle) and an outermost connective tissue layer. The
neurovascular supply and mucous glands, which 
are located primarily in submucosa, open into the
lumen of the esophagus. The lower esophageal
sphincter prevents esophageal injury from reflux of
gastric contents, while the epithelium and mucous
glands protect against peptic injury. Salivation and
esophageal peristalsis also protect the esophageal
mucosa by facilitating acid clearance.

Located inferior to the left hemidiaphragm, the
stomach is anatomically divided into the cardia,
fundus, body and antrum. A thick, muscular-walled
pylorus forms a sphincter that connects the gastric
antrum to the duodenum. The stomach is lined 
by an inner mucosa of columnar epithelium that 
is surrounded by a submucosa and an outer muscu-
laris comprised of longitudinal and circular smooth
muscle. Gastric mucosal glands secrete mucus,
hydrochloric acid or hormones that regulate gastric
secretions and motility. The gastric fundus mucosa

secretes an intrinsic factor required for the absorp-
tion of vitamin B12 by the small intestine.

The small intestine contains mucosal, submucosal
and muscularis layers similar to that of the stomach.
The mucosal layer of the small intestine is composed
of rapidly proliferating epithelium arranged in villi,
which increase the absorptive and digestive surface
area. The columnar cells forming the villi are
arranged in microvilli and form the brush border of
the small intestine luminal surface. The digestive
enzymes (disaccharidases and peptidases) are locat-
ed on the surface of the microvilli. Several ligaments
fix the duodenum into a C-shaped configuration in
the retroperitoneum. The head of the pancreas is
situated in the concavity. Suspended by mesentery,
the jejunum and most of the ileum are usually freely
mobile within the abdominal cavity. The ileocecal
valve functions as a sphincter that prevents bacterial
contamination of the small bowel.

Originating in the right lower quadrant, the colon
ascends to the hepatic flexure, traverses the abdomen
to the splenic flexure,and then descends in a tortuous
fashion to the anus. The splenic flexure and rectosig-
moid region comprise two “watershed” areas of arte-
rial blood flow to the colon and are predisposed to
ischemic injury. Similar to the small bowel, the colon
is lined with columnar epithelium, but there are no
villi.The transport of electrolytes and water occurs in
the microvilli located on the luminal surface of the
epithelial cells. Copious goblet cells secrete mucus
onto the luminal surface of the colon.

12.2.1.2 Organ Damage Induced 
by Cytotoxic Therapy

Acute GI toxicity develops frequently following radi-
ation and a variety of chemotherapeutic agents and is
characterized by recovery without sequelae in the
majority of individuals. The most common gastroin-
testinal tract complications observed in long-term
childhood cancer survivors typically result from
chronic mucosal inflammation that interferes with
the digestion and absorption of nutrients (enteritis)
or predisposes patients to scarring (fibrosis) of
the intra-abdominal tissues. Persistent or chronic GI
effects are most often observed in long-term sur-
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vivors treated with radiation, although specific
chemotherapeutic agents may enhance the risk of
chronic injury. Combined modality therapy and
other treatment complications may have additive
adverse effects. For example, chronic infections or
graft-versus-host disease (GVHD) may exacerbate
radiation-induced enterocolitis. Similarly, extensive
bowel resection may contribute to the malabsorption
associated with chronic enteritis.

Complications related to fibrosis are the most
commonly observed late GI effects in childhood can-
cer survivors. Fibrosis may involve any site within the

GI tract, as well as the extraintestinal structures.
Pathologically, fibrosis developing within the wall of
the upper GI tract may produce thickening of the
serosa, muscularis and submucosa (Fig. 12.1a), lead-
ing to an increased risk of stricture formation. Be-
cause of its rapid cell turnover, the submucosa is es-
pecially prone to the development of fibrosis. Fibrosis
of extraintestinal tissues predisposes patients to the
formation of adhesions [1, 21]. Enteritis, or inflam-
mation of the mucosa or lamina propria, ulceration
and villous atrophy may occur in association with, or
independent of, fibrosis (Fig. 12.1b). Focal vascular

Figure 12.1 a, b

Top: Delayed radiation injury in wall
of ileum. Note chronic ulceration
(left third), extensive fibrosis of sub-
mucosa,and subserosa.Villous atro-
phy is slight in this case. Approxi-
mately 10 years after exposure to
undetermined (kilorad) dose of
external radiation for adjacent in-
traabdominal neoplasm. (Hema-
toxylin-eosin stain; ×21) From [21].
Bottom: Histologic picture of the
small bowel at the time of obstruc-
tion, demonstrating severe villous
blunting, distended lymphatics,
and an abnormally dense mucosal
round cell infiltrate. The normal
columnar epithelium is lost, with
only low cuboidal cells present. Villi
are shortened. (Hematoxylin-eosin
stain; ×10). From [1]

a

b
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changes associated with chronic ischemia in the sub-
mucosa and mesentery may be responsible for these
lesions. Chronic GVHD involving the GI tract of sur-
vivors treated with bone marrow transplantation is
characterized by mononuclear infiltration of the lam-
ina propria, mucosal ulceration and reepithelializa-
tion [22]. Less commonly observed GI tract sequelae
are related to the anatomic revisions undertaken dur-
ing intra-abdominal exenteration and bowel resec-
tions, GI tract dysmotility associated with neuronal
toxicity [5] and esophageal varices from portal
hypertension. Secondary malignancies have been
observed with increasing frequency in aging, long-
term childhood cancer survivors. Radiation has been
implicated as the primary contributor to GI tract car-
cinogenesis; however, alkylating agent chemotherapy
appears to enhance this risk [23–25]. The reader
should refer to Chapter 18 for a more detailed de-
scription of secondary malignancy after childhood
cancer.

12.3 Clinical Manifestations

Clinical signs and symptoms of GI tract toxicity are
related to the severity of tissue injury and the specif-
ic tissues involved. Mild injury to GI tract tissues may
be asymptomatic and noted as an incidental finding
at the time of a diagnostic imaging procedure, sur-
gery or autopsy. More severe injury produces chronic
or persistent symptoms associated with inflamma-
tion and fibrosis of specific tissues. The most com-
mon clinical sequelae of fibrosis include partial or
complete bowel obstruction resulting from strictures
or adhesions. Chronic enteritis and bowel resection
may result in malabsorption, bowel ulceration/perfo-
ration or fistula formation.

Common constitutional symptoms referable to
the GI tract include dysphagia, odynophagia, vomit-
ing, abdominal pain (which may be focal or general-
ized), colic, constipation/obstipation, diarrhea and
GI bleeding, with or without anemia. Non-specific
symptoms of anorexia, fatigue and wasting may 
also be observed. Individuals with chronic hyper-
chloremic metabolic acidosis resulting from excess
GI bicarbonate loss may present with obtundation

and confusion. This complication may on rare occa-
sion develop following ureterosigmoidostomy, ileal
or jejunal loop procedures. A young child with upper
GI tract obstruction and reflux may present with
aspiration pneumonia.

12.3.1 Radiation

Radiation injury of the GI tract has been the most
extensively studied cause of fibrosis and enteritis.
According to data from cohorts of adults treated with
radiation for abdominopelvic tumors, radiation com-
plications typically develop within five years after
treatment in individuals who experienced acute GI
toxicity [26]. However, primary presentations of
strictures or inflammatory lesions may occur as late
as 20 years after radiation [26–28]. The risk of radia-
tion injury to the GI tract is related to the cumulative
radiation dose, daily fraction dose and extent of
treatment volume [26]. Fixed loops of the duodenum
and terminal ileum are more prone to radiation in-
jury than the esophagus or other intestinal sites [7,
27]. The incidence of small bowel fibrosis is about 5%
after 40–50 Gy and rises to 40% when doses exceed
60 Gy [21, 29]. Chronic GI tract injury is uncommon
after treatment doses below 42 Gy, given over 4–4.5
weeks.

Limited studies are available describing the chron-
ic effects of GI radiation therapy in children [1, 3, 4,
8]. Donaldson et al. comprehensively evaluated intes-
tinal symptoms in 44 children with cancer treated
with whole abdominal (10–40 Gy) and involved field
(25–40 Gy) radiation at the Institute Gustave-Roussy
[1]. Additional interventions predisposing to GI tract
toxicity in the group included abdominal laparotomy
in 43 (98%) and chemotherapy in 25 (57%). Late
small bowel obstruction was observed in 36% of
patients surviving 19 months to 7 years, and this was
uniformly preceded by small bowel toxicity during
therapy. Infants and children younger than two years
appeared to experience more acute and chronic GI
toxicity following intensive radiation or combined
modality therapy, compared with older children.

Several reports document GI toxicity in long-term
survivors of genitourinary rhabdomyosarcoma [3, 4,
8]. Overall, abnormalities of the irradiated bowel
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have been observed infrequently. Investigators from
the Intergroup Rhabdomyosarcoma Study evaluated
the late effects in long-term survivors of paratesticu-
lar and bladder/prostate rhabdomyosarcoma [3, 8].
Radiation-related complications occurred in approx-
imately 10% of patients and included intraperitoneal
adhesions with bowel obstruction, chronic diarrhea
and stricture or enteric fistula formation. Similar
findings were observed in another small cohort of
survivors of paratesticular rhabdomyosarcoma,
treated at a single institution [4]. The small number
of patients and GI events reported in these studies
precluded any correlation of host and treatment
factors predicting GI toxicity.

Radiation would be expected to enhance the risk
of late post-surgical small bowel obstruction in long-
term childhood survivors, but this complication has
been rarely observed. Donaldson reported only one
case of late bowel obstruction in 79 surgically-staged
pediatric patients treated with radiation (35–44 Gy)
[30]. Children irradiated at lower doses for Wilms’
tumor also uncommonly develop chronic GI toxicity
[31]. However, definitive radiation for Hodgkin’s dis-
ease in adolescents and young adults has been asso-
ciated with a one-percent incidence of late-onset,
nonspecific abdominal pain attributable to retroperi-
toneal fibrosis involving the genitourinary tract,
rather than the GI tract [2].

Thoracic radiation, particularly when adminis-
tered to young children at high cumulative doses
(40 Gy or more), predisposes to the development of
esophageal strictures [6]. The frequency of stricture
formation after mediastinal radiation has been re-
ported at 17–42% in older series [32–34]. This com-
plication is uncommon following contemporary
treatment for pediatric tumors, which has reduced or
eliminated radiation in many frontline therapies. The
development of acute radiation esophagitis during
radiation administration is likely the nidus for stric-
ture formation; fungal esophagitis may also enhance
the risk of this complication [35, 36]. Subacute or
chronic candidal esophagitis may predispose to stric-
ture formation that (usually) involves the upper third
of the esophagus [35, 36]. Strictures developing in
individuals with chronic candidal esophagitis have
been seen in association with intramucosal pseudo-

diverticulitis, an inflammatory disorder character-
ized by digitation of the excretory ducts of the sub-
mucosal glands. Another characteristic histopatho-
logical event includes the development of mucosal
bridges that may result in webs. Similarly, the admin-
istration of radiation-enhancing chemotherapeutic
agents (such as doxorubicin) may augment the 
risk of stricture formation by inducing recurrent
episodes of esophagitis through a “recall” pheno-
menon (Fig. 12.2). This speculation concurs with 
the increased frequency of strictures observed in
patients treated with combined modality therapy,
including radiation and radiomimetics chemother-
apy [37–40].

Figure 12.2

Barium study of 5-year-old girl previously treated for
ALL showing distal esophageal stricture. The distal
location of the stricture and its endoscopic appearance
suggest that gastroesophageal reflux and chronic
esophagitis may have played a role in the pathogenesis
of the stricture. (Courtesy of Dr. S. Kocoshis)
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12.3.2 Chemotherapy

In general, chemotherapy plays a less prominent role
in the development of chronic enteritis. Multiple
chemotherapeutic agents produce acute GI toxicity,
which typically manifests as mucositis; however,
complete resolution of symptoms after completion of
therapy is the usual clinical course. The anthracy-
clines, in addition to dactinomycin, have potent ra-
diomimetic effects that enhance acute GI toxicity and
likely contribute to late onset radiation-related GI
toxicity [30, 38, 40, 41]. Rapid chemotherapy-induced
tumor lysis has been associated with intestinal 
necrosis and fistula formation [42].

12.3.3 Surgery

Abdominal surgery is associated with a life-long risk
of developing adhesive and obstructive complica-
tions involving the GI tract. Numerous pediatric
studies describe adhesive or obstructive complica-
tions, which usually develop within the acute or sub-
acute postoperative period [1, 43–54]. In contrast,
information about very late onset adhesive and
obstructive complications in childhood cancer sur-
vivors is more likely to be found in manuscripts de-
scribing global, long-term outcome after pediatric
sarcomas, in which the incidence of complications
related to adhesions and obstructions is approxi-
mately 10% [3, 4, 8]. Besides laparotomy, risk factors
for post-operative complications include intensive
combination chemotherapy that comprises either ra-
diomimetic agents or radiation therapy. Investigators
from the National Wilms’ Tumor Study Group ob-
served small bowel obstruction in 7% of patients;
however, the incidence of late onset obstruction
(more than one year from laparotomy) occurred in
fewer than 2% of patients, with events rarely report-
ed more than five years postoperatively [44]. Jock-
ovich et al. evaluated long-term complications of
laparotomy in a cohort of 133 pediatric and adult
patients who had undergone staging laparotomy
with splenectomy before treatment of Hodgkin’s dis-
ease [45]. At a median follow-up of 15.7 years (range:
2.5–28 years) after laparotomy, the most frequent
surgical complication was small bowel obstruction,

which occurred in 9.8% and required surgical inter-
vention in 6.8%. Patients younger than 15 years of
age at the time of laparotomy had a higher risk of
small bowel obstruction, compared with older
patients. This increased risk may be related to the
increased intensity of the pediatric surgical staging
protocols. An increased frequency of obstructive
complications is also anticipated in survivors who
have undergone multiple laparotomies for staging
and assessment of tumor response [1, 41].

A temporary or permanent enterostomy may be
required for the management of cancer-related GI
toxicity on rare occasion – for example, after resec-
tion of ischemic bowel, for a refractory GI tract stric-
ture or fistula or for chronic fecal incontinence.
Affected survivors must cope with physical and
psychological issues related to stoma maintenance.
Finally, excess gastrointestinal bicarbonate loss asso-
ciated with ureterosigmoidostomy or ileal or jejunal
loop procedures predisposes patients to hyper-
chloremic metabolic acidosis [55]. These individuals
are also at increased risk for developing adenocarci-
noma of the large bowel [56, 57].

12.3.4 Bone Marrow Transplant

The incidence and the severity of delayed GI tract
toxicity following allogeneic hematopoietic stem cell
transplantation are related to the cumulative radia-
tion dose used in the conditioning regimen, the pres-
ence of GVHD, or, a combination of both.Whereas GI
tract toxicity is frequent in the acute transplant
setting, chronic late problems affecting GI tissues are
relatively uncommon. Xerostomia may result from
sclerodermatous changes of the mucous membranes
and salivary glands and predispose to accelerated
tooth decay and periodontal disease [9]. Esophageal
stricture formation is the most common form of
delayed GI toxicity and may require dilation pro-
cedures to maintain satisfactory oral intake [58, 59].
Affected tissues show characteristic web-like intralu-
minal membranes that form strictures; some patients
also demonstrate perimuscular fibrosis similar to
that seen in scleroderma [58, 59]. GVHD of the small
bowel may result in chronic diarrhea from mal-
absorption (Fig. 12.3). Steatorrhea and diarrhea may
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also signal the presence of bacterial overgrowth with
stasis syndrome. As a result, many individuals with
chronic GVHD involving the GI tract are anorexic
and undernourished. Endoscopic evaluation with
biopsy is generally required to identify the specific GI
pathology and provide appropriate therapeutic inter-
ventions.

12.4 Detection and Screening

Assessment of cancer-related GI tract sequelae
should begin with a thorough history with close
attention to symptoms attributable to GI tract
pathology, including dysphagia, odynophagia, vomit-
ing, chronic abdominal pain, chronic constipation 
or diarrhea and hematochezia (Table 12.1).Anorexia,

Figure 12.3 a, b

Colonic mucosa in graft versus host
disease. Two glands show architec-
tural disruption with infiltration 
of lymphocytes accompanied by
epithelial cell necrosis and dropout.
Hematoxylin & eosin stain; 20×
original magnification. (Courtesy 
of Dr. J. Jenkins)

a

b
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Table 12.1. GI and Hepatitic Late Effects and Screening Recommendations

Therapeutic Potential Risk Factors Periodic Minimum Recom-
Agent Late Effects Evaluation mended Frequency

Dactinomycin No known late effects Treatment factors Physical exam Yearly
Dactinomycin has been Hepatic radiation
associated with acute veno- ALT, AST, Baseline at entry 
occlusive disease, from which Bilirubin into long-term 
the majority of patients follow-up
recover without sequelae

Mercaptopurine Hepatic dysfunction Medical conditions Physical exam Yearly
Thioguanine Veno-occlusive disease Viral hepatitis

Acute toxicities predominate ALT, AST, Baseline at entry 
from which the majority Bilirubin into long-term 
of patients recover follow-up
without sequelae

Methotrexate Hepatic dysfunction Treatment factors Physical exam Yearly
(PO, IV, IM) Acute toxicities predominate Abdominal radiation,

from which the majority especially before ALT, AST, Baseline at entry 
of patients recover 1970 Bilirubin into long-term 
without sequelae. follow-up

Medical conditions
Viral hepatitis

Laparotomy Adhesive/obstructive Treatment factors Physical exam When symptomatic
complications Combined 

with radiation

Total body Bowel obstruction Treatment factors Physical exam With clinical symptoms 
Irradiation Higher radiation KUB of obstruction
All abdominal Clinician Info Link dose to bowel,
and pelvic fields Bowel obstruction is rarely especially dose 
Spinal ≥ 20 Gy seen in individuals treated ≥ 45 Gy

with abdominal radiation Abdominal surgery
who have not had 
abdominal surgery

Chronic enterocolitis Treatment factors History Yearly
Fistula, Strictures Higher radiation dose 

to bowel, especially Serum protein, Yearly in patients 
dose ≥ 45 Gy albumin with chronic diarrhea 
Abdominal surgery or fistula

Total Body Gastrointestinal Treatment factors Fecal occult Yearly
Irradiation Malignancy Higher radiation blood 
All abdominal dose to bowel, (minimum 3 cards)
and pelvic fields Clinician Information Link: especially dose – and –
≥ 25 Gy Screening should begin ≥ 25 Gy Flexible Every 5 years
Spine ≥ 25 Gy 15 years after radiation Higher daily fraction sigmoidoscopy

or at age 35 years dose – or –
(whichever occurs later). Combine with Double contrast Every 5 years
Monitor more frequently chemotherapy if clinically 
indicated (especially alkylators) barium enema 

– or –
Colonoscopy Every 10 years

12_Schwartz_Late  27.01.2005  9:00 Uhr  Seite 188



Chapter  12 189Late Gastrointestinal and Hepatic Effects

Table 12.1. Continued

Therapeutic Potential Risk Factors Periodic Minimum Recom-
Agent Late Effects Evaluation mended Frequency

Total Body Hepatic fibrosis Treatment factors Physical exam Yearly
Irradiation Cirrhosis Higher radiation dose to liver,
Whole abdomen especially dose > 40 Gy ALT, AST Baseline at entry 
Hepatic to at least 1/3 of liver volume Bilirubin into long-term 

or 20–30 Gy to entire liver follow-up

Medical conditions
Chronic hepatitis

Health behaviors
Alcohol use

Hepatocellular Medical conditions AFP Yearly in patients
carcinoma Chronic hepatitis B, C with chronic hepatitis

Cirrhosis
Treatment factors Liver ultrasound Yearly in patients
Higher radiation dose to liver with cirrhosis
Health behaviors
Alcohol use

Hematopoietic Chronic hepatitis Treatment factors ALT, AST, Baseline at entry 
Stem Cell Cirrhosis History of multiple Bilirubin into long-term 
Transplantation Iron overload transfusions Ferritin follow-up

Radiation to the liver

Medical conditions
Chronic GVHD
Viral hepatitis

Health behaviors
Alcohol use

Transfusion Chronic Hepatitis B Host factors Hepatitis B Once in patients 
Consider any blood Living in hyperendemic area surface antigen who received any 

or serum product Chronic immuno-suppression (HBsAg) blood or serum 
including: – and – product prior 

Packed red cells Treatment factors Hepatitis B core to 1972
Whole blood Transfusion before 1972 antibody 
White cells Health behaviors (anti HBc or 
Platelets IV drug use HBcAb)
Fresh frozen plasma Unprotected sex
Cryoprecipitate Multiple partners
Allogeneic marrow High-risk sexual behavior

or stem cells Sexually transmitted diseases
Immunoglobulin Tattoos, body piercing

Preparations:
IVIG, VZIG
Clotting factor
Concentrates
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fatigue and wasting may be secondary nonspecific
complaints. Physical examination should assess
nutritional status, which can be inferred by height
and weight, and abdominal findings suggestive of GI
pathology, such as distension and pain. Although not
routinely used in pediatric assessments, a digital rec-
tal exam and fecal occult blood test should be per-
formed on children presenting with signs and symp-
toms of GI tract pathology.

Aside from screening levels of vitamin B12 and
folate, laboratory studies are important to assess
secondary effects of GI tract pathology. Anemia and
microcytosis may reflect iron deficiency from GI
tract blood loss. Macrocytic anemia may result from
vitamin B12 or folate deficiency associated with
chronic malabsorption or resection of the terminal
ileum. Albumin and serum protein provide useful
assessments of protein stores in patients with chron-
ic diarrhea or fistulas and should be monitored peri-
odically in individuals with chronic malabsorption.

A hemoglobin and hematocrit provides useful infor-
mation in patients who present with hematochezia,
but further radiographic and endoscopic evaluation
is typically needed to identify the site and specific
pathological lesion. Gastroenterology or surgical
consultation may be required to establish the diagno-
sis or provide remedial interventions.

The preferred screening evaluations for GI tract
malignancies are the same as for the general popula-
tion: beginning at age 50, patients should be tested
annually for fecal occult blood; and a flexible sigmoi-
doscopy should be performed every 5 years [60, 61].
Several studies have described an excess risk of gas-
trointestinal malignancies in childhood cancer sur-
vivors treated with abdominal/pelvic radiation
[23–25].As a result, although the median age of onset
for this complication has not been established, the
Children’s Oncology Group Guideline recommends
that the process of monitoring predisposed child-
hood cancer survivors for occult GI malignancies

Table 12.1. Continued

Therapeutic Potential Risk Factors Periodic Minimum Recom-
Agent Late Effects Evaluation mended Frequency

Transfusion Chronic Host factors Hepatitis C Once in patients 
Hepatitis C Living in hyperendemic area antibody who received any 

blood or serum 
Treatment factors product prior to 1993
Transfusion before 1993

PCR to establish Once in patients 
Health behaviors chronic infection with positive 
IV drug use hepatitis C antibody
Unprotected sex
Multiple partners
High-risk sexual behavior
Sexually transmitted diseases
Tattoos, body piercing

Complications Treatment factors Physical exam Yearly in patient 
related to chronic Stem cell transplantation ALT, AST, AFP, with chronic hepatitis
hepatitis: bilirubin,
Cirrhosis Medical conditions prothrombin time
Hepatic failure Chronic hepatitis B, C 
Hepatocellular or co-infection with Liver ultrasound Yearly in patients 
carcinoma hepatotoxic viruses with cirrhosis

Health behaviors
Alcohol use
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begin earlier, either 15 years after radiation or at age
35 years (whichever occurs last) [62]. While the effi-
cacy of this approach has not been established in
longitudinal trials, this represents a conservative
strategy that would increase the likelihood of early
detection of an occult GI malignancy.

12.5 Management of Established Problems

Optimal management of cancer-related GI complica-
tions requires cooperation between the survivor’s
primary physician, gastroenterologist and surgeon.
Conditions most often requiring intervention usual-
ly result from primary or secondary consequences 
of chronic inflammation or fibrosis of GI tissues.
Esophagitis and gastritis are usually easily managed
with a variety of pharmacologic agents, including H2

antagonists and proton pump inhibitors, which elim-
inate or reduce acid production by the parietal cells.
Prokinetic agents are also helpful if acid reflux is con-
tributing to chronic esophagitis. Adjunctive agents
such as carafate, which binds to the proteins of de-
nuded mucosa, may also be used as a physical barri-
er to mucosal irritation.

Dysphagia resulting from abnormal motility asso-
ciated with neuronal injury can be identified through
manometric studies; treatment with calcium channel
blockers may ameliorate symptoms. Chronic consti-
pation and obstipation may be predisposed by more
severe motility abnormalities. Aggressive treatment
with laxatives and enemas are required for individu-
als who develop stool impaction. Regular treatment
with stool softeners and peristaltic stimulants re-
duces the risk of this complication.

Chronic enteritis may be associated with mal-
absorption. Affected patients present with chronic
diarrhea, abdominal distension, failure to thrive and
other signs of protein deficiency. In cases with mal-
absorption, contrast studies are used to determine
the site of pathology, and small bowel biopsies are
used to define the histologic features. Individual tests
of absorption are used to define the defect. These in-
clude the D-xylose absorption test, lactose breath hy-
drogen test, 72-hour fecal fat determinations, serum
B12 and folate levels and measurement of stool pH

and reducing substances, as well as the Schilling test.
Bacterial contamination of the small bowel may also
predispose to malabsorption; strictures and blind
loops can also contribute to this complication. Intu-
bation and quantitative bacterial cultures of the small
bowel may be required to confirm the diagnosis,
especially in the absence of the ileocecal valve or in
the presence of small bowel stasis. Bacterial over-
growth responds to appropriate antimicrobial thera-
py, such as tetracycline or metronidazole. Chronic
diarrhea associated with bile salt malabsorption after
ileal resection may improve with cholestyramine.
Refractory malabsorption associated with villous
atrophy may require enteral or parenteral nutritional
support.

While the management of acute GI bleeding is
generally easily accomplished in the primary care
setting, the evaluation and treatment of chronic GI
blood loss associated with chronic enterocolitis usu-
ally requires the expertise of subspecialists who can
localize the site of bleeding. Following contrast diag-
nostic imaging studies, endoscopic evaluation is used
to confirm inflammation and ulceration. Biopsy will
determine the etiology of mucosal lesions. Only
rarely are more aggressive interventions – for exam-
ple, enterolysis, tagged red-cell study or exploratory
laparotomy – needed to localize the site of GI tract
bleeding.

Upper GI tract strictures are best evaluated by
barium swallow followed by endoscopy. Repeated en-
doscopy and dilation procedures may be required 
for long-term management of esophageal strictures.
Concurrent evaluation and treatment of peptic
esophagitis is important in order to reduce the risk of
further mucosal injury. Surgical procedures that
reduce or prevent reflux may also be undertaken to
minimize the risk of recurrent stricture formation.
Patients presenting with signs and symptoms of
bowel obstruction should be promptly evaluated
with abdominal radiographs, decompression (if clin-
ically indicated) and the appropriate contrast imag-
ing. Chronic or refractory intestinal obstruction as-
sociated with strictures or adhesions may eventually
require surgical intervention for definitive correc-
tion.

12_Schwartz_Late  27.01.2005  9:00 Uhr  Seite 191



Chapter  12192 M. M. Hudson

12.3 Hepatobiliary Tree

12.3.1 Pathophysiology

12.3.1.1 Normal Anatomy and Physiology

The liver is the largest organ in the body and consists
of right and left lobes joined posteroinferiorly at the
porta hepatis. The gall bladder lies under the visceral
surface of the liver. The hepatic lobule, which con-
tains a central vein that is a tributary of the hepatic
vein, is the basic ultrastructural unit of the liver. The
central vein of each hepatic lobule drains into the
inferior vena cava. Columns of hepatocytes radiate
from the center of each lobule and are separated by
sinusoids. Hepatic sinusoids are lined with reticu-
loendothelial or Kupffer’s cells. The hepatic lobule is
divided into three functional zones that each receives
blood of varying nutrient and oxygen content. Zone
3, which receives the least oxygen and nutrients, is the
most vulnerable to injury. Hepatic arterioles, portal
vein radicles, and branches of the left and right
hepatic ducts are located in portal triads between the
hepatic lobules. The left and right hepatic ducts fuse
at the porta hepatitis to form the common hepatic

duct. The cystic duct, which drains the gallbladder,
joins the hepatic duct to form the common bile duct
that drains into the duodenum.

Liver function is diverse and includes the synthe-
sis of enzymes albumin, coagulation proteins, urea
and steroids (such as cholesterol and primary bile
acids); the conjugation of bilirubin, the detoxification
of drugs and storage of fat-soluble vitamins. Hepato-
cytes are also responsible for gluconeogenesis and
glycolysis. The Kupffer cells, which engage in phago-
cytosis and secrete cytokines, play a role in immune
regulation.

12.3.1.2 Changes Induced 
by Cytotoxic Therapy

Fibrosis, which is generally periportal and concentric
(Fig. 12.4), is the most frequently described compli-
cation of antineoplastic therapy observed in the liver
[63]. Hepatic fibrosis may be associated with fatty
infiltration, focal necrosis and nodular regeneration
of cirrhosis, as well as portal hypertension. Chronic
hepatitis, regardless of its etiology, is characterized
by portal-periportal lymphoplasmacytic infiltration
with varying degrees of fibrosis and piecemeal necro-

Figure 12.4

Chronic methotrexate liver dam-
age. There is fatty change together
with chronic portal inflammation
and fibrosis. Hematoxylin-eosin
stain; ×180. (From [63]; reprinted
with the kind permission of Dr. R.S.
Patrick and Chapman Hall, Ltd.)
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sis. The histopathology of veno-occlusive disease
demonstrates endothelial injury with fibrin deposi-
tion; if progressive, fibrous obliteration of central
veins ensues. GVHD is associated with hepatocellular
necroinflammatory changes suggestive of chronic
active hepatitis, a paucity of interlobular bile ducts
and intrahepatic cholestasis (Fig. 12.5) [22, 64].
Cell-mediated immune dysregulation is implicated 
in the pathophysiology of chronic GVHD in most
studies. However, findings of deposits of immuno-
globulin and complement along the dermal-epider-
mal junction in 85% of individuals with chronic
GVHD suggest that a humoral mechanism may 
play a role as well [65]. Hepatocellular carcinoma 
has been reported only rarely, and either in patients
treated with chemotherapy and radiation therapy 
for Wilms’ tumor or in long-term survivors of child-
hood leukemia with chronic hepatitis-C infection
[17, 66].

12.3.2 Clinical Manifestations

Liver injury related to the treatment for childhood
cancer is most often subclinical and may develop
without a history of prior acute toxicity. Asympto-

matic abnormalities of serum transaminases (ala-
nine aminotransferase and aspartate aminotrans-
ferase) are most commonly observed. In the setting
of chronic GVHD, alkaline phosphatase and bilirubin
may also be elevated. However, bilirubin elevation is
variable and does not correlate with clinical outcome.
Patients with chronic liver dysfunction frequently
report constitutional complaints such as pruritus,
fatigue and weight loss. In contrast, hepatic veno-
occlusive disease is characterized by the acute onset
of jaundice, upper quadrant pain on the right side,
hepatomegaly, ascites, liver dysfunction and throm-
bocytopenia. The clinical course of VOD varies from
mild and reversible to life-threatening, with progres-
sive hepatic failure. The impact of acute VOD on
long-term hepatic function has not been established.
Chronic progressive hepatic fibrosis associated with
cirrhosis may cause portal hypertension and result-
ing sequelae, such as hypersplenism and variceal
bleeding. If cirrhosis leads to liver decompensation,
clinical signs and symptoms of hepatic synthetic
dysfunction appear, including ascites and coagulopa-
thy. As hepatic failure ensues, affected individuals
manifest progressive metabolic derangements and
encephalopathy.

Figure 12.5

Hepatic portal triad in graft versus
host disease. Bile ducts show ep-
ithelial damage in the form of irreg-
ular cellular and nuclear size and
spacing around the duct lumen
with some epithelial cells com-
pletely missing. Epithelial cell cyto-
plasm is vacuolated and shows vari-
able eosinophilia. In this example a
paucity of lymphocytes is noted.
Hematoxylin & eosin stain; 60×
original magnification. (Courtesy of
Dr. J. Jenkins)
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12.3.2.1 Radiation

The majority of reports describing acute radiation
hepatopathy in pediatric patients involve obsolete
radiation technology and treatment approaches. Per-
sistent or late-onset radiation hepatopathy after con-
temporary treatment is uncommon in the absence of
other predisposing conditions, for example, viral
hepatitis. The low frequency of hepatopathy after
contemporary radiation suggests complete resolu-
tion of acute hepatic injury, but this has not been
confirmed in prospective studies.

The liver generally has good tolerance to radiation
doses up to 30–35 Gy, which is delivered using con-
ventional fractionation [29, 67]. The risk of hepatic
injury increases significantly with doses exceeding
35 Gy, but smaller volumes of the liver can be safely
irradiated at higher doses. Jirtle et al., in correlating
hepatic tolerance to radiation dose and volume, esti-
mated that the whole liver could tolerate 20 Gy, while
one-third to one-half of the liver could be irradiated
to 40 Gy without complications [68]. Contemporary
three-dimensional planning permits more accurate
delivery of high-dose radiation to liver tumors with
normal liver sparing. However, the long-term out-
comes of liver function using this technology are not
available.

Radiation-induced hepatic injury has been stud-
ied in children with Wilms’ tumor, neuroblastoma
and hepatoblastoma [29, 31, 67, 69–74].An increasing
risk of radiation injury was observed with increasing
radiation dose and hepatic volume, younger age at
treatment, prior partial hepatectomy and concomi-
tant use of radiomimetic chemotherapy, such as
dactinomycin and doxorubicin [31]. Radiation-
induced hepatotoxicity typically presents subacutely
in the first 12 weeks after completion of radiation.
Delayed and chronic hepatic toxicity after radiation
has been rarely reported [75].

12.3.2.2 Chemotherapy

Several chemotherapeutic agents used in the treat-
ment of pediatric malignancies are associated with
hepatotoxicity [76]. Unless there is an exacerbating
condition like chronic hepatitis or GVHD, most chil-

dren usually recover completely from acute hepatic
injury related to chemotherapy [77–80]. The clinical
features of acute methotrexate-induced hepatotoxic-
ity are well described, but limited information is
available about long-term liver outcomes [81–83]. In-
formation about other commonly used hepatotoxins,
such as 6-mercaptopurine and dactinomycin, is
restricted to descriptions of acute toxicity [84–86].
The relative dearth of publications about long-term
chemotherapy-associated hepatotoxicity may be
related to the low incidence of clinically significant
liver disease, or to the fact that the latency for the
manifestation of liver toxicity has not been reached.

Methotrexate-induced hepatic injury is character-
ized by transient elevations of serum transaminases,
alkaline phosphatase or lactate dehydrogenase;
biochemical changes do not consistently correlate
with the severity of hepatic injury [87–89]. The risk
of hepatotoxicity following treatment with oral
methotrexate increases with duration of continuous
therapy and cumulative dose [76]. The risk of fibrosis
or cirrhosis after daily oral methotrexate is more
than two-fold the incidence observed after intermit-
tent parenteral administration [90, 91]. Early studies
of methotrexate described the development of hepat-
ic fibrosis in up to 80% of children with acute lym-
phoblastic leukemia, treated with oral low-dose
methotrexate (2.5–10 mg daily) over 2.5 to 5 years.
The risk of hepatic fibrosis reported in later investi-
gations using intermediate-dose parenteral adminis-
tration was less than 5%. Studies evaluating hepatic
histology in children treated with methotrexate
demonstrated mild structural changes and a low
incidence of portal fibrosis [87–89]. These findings
suggest that methotrexate-induced fibrosis regresses
or stabilizes after discontinuation of the agent and
rarely produces end-stage liver disease [87, 89, 92].

12.3.2.3 Hepatic Veno-Occlusive Disease
Hepatic radiation and a variety of chemotherapeutic
agents have been implicated in the causation of veno-
occlusive disease (VOD). Initially, VOD was attrib-
uted to the concomitant administration of hepatic
radiation and radiosensitizing drugs like dactino-
mycin and doxorubicin [31, 71, 73]. Subsequent in-
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vestigations demonstrated that treatment with
dactinomycin and vincristine chemotherapy alone
could produce VOD [74, 85, 86]. In fact, several
chemotherapeutic agents used in conventional dos-
ing regimens have been associated with the develop-
ment of VOD, including dactinomycin, cytosine ara-
binoside, dacarbazine and 6-mercaptopurine. Myelo-
ablative chemotherapy used in conditioning regi-
mens before hematopoietic stem cell transplantation
may also cause VOD. The most common agents in 
this setting are cyclophosphamide, carmustine and
busulfan. Whatever the cause, the clinical course de-
scribed in most series is consistent with full recovery
for the majority of children. Information is lacking
about long-term complications related to VOD.

12.3.2.4 Bone Marrow Transplant

Liver disease in long-term survivors of childhood
cancer treated with bone marrow transplantation
may result from chronic GVHD, chronic infection,
nodular regenerative hyperplasia from cytoreductive
therapy and drug-related liver injury [93, 94]. Chron-
ic GVHD is the most frequent late complication after
allogeneic hematopoietic stem cell transplantation

and represents a major cause of transplant-related
morbidity and mortality [95]. Approximately 80% of
individuals with chronic GVHD have liver involve-
ment [10, 96]. Drug toxicity from immunosuppres-
sive agents, antibiotics, antifungal and antiviral
drugs, sedatives, antiemetics and antipyretics may
exacerbate chronic GVHD [22]. Chronic infections,
most commonly hepatitis-C, may also accelerate the
course of liver injury. Severe chronic liver disease
with cirrhosis represents an important late complica-
tion of hematopoietic stem cell transplantation that,
in most cases, is due to chronic hepatitis-C (Fig. 12.6)
[16, 19, 20]. Reports documenting deaths from cir-
rhosis and hepatic failure suggest that chronic liver
disease may predispose to early mortality in long-
term survivors treated with allogeneic bone marrow
transplantation [11, 16, 19].

12.3.2.5 Transfusion-Acquired 
Chronic Hepatitis

Childhood cancer survivors transfused before the in-
troduction of effective screening measures for hepa-
titis-B and -C represent a significant population at
risk for transfusion-acquired hepatitis. Hepatitis-B

Figure 12.6

Regenerative liver nodule and por-
tal triad in hepatitis C disease. Nar-
row bands of connective tissue sep-
arate small nodules of regenerative
liver which shows fatty metamor-
phosis of some individual hepato-
cytes. The portal triad contains a
dense lymphocytic infiltrate that in
some cases may contain germinal
centers. Hematoxylin & eosin stain;
20× original magnification. (Cour-
tesy of Dr. J. Jenkins)
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screening was implemented in 1971 in the United
States. Hepatitis-C screening by the first generation
enzyme immunoassay (EIA) was initiated in 1990; a
more sensitive, second generation EIA became avail-
able in 1992. Hence, transfusion-acquired viral hepa-
titis should be considered in long-term survivors
presenting with chronic hepatic dysfunction who re-
ceived transfusions before donor screening was avail-
able. Hepatitis-B is characterized by a more aggres-
sive acute clinical course and a lower rate of chronic
infection (≤ 10%). In contrast, acute infection with
hepatitis-C is often mild or asymptomatic, but the
rate of chronic infection is high (approximately
80%). Regardless of the etiology, survivors with
chronic hepatitis experience significant morbidity
and mortality related to cirrhosis, end-stage liver
disease and hepatocellular carcinoma [15, 17, 18,
97–100]. Co-infection with hepatitis-B and -C ap-
pears to accelerate the progression of liver disease, as
does the immunosuppression or hepatotoxicity asso-
ciated with allogeneic hematopoietic stem cell mar-
row transplantation [15, 17, 87].

Numerous reports provide descriptive informa-
tion about preliminary outcomes in childhood can-
cer survivors with chronic hepatitis C [12–15, 17, 18,
77, 99, 99, 101–114]. The prevalence of HCV infection
(positive EIA or PCR) ranges from 5% to almost
50%, depending on the geographic location of the
center. Among these cases, chronic infection is com-
mon, as evidenced by the prevalence of PCR detec-
tion of viral RNA (in the range of 70–100% in the
cohorts studied) [18, 98, 99, 101, 103]. Most patients
are asymptomatic, but laboratory evaluations of ALT
are abnormal in 29–79% of the cases. Early studies of
chronically infected childhood cancer survivors sug-
gest that fibrosis develops more slowly in patients
who acquire the infection at age 20 years or younger
[108, 110, 115]. However, in a recent report describing
the histologic outcomes of chronically infected sur-
vivors after a more prolonged follow-up (median:
19 years), the progressive fibrosis and end-stage liver
disease rates were similar to those seen both in larg-
er adult cohorts with transfusion-associated hepati-
tis, and in hemophiliacs coinfected with HIV and
hepatitis B [18, 116–118]. More aggressive chronic
infection has also been observed in survivors coin-

fected with hepatitis-B and in those treated with
hematopoietic stem cell transplantation [15, 17]. Fur-
ther longitudinal follow-up is required to accurately
define the long-term sequelae of transfusion-associ-
ated hepatitis-C acquired during treatment of child-
hood cancer.

12.3.2.6 Other Late Hepatobiliary
Complications

Less commonly reported hepatobiliary complica-
tions include cholelithiasis, focal nodular hyperpla-
sia, nodular regenerative hyperplasia and hepatic mi-
crovesicular fatty change and siderosis. In a single-
institution study including 6,050 childhood cancer
patients, Mahmoud et al. reported a higher risk of
biliary calculi in childhood cancer patients (median
age: 12.4 years) who did not have underlying chronic
hemolytic anemia or a history of gallstones before
treatment, compared with rates observed in the
general population [119]. The cumulative risk for
cholelithiasis was 0.42% at 10 years, and 1.03% at
18 years, after diagnosis. Treatment factors signifi-
cantly associated with an increased risk of cholelithi-
asis included a history of ileal conduit (RR 61.6;
27.9–135.9), parenteral nutrition (RR 23.0; 9.8–54.1),
abdominal surgery (RR 15.1; 7.1–32.2) and abdomi-
nal radiation (RR 7.4; 3.2–17.0). The frequency of
conventional predisposing factors like family history,
obesity, oral contraceptive use and pregnancy was
not higher among study patients, compared with
rates observed in the general population.

Focal nodular hyperplasia (FNH) is an uncommon
hepatic tumor that has been reported anecdotally in
childhood cancer survivors [120]. The pathogenesis
of FNH is poorly understood, but the most widely
accepted theory is that the lesion is a reaction to a
localized vascular anomaly. Others have speculated
that FNH results from vascular injuries such as
thrombosis, intimal hyperplasia, high sinusoidal
pressures or increased flow [121, 122]. FNH is most
commonly discovered as an incidental finding on ab-
dominal imaging. High doses of alkylating agents
(e.g. busulfan or melphalan), veno-occlusive disease
and hepatic radiation may produce vascular injury
and the subsequent localized circulatory distur-

12_Schwartz_Late  27.01.2005  9:00 Uhr  Seite 196



Chapter  12 197Late Gastrointestinal and Hepatic Effects

bances [123]. The lesion is characterized by infre-
quent complications and the absence of malignant
transformation; hence, only close follow-up is recom-
mended.

Nodular regenerative hyperplasia (NRH) is a rare
condition that is characterized by the development of
multiple monoacinar, regenerative hepatic nodules.
The presence of mild fibrosis distinguishes NRH
from FNH and cirrhosis. Like FNH, the pathogenesis
of NRH is not well established, but may represent a
non-specific tissue adaptation to heterogeneous
hepatic blood flow [121]. NRH has rarely been ob-
served in survivors of childhood cancer treated with
chemotherapy, with or without liver radiotherapy
[120, 124]. Biopsy may be required to distinguish
NRH from metastatic cancer.

In a recent study, Finnish investigators described
the results of liver biopsy in 27 patients who had re-
cently completed intensified therapy for acute lym-
phoblastic leukemia [125]. Fatty infiltration was de-
tected in 93% and siderosis in 70% of patients; 52%
exhibited both histologic abnormalities. Fibrosis de-
veloped in 11% and was associated with higher levels
of serum LDL-cholesterol. Prospective studies are
needed to show whether 1) acute post-therapy liver
fatty change after childhood leukemia contributes to
the development of steatohepatitis or the metabolic
syndrome characterized by obesity, glucose intoler-
ance and dyslipidemia, and 2) whether siderosis
predisposes to more severe liver histopathology.

12.3.3 Detection and Screening

Screening of childhood cancer survivors treated with
hepatotoxic chemotherapy and radiation therapy
should begin with a thorough physical examination
(Table 12.1). Physical findings suggesting liver dys-
function, e.g. spider angioma, palmar erythema,
hepatomegaly, splenomegaly, icterus or ascites, may
be observed in individuals with long-standing liver
dysfunction associated with significant hepatitic
fibrosis. Patients transfused with any blood product
before implementation of blood donor testing for
hepatitis-B (1971) or -C (1992) should been screened
for viral hepatitis; PCR can establish the diagnosis of
chronic infection. Since most childhood cancer sur-

vivors with hepatic dysfunction are asymptomatic,
baseline screening of liver function with ALT, AST
and bilirubin should be performed beginning at two
years after completion of therapy. Persistent liver
dysfunction should prompt referral for GI/hepatic
evaluation, with liver biopsy. Individuals with abnor-
mal screening should undergo annual (or more fre-
quent, if clinically indicated) evaluations of hepatic
synthetic function with a prothrombin time. Albu-
min and INR also provide good indications of liver
function in patients with established, chronic liver
disease.Anemia and thrombocytopenia may be asso-
ciated with complications related to portal hyperten-
sion, including hypersplenism and variceal bleeding.
To screen for varices in individuals with chronic liver
dysfunction, esophagogastroduodenoscopy is rec-
ommended. A yearly serum alpha-fetoprotein level
and hepatic ultrasound should be obtained in pa-
tients with established cirrhosis to monitor for neo-
plastic complications, such as adenoma and hepato-
cellular carcinoma.

12.3.4 Management

It is imperative to preserve residual hepatocyte func-
tion, given that therapy is not available to reverse
hepatic fibrosis induced by antineoplastic therapy or
chronic viral infection. Childhood cancer survivors
treated with hepatotoxic therapy should be coun-
seled regarding behaviors to prevent further hepatic
injury. Standard recommendations include absti-
nence from alcohol use and immunization against
hepatitis-A and -B in patients who have not estab-
lished immunity to these hepatotrophic viruses. Sur-
vivors should also receive counseling about precau-
tions to reduce viral transmission to household and
sexual contacts. Patients with persistent liver dys-
function associated with chronic viral hepatitis may
benefit from antiviral therapy. Consultation with
GI/hepatology subspecialists will facilitate access to
optimal antiviral therapies. Treatment, as a rule, is
preceded by a liver biopsy to define the etiology and
histopathological features of the liver injury.

Once established, treatment of fibrosis is largely
symptomatic. Patients with cirrhosis may remain
asymptomatic for many years. Portal hypertension
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and GI bleeding from varices may herald the onset of
decompensated cirrhosis. Treatment with beta-
blockers may significantly reduce the incidence of
variceal bleeding [126, 127]. Eventually, hepatic fail-
ure manifests as jaundice, hepatic encephalopathy,
hypoproteinemia, progressive ascites and coagulo-
pathy. Supportive care in end-stage liver disease
includes a low-protein diet with lactulose and neo-
mycin to minimize urea production, blood and plas-
ma products to replete albumin and coagulation pro-
teins, salt restriction and diuretics to prevent ascites
formation and, lastly, sclerotherapy or vascular
shunting to reduce portal pressure and prohibit
variceal bleeding. Liver transplantation is the only
definite and lifesaving treatment for patients present-
ing with decompensated cirrhosis.
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13.1 Pathophysiology

13.1.1 Normal Organ Development

Hormonal function and potential for fertility are
synchronous in females, as the ovary both produces
oocytes and secretes steroid hormones. Prepubertal
females possess their lifetime supply of oocytes with
no new oogonia formed after birth. Active mitosis of
oogonia occurs during fetal life, reaching a peak of
6–7 million by 20 weeks of gestation, and then rapid-
ly declining to 1–2 million at birth. At the onset of
puberty, only 300,000 remain [1]. The cortices of the
ovaries harbor the follicles within connective tissue.
These follicles arise from the germinal epithelium,
which covers the free surface of the ovary. Through
involution, atresia and, to a much lesser extent, ovu-
lation, the follicles disappear entirely at menopause.

At initiation of puberty, there is a surge in the pro-
duction of gonadotropin-releasing hormone (GnRH)
by the hypothalamus. GnRH then stimulates release
of the gonadotropins by the pituitary gland: follicle-
stimulating hormone (FSH), responsible for follicu-
lar maturation, and luteinizing hormone (LH), re-
sponsible for ovarian luteinization. With menarche,
the menstrual cycle occurs approximately every 28
days. Each cycle is marked by an estrogen-dependent
mid-cycle surge of FSH and LH. After ovulation, the
corpus luteum forms and produces progesterone,
estradiol and 17- hydroxyprogesterone, as well as the
endometrial changes required for implantation of a
fetus. In the absence of fertilization, there is no chori-
onic gonadotropin from a conceptus; the corpus
luteum becomes exhausted and progesterone and
estrogen falls. At this time, FSH increases and the
endometrium sloughs, resulting in menstruation.
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The normal pre-menopausal ovary contains degener-
ating ova and follicles in varying stages of maturity.

Ovarian hormones also have critical physiologic
effects on other organs and bodily processes, includ-
ing the stimulation of libido, the maturation and
function of the breasts and vagina, bone mineraliza-
tion and the integrity of the cardiovascular system.
With depletion of oocytes by radiotherapy, chemo-
therapy or normal senescence, the ovaries undergo
atresia. As a result, menstruation and estrogen pro-
duction cease, and menopause ensues.

13.1.2 Organ Damage Induced 
by Cytotoxic Therapy

Radiotherapy and chemotherapy each may cause
transitory or permanent effects on hormonal func-
tion, reproductive capacity and sexual function.
Primary ovarian failure, impaired development of
secondary sexual characteristics, menstrual irregu-
larities, including oligomenorrhea and amenorrhea,
or premature menopause may occur. The meno-
pausal state, when it occurs prematurely, is associat-
ed with the same physical symptoms as are seen with
normal aging, including hot flashes, loss of libido and
osteoporosis [2, 3]. Such effects are not simply physi-
cally bothersome to survivors, but adversely impact
their quality of life [4]. The specific effects are de-
pendent on the ovarian dose of radiation and the
chemotherapeutic agents and their doses. They also
depend on the developmental status of the patient at
the age of treatment.

13.1.3 Cytotoxic Effects of Radiotherapy

Radiation causes a decrease in the number of ovarian
follicles, impaired follicular maturation, cortical
fibrosis and atrophy, generalized hypoplasia and
hyalinization of the capsule. Females treated prior to
puberty have a greater number of ova than do older
women. Thus, ovarian function is more likely to be
preserved after radiotherapy in prepubertal females,
compared with post-pubertal females [5]. The dose
of radiation that will ablate ovarian function depends
on the patient’s age and, by implication, stage of
sexual development. Several investigators have pro-

vided information regarding the dose of radiothera-
py that results in sterility in women of varying 
ages. Wallace and colleagues reported on 19 adult
females treated in childhood with whole abdominal
radiotherapy to a total dose of 30 Gy. Using the
assumption that the number of oocytes within the
ovary declines exponentially by atresia from approx-
imately 2,000,000 at birth to approximately 2000 at
menopause, they were able to estimate that the LD50

(radiation causing ablation in 50% of patients) for
the human oocyte is not greater than 4 Gy [6]. Ash’s
summary of clinical information on radiation to the
human ovary is shown in Table 13.1. Menopause was
induced by a dose of 12 to 15 Gy in women under
40 years of age, whereas women over 40 years of age
required only 4 to 7 Gy for the same clinical effect.
Permanent sterility occurred in 60% of females
15–40 years of age receiving 5 to 6 Gy [7]. When one
considers doses to the ovary after single fractions,
temporary sterility can occur with ovarian doses of
1.7–6.4 Gy, and permanent sterility after doses of

Table 13.1. Effect of fractionated Ovarian X-irradiation on
ovarian function in women of reproductive age irradiated for
malignant or nonmalignant diseasea

Minimum Effect
ovarian dose 
(Gy)

0.6 None.

1.5 No deleterious effect in most young
women. Some risk of sterilization 
especially in women aged >40.

2.5–5.0 Variable. Aged 15–40 years:
about 60% sterilized permanently,
some with temporary amenorrhea.
Aged >40: usually 100% 
permanently sterile.

5–8 Variable. Aged 15–40 years:
about 70% sterilized permanently;
of the remainder, some temporary
amenorrhea.

>8 100% permanently sterilized.

a No attempt has been made to allow for variation in mode of
fractionation. Modified from [7].
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3.2–10 Gy [8]. Whole abdomen doses of 20–30 Gy are
associated with primary or premature secondary
ovarian failure in young females [6, 9].

13.1.4 Cytotoxic Effects of Chemotherapy

The effects of chemotherapy on ovarian function are
both agent and dose-dependent, and this effect may
be additive to that resulting from abdominopelvic
radiotherapy. Alkylating agents affect the resting
oocyte in a dose-dependent, cell cycle-independent
manner. Thecal cells and ova are depleted, as are the
primordial follicles, resulting in arrest of follicular
maturation and decreased estrogen secretion. Again,
as was the case with radiotherapy, the effects are
more pronounced in post-pubertal as compared with
prepubertal females, due to the fact that post-puber-
tal females have fewer remaining viable oocytes. The
effects worsen with age, as the normal aging process
is accompanied by an ongoing depletion of oocytes.
Risks of menstrual irregularity, ovarian failure and
infertility increase with age at treatments. Converse-
ly, younger females can tolerate higher doses of alky-
lating agents without impairment of fertility, com-
pared with adult females [10–15].

13.2 Clinical Manifestations

13.2.1 Effects of Radiotherapy 
on Ovarian Function

The clinical relationship between ovarian failure and
the dose of radiation to the ovary is well illustrated 
by Stillman’s study of 182 girls treated at less than
17 years of age with 12–15 Gy of abdominal radio-
therapy. Overall, primary ovarian failure occurred 
in 22 girls (12%). However, ovarian failure was noted
in 68% of the girls whose ovaries received the full
irradiation dose, but in only 14% of those who had at
least one ovary at the edge of the abdominal treat-
ment volume (estimated dose 0.9–10 Gy, with a mean
of 2.9 Gy). Conversely, none of 34 girls who received
an estimated ovarian dose of 0.5–1.5 Gy (mean:
0.54 Gy) to at least one ovary outside the direct treat-
ment volume had ovarian failure. Covariate and mul-
tivariate analyses revealed that the location of the

ovaries relative to radiation treatment fields was the
only risk factor for ovarian failure [16].

In considering the risk of ovarian failure related to
radiotherapy, other fields than the abdomen and
pelvis must be considered. Direct or scattered irradi-
ation from the spinal component of craniospinal ra-
diotherapy may also produce ovarian damage [6, 17].
With the expanded use of hematopoietic stem cell
transplantation in pediatric oncology, it is important
to recall that total body irradiation (TBI) utilized in
the conditioning regimen is commonly associated
with primary ovarian failure or premature meno-
pause, with prevalence rates as high as 90–100%
[18–22].

13.2.2 Effects of Chemotherapy 
on Ovarian Function

The dose–response relationship of alkylating agents,
and the effect of age, is a recurring theme in studies
of fertility following chemotherapy. Amenorrhea 
and ovarian failure occur more commonly in adult
women treated with cyclophosphamide and other
alkylating agents than with adolescents, with pre-
pubertal females tolerating cumulative cyclophos-
phamide doses as high as 25 gm/m2 [11, 23]. In exam-
ining protocols with common chemotherapy, 86% 
of women >24–30 years have been shown to have
ovarian failure, compared with 28–31% of younger
women [2, 23].

Due to improved survivorship from childhood
cancer noted as early as the 1970s to 1980s, large co-
horts of female survivors have reached the 3rd and
4th decades of life, where the risk for infertility and
premature menopause has been examined. Two large
studies of these survivors demonstrated elevated
risks for infertility and premature menopause [9, 24].
A study of 2,498 female survivors, treated between
1945 and 1975, showed a 7% deficit in fertility, com-
pared with siblings. Between ages 21 and 25 years,
survivors had a risk of premature menopause four
times greater than that of siblings. Treatment-related
risk factors included radiotherapy alone (RR = 3.7),
alkylating agents alone (RR = 9.2) or a combination
of both (RR = 27).By age 31,42% of these women had
reached menopause, compared with 5% of siblings
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[9]. In a study of 719 survivors treated between 1964
and 1988, 15.5% of women were unable to conceive.
Women treated with abdominopelvic radiotherapy
alone had a fertility deficit of 23%, compared with
those treated with surgery. As with the previous
study, the risk of infertility and premature meno-
pause increased with increasing dose of abdomino-
pelvic radiotherapy and amount of alkylating agent
[24].

It is clear that the sterilizing effects of all alkylating
agents are not equal. Mechlorethamine and procar-
bazine together are perhaps the most damaging of
the alkylating agents. Newer risk-adapted protocols
in pediatric oncology have been developed to avoid
mechlorethamine or procarbazine and to limit cu-
mulative doses of alkylating agents, without nega-
tively impacting the efficacy of the chemotherapy
regimens. This is best illustrated by the development
of risk-adapted protocols in Hodgkin disease, where
avoidance of long-term toxicities is a primary study
goal [25–27]. The substitution of cyclophosphamide
for mechlorethamine and total dose reductions ap-
pear to have significantly reduced the risk of ovarian
dysfunction [28–30].

However, the full impact of these risk-adapted
protocols is yet to be felt, with respect to long-term
ovarian function. Females treated with cyclophos-
phamide with or without other alkylating agents are
just now reaching the age where premature meno-
pause was noted in earlier patient cohorts treated
with mechlorethamine and procarbazine (in the
1960 s–80 s). Investigators are now starting to collect
data on premature menopause in this group of
women.

In recent years, ifosfamide, a congener of cyclo-
phosphamide, has been used for a variety of solid tu-
mors and lymphoma. The effects of ifosfamide on re-
productive function are only beginning to be evaluat-
ed. An Italian study compared the residual ovarian
function and fertility of two groups of female pa-
tients treated for osteosarcoma during different time
periods with the same chemotherapy (ifosfamide,
methotrexate, doxorubicin, cisplatin) at the same in-
stitution. Between 1997 and 2000, a group of 31 fe-
males treated with this chemotherapy, together with
an oral contraceptive (OC), was compared with a

group of 90 patients treated between 1974 and 1995
with the same drugs, but without any attempt to pro-
tect ovarian function. No protective effect on ovarian
function was noted with the addition of the oral con-
traceptives [31]. Data is now being collected on fe-
male patients treated with ifosfamide, with or with-
out cyclophosphamide, during childhood and ado-
lescence in North America during the 1980s and
1990s. It remains to be seen whether the gonadal
toxicity of ifosfamide is similar to that already well
documented with cyclophosphamide, and whether,
and to what extent, the toxicity is additive in regi-
mens where both agents are administered.

Similar to what has been done with conventional
chemoradiotherapy protocols, transplant condition-
ing protocols without TBI are being utilized to avoid
some of the associated adverse long-term sequelae.
The use of high dose cyclophosphamide without 
TBI or other alkylating agents is associated with a
lower risk of ovarian failure than conditioning regi-
mens with TBI or multiple alkylating agents. In a
study by Sanders, 100% of women (n = 15) younger
than age 26 and three of nine older than age 26 who
were treated with 200 mg/kg cyclophosphamide
recovered normal gonadotropin levels and menstru-
ation post-transplantation [32]. However, many
transplant protocols use high doses of alkylating
agents together, most commonly busulfan and cyclo-
phosphamide, which are associated with similar
degrees of ovarian failure in females as protocols
containing TBI [19, 33, 34].

13.2.3 Effects of Radiotherapy 
and Chemotherapy on Reproductive Outcomes

Many survivors of childhood cancer previously treat-
ed with cytotoxic therapy will remain fertile, and,
therefore, pregnancy outcomes and the risk of cancer
or genetic disease in offspring must be addressed.
Young women who have been exposed to radiothera-
py below the diaphragm are also at risk of impaired
uterine development, which can adversely affect
pregnancy outcomes, often resulting in premature
labor and low birth-weight infants. The magnitude of
the risk is related to the radiotherapy field, total dose
and fractionation schedule. Female long-term sur-
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vivors treated with total body irradiation and mar-
row transplantation are at risk for impaired uterine
growth and blood flow, and, if pregnancy is achieved,
for early pregnancy loss and premature labor.Despite
standard hormone replacement, the uterus of the
childhood cancer survivor may be impaired in its de-
velopment and measure only 40% of normal adult
size, the ultimate uterine volume correlating with the
age at which radiotherapy was received [18, 34–36].

With more childhood cancer survivors retaining
fertility, pregnancy outcome data is now available. Of
4,029 pregnancies occurring among 1,915 women
followed in the Childhood Cancer Survivor Study
(CCSS), there were 63% live births, 1% stillbirths,
15% miscarriages, 17% abortions and 3% unknown
or in gestation. Risk of miscarriage was 3.6-fold high-
er in women treated with craniospinal radiotherapy
and 1.7-fold higher in those treated with pelvic ra-
diotherapy. Chemotherapy exposure alone did not
increase the risk of miscarriage. Compared with
siblings, however, survivors were less likely to have
live births and more likely to have medical abortions
and low birth-weight babies [35].

In the National Wilms Tumor Study, records were
obtained for 427 pregnancies of >20 weeks duration.
In this group, there were 409 single and 12 twin live
births. Early or threatened labor, malposition of the
fetus, lower birth-weight (<2500 g) and premature
delivery (<36 weeks) were more frequent among
women who had received flank radiotherapy, in a
dose-dependent manner [36].

Preservation of fertility and successful pregnan-
cies may occur following HSCT. Sanders and col-
leagues evaluated pregnancy outcomes in a group of
females treated with bone marrow transplant.
Among 116 treated before puberty and 23 treated af-
ter the onset of puberty who retained ovarian func-
tion, 32 (28%) and 9 (30%), respectively, became
pregnant. Of the 32 pregnancies in those treated with
TBI 50% (16) resulted in early termination, com-
pared with a 21% prevalence of early termination in
those treated with cyclophosphamide alone. There
were no pregnancies among the women treated with
busulfan and cyclophosphamide [34].

For childhood cancer survivors who have off-
spring, there is the concern about congenital anom-

alies, genetic disease or risk of cancer in the off-
spring. In the report from the National Wilms Tumor
Group, congenital anomalies were marginally in-
creased in the offspring of females who had received
flank radiotherapy [36]. However, this risk was not
observed in a study of 247 offspring of 148 cancer
survivors treated at a single institution [37], or in sev-
eral larger cohort studies. In a study that compared a
group of 2,198 offspring from adult survivors treated
for childhood cancer between 1945 and 1975 with a
group of 4,544 offspring from sibling controls, there
were no differences in the proportion of offspring
with cytogenetic syndromes, single-gene defects or
simple malformations. Nor was there an effect with
respect to the type of childhood cancer treatment
used and the occurrence of genetic disease in the off-
spring [38]. Similar results were reported in a study
of 5,847 offspring of survivors of childhood cancers
treated in five Scandinavian countries. In the absence
of a hereditary cancer syndrome (such as hereditary
retinoblastoma), there was no increased risk of can-
cer [39]. Further follow-ups are needed to determine
whether patterns of cancer or genetic disease in off-
spring change with changes in cancer treatments,
further elapsed time and studies of greater numbers
of offspring.

13.3 Detection and Screening

All prepubertal females who are treated with poten-
tially gonadal toxic radiotherapy or chemotherapy
should be rigorously assessed for appropriate pro-
gression through puberty. The average age for
menarche is 12.7 years ± 1.0 year [40]. An evaluation
should include a complete history, a physical exami-
nation that includes an assessment of sexual develop-
ment and pubertal milestones (Tables 13.3 and 13.4)
and selected laboratory studies (Table 13.5), as sum-
marized in Table 13.2. In conjunction with the evalu-
ation of gonadal effects, attention must be paid to
growth. Cranial radiotherapy confers significant risk
for growth hormone deficiency. Once patients have
reached full sexual maturity, linear growth will stop.
Linear and sexual development must, therefore, be
monitored simultaneously (see the chapter on Neuro-
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Table 13.2. Pertinent history and physical examination

History Physical examination

Doses and types of chemotherapy agents received Height, weight and height velocity

Doses and fields of radiotherapy Complete examination of all organ systems, with particular 
attention to pubertal status and thyroid gland

Surgical history, especially for patients Gynecologic examination in postpubertal females 
with CNS and GU tumors as indicated by treatment history, sexual activity 

and overall developmental status

Patient and maternal history of menarche and thelarche

Menstrual periods – timing and tempo

Symptoms of estrogen deficiency 
(hot flashes, dry skin, leg cramps, reduced libido)

Parental heights

Family history of infertility, pregnancy,
labor complications, assisted fertilization

Table 13.3. Tanner staging (pubertal milestones) for breast development [40]

Stage Age (mean ± SD, years)

I: Preadolescent. Only papilla is elevated.

II: Breast and papilla are elevated as small mound. Areolar diameter is enlarged. 10.0 ± 1.0

III: Areola and papilla project to form a secondary mound above the level of the breast. 11.9 ± 1.0

IV:There is projection only of papilla because of recession of the areola 12.9 ± 1.2
to the general contour of the breast.

Table 13.4. Tanner staging (pubertal milestones) for pubic hair growth [40]

Stage Age (mean ± SD, years)

I: Preadolescent vellus over pubis is no further developed than that over anterior 
abdominal wall (i.e. no pubic hair).

II:There is sparse growth of long, slightly pigmented, downy hair, straight 11.2 ± 1.1
or only slightly curled, appearing chiefly along the labia.

III: Hair is considerably darker, coarser and more curled. Hair spreads sparsely 11.9 ± 1.1
over pubic junction.

IV: Hair is now adult in type but area covered by it is still considerably smaller 12.6 ± 1.1
than in most adults.There is no spread to medial surface of the thighs.
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endocrine late effects for further details). Patients
who received radiotherapy to the central nervous
system or the neck are also at risk for thyroid dys-
function that can negatively impact gonadal function
and linear growth. Even after successful progression
through puberty, it is important to monitor the
frequency and characteristics of menstrual periods,
due to risk for premature menopause.

Females with ovarian failure, either primary or
secondary, should undergo assessments for impaired
bone mineral density. Calcium intake, weight-bear-
ing exercise, a history of fractures and a family histo-
ry of osteopenia/osteoporosis should be evaluated.
The determination of bone mineral density, using
dual-energy X-ray absorptiometry (DEXA) scan, and
comparison of results with the well-established adult
normative values, is indicated for all adult females.
Screening in children is less defined. Several different
measurement techniques and standards have been
applied, but none has been well validated in large pe-
diatric populations (much less in pediatric oncology
patients). However, some monitoring is indicated,
and trends over time may be of greater value than a
single DEXA scan.

Pediatric endocrinologists and reproductive en-
docrinologists/gynecologists are essential consult-
ants in the monitoring, prevention and management
of ovarian late effects in childhood cancer survivors.

13.4 Management of Established Problems

13.4.1 Prevention Strategies

Reduction in the dose or use of alkylating agents and
abdominopelvic radiotherapy is the most effective
means of preserving ovarian function and promoting
positive reproductive outcomes. This has been done
for pediatric Hodgkin disease, where cooperative
group and consortium studies conducted in the mid-
1980s through the present have utilized low-dose in-
volved field radiotherapy, or no radiotherapy, in
those with a complete response to chemotherapy;
these studies have also reduced the number, type and
dose of alkylating agents [25–27, 30, 41–44]. There
are, however, many instances where cytotoxic and go-
nadal toxic chemotherapy and radiotherapy are still
required for long-term cure. As a result, additional
strategies need to be employed to minimize adverse
long-term outcomes. To shield the ovaries from di-
rect irradiation during abdominal or pelvic radio-
therapy, an oophoropexy may be performed. Typical-
ly, with whole abdominal radiotherapy, the ovaries
are moved to a midline position in front of or behind
the uterus. For pelvic radiotherapy, they may be
moved laterally to the iliac wings. This may also be
helpful for young girls or adolescents undergoing
cranial spinal radiotherapy for brain tumors. The
ovaries should be marked by the surgeon with clips
that can later by identified by a simulator film. Cen-
tral pelvic blocking at the time of “inverted Y” field
will prevent direct irradiation, although scatter dose

Table 13.5. Laboratory assessment for ovarian functiona

Testing Treatment exposure Time and frequency of evaluations

LH, FSH, estradiol Alkylating agents Baseline at 11 years of age or older, and then yearly.
Abdominopelvic, cranial Assessment also of whether the following 
or total body radiotherapy are present: delayed puberty, irregular menses 

or amenorrhea, clinical signs or symptoms 
of estrogen deficiency

Free T4,TSH Neck, cranial or total body radiotherapy Yearly
Assessment also of presence of signs 
or symptoms of thyroid dysfunction

a Also see Chapter 13.2
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and transmitted dose will be inevitable. Medial or lat-
eral transposition of the ovaries results in ovarian
doses of 8–10% and 4– 5%, respectively, of the pelvic
dose [45, 46]. For most patients, this will be compati-
ble with the preservation of fertility, although there
may be temporary amenorrhea.

Because dividing cells are more sensitive to the
cytotoxic effects of alkylating agents than are cells at
rest, it has been hypothesized that inhibition of the
pituitary–gonadal axis by gonadotropin-releasing
hormone (GnRH) agonists may protect the ovarian
germinal epithelium from the cytotoxic effects of
chemotherapy. In a mixed teenage and young adult
group of women treated for lymphoma, leukemia or
autoimmune disease, Blumenfeld and colleagues [47,
48] reported a significant benefit in the concomitant
use of GnRH agonist treatment with cytotoxic chemo-
therapy. Pereya and colleagues evaluated the role of
GnRH analogs with respect to the prevention of early
onset ovarian insufficiency following chemotherapy
in adolescent females. Their study compared prepu-
bertal females treated with GnRH analogs prior to
chemotherapy with a control group of prepubertal
patients who were not given GnRH analogs. Pereya
and colleagues found that GnRH analog treatment
before and during chemotherapy might enhance
ovarian function and preserve adolescent fertility
[49].

Progress in reproductive endocrinology has re-
sulted in the availability of several potential options
for preserving or permitting fertility in females
about to receive potentially toxic chemotherapy or
radiotherapy. In pre- and post-pubertal females,
cryopreservation of ovarian cortical tissue and enzy-
matically-extracted follicles, with the in vitro matu-
ration of prenatal follicles, is of potential clinical use.
To date, most of the studies involving this technology
have been performed in laboratory animals [50–52].
Another option available to the post-pubertal female
is the stimulation of ovaries with exogenous go-
nadotropins and the retrieval of mature oocytes for
cryopreservation. Only a few oocytes, however, can
be harvested after stimulation of the ovaries [51]. In
vitro fertilization and subsequent embryo cryop-
reservation have also been successful. These inter-
ventions, however, may not be readily available to the

pediatric and adolescent patient, and the necessary
delay in cancer therapy for ovarian stimulation or in
vitro fertilization cycles often renders them imprac-
tical [52]. All such approaches harbor the risk that
malignant cells will be present in the specimen and
reintroduced in the patient at a later date. Those with
hematologic or gonadal tumors would be at greatest
risk for this eventuality [51, 52]. Standards for best
practice in the cryopreservation of gonadal tissue
remain to be defined. Should offspring result as a
consequence of these assisted fertility techniques, it
would be imperative to evaluate the risk of chromo-
somal and other congenital disorders, which have
been reported following intracytoplasmic sperm
injection [53–57].

A critical component to prevention is health coun-
seling for females at risk. For females treated during
the prepubertal period, parents should be counseled
regarding the risk of primary ovarian failure. Normal
gonadal development should be reviewed with rec-
ommendations for monitoring of growth and devel-
opment. Reproductive counseling should be made
cautiously and preferably, in conjunction with a spe-
cialist in reproductive endocrinology. The effects on
the female gonadal system from radiotherapy and
chemotherapy may demonstrate significant inter-in-
dividual variation, even with identical exposures at
identical ages. Post-pubertal females who have nor-
mal menstrual function should be counseled about
appropriate contraception should they currently not
wish to conceive a child, and they should also be
made aware of their potential risk for premature
menopause. Not inconsequential for young adults is
the impact of ovarian failure or impending failure in
sexual drive or libido, an effect that may be treatable
if addressed. Risks for osteopenia and osteoporosis
also must be addressed. Appropriate calcium intake,
avoidance of substances that interfere with bone dep-
osition and appropriate weight-bearing exercise
should be encouraged to maintain skeletal health.

13.4.2 Management of Delayed Puberty

Female patients exposed to gonadal toxic therapies
during the prepubertal period and who are not pro-
gressing appropriately through puberty should be
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promptly referred to a pediatric endocrinologist 
for further evaluation and treatment. The use of
hormonal replacement therapy for induction and
progression of puberty must be closely monitored
together with skeletal growth, as the two processes
are closely linked. Generally, the recommendation
will be to initiate a regimen of hormone replacement
such as estrogen, which is now available in a variety
of doses and modes of administration. Gonado-
tropins, gonadotropin agonists or antagonists, prog-
esterone and growth hormone may also be part of the
treatment regimen.

13.4.3 Management of Infertility

Post-pubertal patients at risk for infertility should be
referred to a reproductive endocrinologist to discuss
assisted fertility techniques that may be appropriate.
These specialists can also monitor fertility status and
assist survivors with reproductive decisions.

13.4.4 Management of Pregnancy and Delivery

While many childhood cancer survivors may have no
prenatal or perinatal complications, others may be at
risk and should be managed appropriately by obste-
tricians and perinatologists. Patients treated with ab-
dominopelvic radiotherapy are at risk for sponta-
neous abortion, premature labor and delivery and,
compared with controls, small for gestational stage
neonates. Those treated with anthracyclines at doses
>300 mg/m2 or at lower doses, when combined with
thoracic radiotherapy, or those women treated with
high doses of thoracic radiotherapy (>35 Gy) without
anthracyclines, may be at risk for cardiac complica-
tions, which may manifest during pregnancy (espe-
cially during the third trimester and during delivery).
Similarly, women previously treated with bleomycin,
carmustine or busulfan, with higher doses of thoracic
radiotherapy,may be at risk for pulmonary fibrosis or
decreased diffusing capacity, and this may result in
complications during pregnancy and delivery (see
the chapters on Heart and Lung late effects for fur-
ther details).

13.4.5 Management of Premature Menopause

Female survivors who develop premature meno-
pause should be referred to a gynecologist for man-
agement and consideration for hormone replace-
ment therapy. The decision to proceed with hormone
replacement therapy,and the form that it should take,
involves a careful evaluation of many competing
healthcare factors, a subject that is beyond the scope
of this chapter. However, it is imperative that patients
be managed by a team of physicians who are well
versed in this area and can assist in carefully weigh-
ing the risks and benefits of various hormonal re-
placement strategies.

13.5 Summary

Both chemotherapy and radiotherapy can affect
ovarian function in female survivors of childhood
cancer. The effects are varied and dependent on the
chemotherapeutic agents and doses, radiotherapy
doses, techniques, volumes and fields and the age and
pubertal status of the female. There is also consider-
able individual variation, the reasons for which re-
main largely unknown. Problems may include pri-
mary ovarian failure, reduced libido, pregnancy com-
plications and premature menopause. Preventive
strategies remain limited. Avoidance or reduction in
the dose of gonadal toxic therapies should be at-
tempted where possible. Where this is not possible,
advances in reproductive medicine may ultimately
allow for ovarian cryopreservation and similar tech-
niques. Survivors should receive health counseling
about risks, annual physical examinations with atten-
tion paid to endocrine and reproductive function,
close monitoring of gonadal function and referral to
pediatric endocrinologists, reproductive endocrinol-
ogists, gynecologists and perinatologists as indicat-
ed. In survivors who do become pregnant, the major-
ity will have favorable pregnancy outcomes with
healthy offspring, and it does not appear that the off-
spring will have an increased risk of cancer (in the
absence of a known heritable syndrome or congeni-
tal anomalies).
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Much of what we have learned about gonadal
function in female childhood cancer survivors is
based on patients treated in the 1960s through the
middle 1980s. During the past 20 years, there has
been increased awareness of the adverse gonadal ef-
fects, and, where possible, therapies have been altered
to limit these effects. This period has also resulted in
the increased use of more dose-intensive chemother-
apy regimens and greater use of myeloablative
hematopoietic stem cell transplants. Survivorship
has increased and, as a result, there are now large co-
horts of adult young women treated with more con-
temporary therapy who will require close follow-up
of their gonadal status. It is only with continued fol-
low-up that we will be able to fully appreciate the im-
pact of relatively recent changes in therapy. Chal-
lenges still face young females being treated for can-
cer today with respect to gonadal function. There-
fore, it is incumbent upon pediatric oncologists and
reproductive specialists to develop better preventive
strategies. In addition, there is more to be learned
about the inter-individual differences in gonadal
effects that are seen, despite very similar treatment
exposures. The role of genetic predisposition and
inherent chemotherapy (or radiotherapy) sensitivity
has yet to be studied with respect to most adverse
long-term outcomes (including ovarian function) for
childhood cancer survivors.
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14.1 Introduction

Chemotherapy, radiation and surgery all may affect
the testes, exerting a profound effect on future repro-
ductive function. The differential sensitivity of sper-
matozoa-producing Sertoli cells, in contrast to tes-
tosterone-producing Leydig cells, results in more
significant effects on reproductive capacity than on
sexual function. Since the testes are more sensitive
than the ovary to cytotoxic therapies, ensuing in-
juries from identical treatment regimens are more
damaging to male fertility than to females. A com-
parison of fertility in treated men versus women
revealed a 0.76 adjusted relative fertility [11]. In this
chapter, we review the pathophysiology of the testes
and the clinical manifestations of testicular injury in
response to gonado-toxic therapies. We also outline
methods for screening males for gonadotoxicity and
suggest potential preventative measures for consider-
ation.

14.2 Pathophysiology

14.2.1 Overview 
of Normal Gonadal Development

Although the chromosomal and genetic sex of an em-
bryo is determined at fertilization, male and female
morphological sexual characteristics do not differ
until the seventh week of gestation [51]. This initial
period of early genital development is referred to as
the indifferent stage of sexual development. During
the fifth week, proliferation of the mesothelial cells
and of the underlying mesenchyme produces a bulge
on the medial side of the mesonephros, known as the
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gonadal ridge. Next, finger-like epithelial cords grow
into the underlying mesenchyme. The indifferent
gonad now consists of an outer cortex and inner
medulla [51]. During the sixth week, the primordial
germ cells enter the underlying mesenchyme and in-
corporate into the primary sex cords. In embryos
with an XY sex chromosome complex, testis-organiz-
ing factor (H-Y antigen) regulated by the Y chromo-
some determines testicular differentiation [51]; the
medulla differentiates into a testis and the cortex
regresses. The gonads can be recognized as testes 7–9
weeks post-fertilization.

The first stage of testis differentiation is the for-
mation of testicular cords consisting of Sertoli pre-
cursor cells packed tightly around germ cells. The
diploid germ cells, the pre-spermatogonia, undergo
meiosis in the fetal testis and remain in meiotic arrest
until puberty. Sertoli cells, which provide a location
for support and proliferation of spermatogonia, are
derived from the mesonephros and proliferate only
during fetal life and in the neonatal period [83].
After the 8th week of fetal life, the Leydig cell of
the fetal testis secretes testosterone. Luteinizing hor-
mone (LH) release is suppressed, and masculiniza-
tion of the external genitalia and urogenital sinus 
of the fetus results. By the third month, the penis 
and prostate form [17]. Normal testes descend 
by the seventh month of gestation with little likeli-
hood of continuing spontaneous descent after 
9 months [19].

14.2.2 Anatomy of Normal Testis

The adult testis is an oblong organ, approximately 
4.5 cm in length and weighing 34–45 grams [82]. The
testis is composed of three principal cell types: germ
cells that develop into sperm; Sertoli cells that sup-
port and nurture developing germ cells and are also
the site of production of the glycoprotein hormone,
inhibin; and Leydig cells that are responsible for
testosterone synthesis [76]. Seminiferous tubules, the
sites of spermatogenesis, are formed by germ cells
and Sertoli cells. The Leydig cells that are responsible
for the production of testosterone lie near the basal
compartment of the seminiferous tubules, enabling
them to deliver the high concentrations of tes-

tosterone necessary for normal spermatogenesis and
male secondary sexual characteristics [52, 76].

The seminiferous tubules are embedded in a con-
nective tissue matrix containing interspersed Leydig
cells, blood vessels and lymphatics, and they are sur-
rounded by a basement membrane (tunica propria),
upon which the seminiferous epithelium rests. Sper-
matogenesis takes place in the seminiferous epitheli-
um. The least-differentiated germ cells, the sper-
matogonia, divide to form spermatocytes that imme-
diately undergo meiosis. The haploid cells (the sper-
matids) that are formed develop into flagellate motile
spermatozoa. This process requires up to 74 days
[79]. Since spermatozoa are continuously produced
in adult men, a constant supply of germ cell pre-
cursors is necessary. The newly formed spermatozoa
are transported through the lumen of the semini-
ferous tubules into the epididymis, where they are
stored.

14.2.3 Hypothalamic-Pituitary-Testicular Axis

The primary regulators of testicular function are the
anterior pituitary hormones, luteinizing hormone
(LH) and follicle-stimulating hormone (FSH), both
of which are released in response to the hypothalam-
ic releasing factor, GnRH. GnRH is secreted from the
median eminence into the hypophyseal portal system
in a pulsatile manner and acts on the gonadotropes of
the pituitary gland to stimulate secretion of LH and
FSH [52]. LH regulates Leydig cell function by bind-
ing to specific LH receptors on the plasma membrane
of Leydig cells. This leads to the formation of the
cAMP that drives testosterone biosynthesis via a
complex cascade starting with cholesterol [52, 76].
Testosterone is transported from the Leydig cells to
the seminiferous tubules, where it acts to enhance
spermatogenesis [76]. Testosterone is also a prohor-
mone for two different and metabolically active
hormones, dihydroxytestosterone (DHT) and estra-
diol. DHT mediates male sexual differentiation and
virilization, whereas estradiol mediates bone matu-
ration, mineralization and epiphyseal fusion [78].
Testosterone controls pituitary LH secretion by a
negative feedback mechanism; LH levels rise when
the Leydig cells are unable to produce testosterone.
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Sertoli cells are the only cells of the testis that pos-
sess FSH receptors [76]. FSH is delivered to the inter-
stitial area of the testis by way of the arterial system.
It then passes through the basement membrane of
the seminiferous tubule to reach the Sertoli cells that
line this membrane. FSH binds to the FSH receptors
of the Sertoli cells, where it mediates the synthesis of
a variety of proteins and enzymes, including the
inhibins [52]. Inhibin is a major feedback regulator of
FSH and may thus be useful as a marker of sper-
matogenesis [30, 71]. The production of androgen
transport protein by Sertoli cells can be induced and
maintained by FSH.

FSH triggers an event in the immature testis that is
essential for the completion of spermiogenesis.
Thereafter, spermatogenesis proceeds continuously
as long as an adequate and uninterrupted supply of
testosterone is available. The lack of negative feed-
back from germinal epithelium results in an elevated
FSH level.

14.2.4 Normal Developmental Stages

A neonatal surge in testosterone secretion is caused
by high LH and FSH concentrations during the first
few months of life. From the age of about 3 months
until the onset of puberty, plasma concentrations of

LH and FSH are quite low and the testes are relative-
ly quiescent [76]. At the onset of puberty, pulsatile
secretion of LH (and, to a lesser extent, FSH) occurs
during sleep and is associated with increased night-
time plasma concentrations of testosterone [76]. As
puberty progresses, the increased pulsatile release 
of gonadotropins and the high concentrations of
testosterone are maintained throughout the day and
night [76].

In a normal male, the first sign of puberty is
growth of the testis to larger than 2.5 cm [83]. This is
due to seminiferous tubule growth, although Leydig
cell enlargement contributes as well. Androgens
synthesized in the testes are the driving force behind
secondary sexual development, although adrenal
androgens also play a role in normal puberty. The
range of onset of normal male puberty is 9–14 years
of age. Boys complete pubertal development in 2–4.5
years (mean 3.2 years) [83]. The stages correspon-
ding to the development of the external genitalia and
pubic hair have been described by Marshall and Tan-
ner and are shown in Tables 14.1 and 14.2 [50]. The
first appearance of spermatozoa in early morning
urinary specimens (spermarche) occurs at a mean
age of 13.4 years during gonadal stages 3 and 4 (pubic
hair stages 2–4), simultaneously with the pubertal
growth spurt.

Table 14.1. Genital development stages [50, 55]

Stage Description Mean age at onset (years),
range 95 %

1 Preadolescent.Testes, scrotum and penis are about the same size 
and proportion as in early childhood.

2 Scrotum and testes have enlarged; there is a change in texture 11.6
and some reddening of the scrotal skin.Testicular length is greater than 2cm, (9.5–13.8)
but less than 3.2 cm.

3 Growth of penis has occurred, at first this is mainly in length, 12.9
some increase in breadth; further growth of testes and scrotum. (10.8–14.9)
Testicular length is greater than3.3cm, but less than 4.0 cm.

4 Penis is further enlarged in length and breadth, with development of glans. 13.8
Testes and scrotum are further enlarged. Scrotal skin has darkened. (11.7–15.8)
Testicular length is greater than 4.1cm but less than 4.9 cm.

5 Genitalia are adult in size and shape. No further enlargement takes place 14.9
after stage 5 is reached.Testicular length is greater than 5 cm. (12.7–17.1)

14_Schwartz_TheTestes  27.01.2005  9:02 Uhr  Seite 217



Chapter  14218 J. P. Ginsberg · A. Maity

14.3 Cytotoxic Effects of Therapy

14.3.1 Cytotoxic Effects of Chemotherapy

Testicular dysfunction is among the most common
long-term side effects of chemotherapy in men. The
germinal epithelium is particularly susceptible to
injury by cytotoxic drugs secondary to a high mitot-
ic rate. In 1948, azoospermia after an alkylating agent
(nitrogen mustard) was described in 27 of 30 men
treated for lymphoma [81]. Subsequently, it became
apparent that all alkylating agents are gonadotoxic
[31, 49, 59], while antimetabolite therapy (with, e.g.
methotrexate or mercaptopurine) does not have a
long-term impact on male fertility. Cisplatin-based
regimens, including vinblastine, bleomycin and
etoposide, result in temporary impairment of sper-
matogenesis in all patients, but a significant per-
centage recovers [27]. The agents most commonly
gonadotoxic in males are listed in Table 14.3.

Initial reports, based upon histological studies and
normal basal FSH levels from small numbers of
patients, suggested that the immature testis was rela-
tively resistant to chemotherapy [75]. More recently,
however, it has become apparent that both the prepu-
bertal and pubertal testes are vulnerable to cytotoxic
drugs [5, 7, 33]. Impairment of spermatogenesis 
may be irreversible in the months to years following
chemotherapy, although late recovery of spermatoge-
nesis (up to 14 years following chemotherapy) has

been reported on rare occasion [10, 88]. The chance
of recovery of spermatogenesis following cytotoxic
chemotherapy and the extent and speed of recovery
are related to the agent used and the dose received
[20, 34, 63, 88].

Compared with the germinal epithelium, Leydig
cells are relatively resistant to the effects of chemo-
therapy [73, 85]. However, with more intensive
gonadotoxic regimens, reductions in testosterone
concentrations have been noted that may be clinically
relevant.

Table 14.2. Pubic hair developmental stages [50, 55]

Stage Description Mean age at onset (years),
range 95 %

1 Preadolescent. No pubic hair.

2 Sparse growth of long, slightly pigmented downy hair, either straight 13.4
or only slightly curled, appearing chiefly at the base of penis. (11.2–15.6)

3 Hair is considerably darker, coarser, and curlier, and spreads sparsely. 13.9
(11.9–16.0)

4 Hair is now adult in type, but the area it covers is still smaller than 14.4
in most adults.There is no spread to the medial surface of the thighs. (12.2–16.5)

5 Hair is adult in quantity and type, distributed as an inverse triangle. 15.2
The spread is to the medial surface of the thighs. (13.0–17.3)

Table 14.3. Gonadotoxic chemotherapeutic agents

Alkylating agents
Cyclophosphamide
Ifosfamide
Nitrosoureas, e.g. BCNU and CCNU
Chlorambucil
Melphalan
Busulfan
Procarbazine (non-classic alkylator)

Vinca alkaloids
Vinblastine

Antimetabolites
Cytarabine

Other
Cisplatin
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14.3.2 Cytotoxic Effects of Testicular Irradiation

Soon after the discovery of X-rays by Roentgen, in-
vestigators noted that spermatogenesis was exquis-
itely sensitive to radiation [2, 65]. The testes are di-
rectly irradiated in situations such as the testicular
relapse of acute lymphoblastic leukemia (ALL).
Although the testes are usually not directly in the ra-
diation field, they can still receive radiation via body
scatter. Scatter occurs when X-rays interact with tis-
sues near the target of interest, resulting in secondary
X-rays that then hit the target [40]. The amount of
scattered radiation is a function of the proximity of
the radiation field to the target, the field size and
shape, the X-ray energy and the depth of the target.
Of these, distance from the field edge is the most im-
portant factor. Scatter dose to the testes may become
an issue when treating a field that extends into the
pelvis. Small children, because of their short trunk
length, can be at greater risk from scattered radiation
than larger individuals.

Some effect on spermatogenesis will be seen at
doses of 10 cGy, with permanent sterilization occur-
ring at doses as low as 100 cGy (Table 14.4) [4]. Data
in mammals indicate that the total radiation dose re-
quired to induce permanent azoospermia is lower
with fractionated regimens than with single-dose
therapy [80]. The radiation doses used in these ex-
periments cannot be directly extrapolated to humans
since germ cell radiosensitivity differs between
species. However, the general conclusion does appear
to be true in humans, a finding attributable to the fact
that non-proliferating spermatogonia are radioresis-
tant and unlikely to be killed with a single, large dose
of radiation. However, fractionated radiation increas-
es the chance that such cells will enter the proliferat-
ing compartment and be susceptible to radiation-in-
duced killing. Spermatogonia are thus most affected
by regimens in which each fraction is maximally effi-
cient in causing death in proliferating spermatogonia
and in which there are a sufficient number of frac-
tions such that all the spermatogonia are eventually

Table 14.4. Impairment of spermatogenesis and Leydig cell function after fractionated radiotherapy [4]

Testicular Effect on spermatogenesis Effect on Leydig cell function
dose (cGy)

<10 No effect. No effect

10–30 Temporary oligospermia. No effect

30–50 Temporary azoospermia at 4–12 months after radiation. No effect
100% recovery by 48 months.

50–100 100% temporary azoospermia for 3–17 months 
after radiation. Recovery begins at 8–26 months.

100–200 100% azoospermia from 2 months to at least 9 months. Transient rise in LH. No change 
Recovery begins at 11–20 months. in testosterone.

200–300 100% azoospermia beginning at 1–2 months. Transient rise in LH.
May lead to permanent azoospermia. No change in testosterone.
If recovery takes place, it may take years.

1200 Permanent azoospermia Elevated LH. Some patients may have decreased
basal testosterone or in response to HCG 
stimulation. Replacement therapy not needed 
to ensure pubertal changes in most boys.

2400 Permanent azoospermia Elevated LH. Many patients, but not all,
will have decreased testosterone.
Replacement therapy needed in most boys 
to ensure pubertal changes.
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irradiated while in a proliferative, radiosensitive
state.

More attention has been focused on the effects of
radiation on spermatogenesis than on its effects on
Leydig cell function. The available data indicate that
chemical changes in Leydig cell function are observ-
able following direct testicular irradiation, particu-
larly after higher doses (e.g. 2,400 cGy vs 1,200 cGy)
[77]. This effect is more severe in the younger the
patient [12].

14.4 Clinical Manifestations

14.4.1 Effects of Chemotherapy

The extent and reversibility of cytotoxic damage
generally depends on the agent and cumulative dose
received, although significant individual variation
has been observed. The effects of alkylating agents on
testicular function have been studied extensively.

Cyclophosphamide, either alone or in combina-
tion with other agents, is known to damage the ger-
minal epithelium. In a meta-analysis of 30 studies
that examined gonadal function following various
chemotherapy regimens, gonadal dysfunction corre-
lated with the total cumulative dose of cyclophos-
phamide; more than 300 mg/kg was associated with
>80% risk of gonadal dysfunction [66]. A study of
men treated for pediatric solid tumors reported
permanent azoospermia in 90% of men treated with
cyclophosphamide doses >7.5 g/m2 [84]. Other stud-
ies have also found that 7.5–9 g/m2 of cyclophos-
phamide is associated with a significant risk of testic-
ular injury [5, 39].

Although tumor cytotoxicity data indicates that
1.1 g/m2 cyclophosphamide is approximately equiva-
lent to 3.8 g/m2 ifosfamide [16], the relative gonado-
toxic effect is not well known. In a recent series of
male childhood survivors of osteosarcoma 4–17
years after therapy (median: 9 years), the incidence of
azoospermia related to ifosfamide therapy (median
42 g/m2), versus no ifosfamide, was statistically sig-
nificant (P=0.005). Six patients were normospermic:
five had received no ifosfamide and one had received
low-dose ifosfamide (24 g/m2). Azoospermia oc-
curred in 15 of the 19 patients who received ifos-

famide. Infertility in the others may have been relat-
ed to cisplatin (560–630 mg/m2). One patient had
oligospermia [48].

Hodgkin’s disease (HD) patients treated with six
or more courses of mechlorethamine, vincristine,
procarbazine and prednisone (MOPP) have also
demonstrated permanent azoospermia attributable
to both of the alkylating agents, mechlorethamine
and procarbazine. Procarbazine appears to play a
major role in this process. Hassel et al. studied testic-
ular function after OPA/COMP (vincristine, pred-
nisone, adriamycin/cyclophosphamide, vincristine,
methotrexate, prednisone) chemotherapy without
procarbazine in boys with HD.These patients showed
no major testicular damage, compared with boys
who had received OPPA/COPP (including procar-
bazine). This again, points out that procarbazine is a
potent gonadotoxic agent [29]. The treatment of
Hodgkin’s disease with combination chemotherapy
regimens, such as ChlVPP (chlorambucil, vinblas-
tine, procarbazine and prednisolone) or COPP (cy-
clophosphamide, vincristine, procarbazine and pred-
nisolone), has also been reported (in several studies)
to result in permanent azoospermia in 99–100% of
patients treated with 6–8 courses of these regimens
[15, 49]. After ChlVPP, both FSH and LH were elevat-
ed (by 89% and 24%, respectively), and azoospermia
occurred in all seven patients tested. Charak and co-
workers found azoospermia in all 92 patients follow-
ing treatment with six or more cycles of COPP; 17%
of patients had been treated more than 10 years pre-
viously, suggesting that germinal epithelial failure is
likely to be permanent [15]. CHOP (cyclophos-
phamide, doxorubicin, vincristine, prednisolone) or
CHOP-like regimens, such as those used for non-
Hodgkin’s lymphoma (NHL), are generally less go-
nadotoxic than those used for HD, presumably due to
the absence of procarbazine in the treatment for NHL
(e.g. VAPEC-B, VACOP-B, MACOP) [54, 64]. Azoo-
spermia occurring on therapy for NHL is likely to
recover within the following year [63]. Efforts to
reduce the risk of sterility after Hodgkin’s disease
include, among other related regimens, the use of
ABVD (adriamycin, bleomycin, vinblastine and
dacarbazine). This is an effective combination that
does not contain the alkylating agents, chlorambucil
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or procarbazine [43, 86]. Viviani and co-workers
showed that, while recovery of spermatogenesis after
MOPP was rare, all who experienced oligospermia
after ABVD recovered completely by 18 months [86].
Hybrid regimens (i.e. alternating cycles of ABVD
with ChlVPP or MOPP) are also less gonadotoxic
than MOPP, ChlVPP or COPP given alone.

Nitrosoureas, used in the treatment of brain tu-
mors in childhood, may also cause gonadal damage
in boys [1, 47, 71]. In nine children treated for medul-
loblastoma with craniospinal radiation and a nitro-
sourea (carmustine or lomustine, plus vincristine in
four boys and procarbazine in three), there was clin-
ical and biochemical evidence of gonadal damage.
Specifically, these children presented with elevated
serum FSH and small testes for the stage of pubertal
development, compared with eight children similarly
treated but without chemotherapy. The authors con-
cluded that nitrosoureas were responsible for the
gonadal damage, with procarbazine also contribut-
ing in the three children who received this drug.

PVB (cisplatin, vinblastine and bleomycin), which
is used in patients with germ cell tumors, is a stan-
dard chemotherapy and results in minimal effects on
long-term testicular function. Patients, however, can
be affected by ejaculatory failure, caused by damage
to the thoracolumbar sympathetic plexus during
retroperitoneal lymph node dissection, and by pre-
existing germ cell defects. Hansen et al. found that
whether patients were treated with orchiectomy, or
with orchiectomy plus PVB, sperm production 1.5
years after treatment was similar. Approximately half
in each group had sperm counts below the normal
control reference level [28]. Lampe et al. analyzed the
data on 170 patients with testicular germ cell cancers
who had undergone treatment with either cisplatin
or carboplatin-based chemotherapy [44].After medi-
an of 30 months from the completion of chemother-
apy, they discovered that azoospermia occurred in 54
(32%) of the patients and oligospermia occurred in
43 (25%). The probability of recovery to a normal
sperm count was higher in men who: a) had a normal
pretreatment sperm count, b) had received carbo-
platin rather than cisplatin-based therapy and c) had
undergone a treatment with fewer than 5 cycles of
chemotherapy. Recovery continued for more than

two years, with the calculated chance of spermatoge-
nesis at two years being 48%, and the calculated
chance of spermatogenesis at five years being 80%
[34, 44].

Heyn and colleagues described the late effects of
therapy on testicular function in patients between
the ages of 10 months and 19 years afflicted with
paratesticular rhabdomyosarcoma as a result of
cyclophosphamide, radiation and retroperitoneal
lymph node dissection. Tanner staging was normal in
45 patients for whom it was recorded. However, eight
had loss of normal ejaculatory function. The avail-
able data showed that elevated FSH values and/or
azoospermia occurred in greater than half the pa-
tients. Testicular size was decreased in those who
received either cyclophosphamide or testicular irra-
diation [32].

The importance of alkylating agents in the induc-
tion of gonadal toxicity is noted by contrasting the
above outcomes to those of children with acute lym-
phoblastic leukemia (ALL). In general, testicular
function is normal in boys after chemotherapy for
ALL. All 37 survivors of childhood ALL evaluated at
two time points after the completion of treatment
(median age 9.7 years and again 18.6 years later)
completed pubertal development normally and had a
testosterone concentration within the normal adult
range [87]. Six men showed evidence of severe dam-
age to the germ epithelium, with azoospermia or
elevated FSH; all of these patients had received cyclo-
phosphamide as part of their chemotherapy regimen
[87]. Thus, it may be inferred that, in contrast to alky-
lating agents, the classic anti-metabolites used in the
treatment of childhood ALL are not associated with
long-term gonadal toxicity. Although both vin-
cristine and corticosteroids can cause immediate in-
hibition of spermatogenesis, following the cessation
of these agents,spermatogenesis recovery occurs [42].

14.4.1.1 Treatment-Induced Leydig Cell Failure
from Chemotherapy

Leydig cells are much less vulnerable to damage from
cancer therapy than germ cells. This is likely due 
to their slow rate of turnover [73]. For example,
chemotherapy-induced Leydig cell failure resulting
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in androgen insufficiency and requiring testosterone
replacement therapy is rare. However, studies suggest
that Leydig cell dysfunction may be observed follow-
ing treatment with alkylator-based regiments. In fact,
raised plasma concentrations of LH, combined with
low levels of testosterone, are the hallmarks of Leydig
cell dysfunction. When Leydig cell dysfunction oc-
curs prior to or during puberty, affected individuals
will experience delayed and/or arrested pubertal
maturation and the failure to develop secondary
sexual characteristics [76]. If the insult follows com-
pletion of normal pubertal development, observed
symptoms include loss of libido, erectile dysfunction,
decreased bone density and decreased muscle mass
[76]. Measurements of testosterone and gonado-
tropin concentrations are, therefore, warranted fol-
lowing chemotherapy treatment. Males with a raised
LH concentration in the presence of a low tes-
tosterone level should be considered for androgen
replacement therapy.

14.4.2 Effects of Radiation

The data for gonadal function following fractionated
radiotherapy in humans comes from a) patients with
cancers who have been treated with either fields near
the testes in which there is scatter dose or b) patients
with diseases such as testicular cancers or ALL in
which the testes are thought to be at risk of harboring
disease and therefore irradiated directly. One of the
potentially confounding issues is that some of these
cancers may themselves be associated with decreased
gonadal function independent of irradiation. For ex-
ample,Hodgkin’s disease is well documented to cause
oligospermia in some patients (reviewed in [35]). Pa-
tients with testicular tumors may have preexisting
gonadal dysfunction [35, 70, 90]. In ALL, the leukemic
cells may infiltrate the interstitium of the testis and
conceivably affect Leydig cell function.

Ash et al. summarized data from several older
studies [25, 67, 80] that examined testicular function
following radiation for patients who were treated 
for a range of cancers, including Hodgkin’s dis-
ease, prostate cancer and testicular cancer [4] (see
Table 14.4). They found that oligospermia occurred
at doses as low as 10 cGy and that azoospermia ,

which was generally reversible, occurred at doses as
low as 35 cGy. However, doses of 200–300 cGy could
result in azoospermia that did not reverse even years
after irradiation.

These results are supported by other reports. In a
study of 17 males treated for Hodgkin’s disease who
received 6–70 cGy of scatter dose to the testes, FSH
levels remained normal in patients who received
<20 cGy [41]. Those receiving > 20 cGy had a dose-
dependent increase in serum FSH levels, with a max-
imum difference seen at six months following radia-
tion. In all patients, the FSH normalized within 12–24
months. Eight patients had normal pretreatment
sperm counts. Most of the patients continued to have
high sperm counts following irradiation, although
two developed transient oligospermia with complete
recovery of sperm count by 18 months. Four patients
who had received 23 cGy or less went on to father
children. Ortin et al. reported on children treated for
Hodgkin’s disease [57]. Seven boys received pelvic
radiation as part of their treatment without any
chemotherapy. Three of them fathered children.
Three had azoospermia 10–15 years after irradiation,
and one had testicular atrophy diagnosed by biopsy a
year after irradiation. However, these results are diffi-
cult to interpret because there was no measurement
or estimate of dose received to the testes in these
children.

Similar data exist for patients treated for soft tis-
sue sarcomas (median age at diagnosis 49 years;
range 14–67) [74]. These patients were estimated to
have received between 1–2500 cGy (median dose
80 cGy) of scatter dose to the testes. Patients who re-
ceived 50 cGy or more had a greater elevation in 
FSH than did those who received less than 50 cGy.
Only the latter group showed normalization of
FSH levels by 12 months. In the former group, FSH
levels remained above baseline as long as 30 months
out.

There are also data on germ cell function after
treatment for testicular cancer. Hahn et al. examined
gonadal function in 14 patients who were irradiated
to the paraaortic and ipsilateral pelvic/inguinal lym-
phatics with a “hockey stick” field following orchiec-
tomy for seminoma [26]. The scatter dose to the
remaining testicle in these 14 patients ranged from
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32–114 cGy (median 82 cGy). Ten patients who re-
ceived ≥70 cGy to the testes developed azoospermia
10–30 weeks following radiation. All patients, except
two, had recovery of spermatogenesis; and the recov-
ery time from azoospermia was dose-dependent.
Centola et al., in a study of males with seminoma, also
showed that the recovery time from oligospermia/
azoospermia was dose-dependent [13].

The previous data includes only patients who re-
ceived incidental irradiation to the testes; however,
there are situations in which children receive direct
irradiation to the testes. Sklar et al. examined testicu-
lar function in 60 long-term survivors of childhood
ALL [77]. All the patients had received identical
chemotherapy; however, the RT fields varied signifi-
cantly and included: 1) craniospinal radiation and
1200 cGy to the abdomen and testes (n = 11), 2) cran-
iospinal RT with 1800 or 2400 cGy (estimated go-
nadal dose 36–360 cGy; n = 23) or 3) cranial RT with
1800 or 2400 cGy (negligible testicular dose; n = 26).
Based on measurements of serum FSH and testicular
volume, which commenced at either 12 years of age
or seven years after diagnosis of ALL, gonadal func-
tion abnormalities occurred in 55%, 17% and 0% of
patients in groups 1, 2, and 3, respectively. Because, at
the time of testing, many of the patients were adoles-
cents, when evaluation of germ cell function can be
difficult, this study probably underestimated the
incidence of the problem. Castillo et al. examined 
15 boys with ALL who were given 1200–2400 cGy to
the testes prior to puberty (median age 6.8 years;
range 5–12 years), either as prophylaxis or for testic-
ular relapse [12]. Semen analyses, performed at least
nine years following testicular irradiation, showed
azoospermia in seven out of seven cases. Six of these
patients had received 1200 cGy and one had received
1500 cGy.

14.4.2.1 Leydig Cell Function Following
Radiotherapy

Leydig cells in the testes are more resistant to radia-
tion than germ cells. In the study cited previously of
patients with Hodgkin’s disease who received
6–70 cGy of scatter dose to the testes, no patient
showed any elevation in LH levels or decrease in

testosterone levels [41]. In the study of men treated
for sarcomas by Shapiro et al. discussed above [74],
maximal increases in LH levels relative to baseline
were seen at six months following radiation, but these
elevations were statistically significant only in the
group that received >200 cGy of scatter irradiation to
the testes, not for the groups that received 50–200 cGy
or <50 cGy. For those receiving >200cGy, the eleva-
tion in LH levels persisted until the last follow-up,
30 months out. No statistically significant changes in
testosterone levels were seen for any of these three
dose levels.

Higher doses to the testes result in more marked
Leydig cell damage. In one study, 18 men who had un-
dergone orchiectomy for a unilateral testicular can-
cer were subsequently found to have carcinoma in
situ for which they received 2000 cGy in ten fractions
to the remaining testis [24]. Eight of the men already
had evidence of Leydig cell dysfunction even before
they received radiation, a finding previously de-
scribed in patients with testicular cancers [35, 70, 90].
There was a statistically significant increase in LH
levels and decrease in HCG stimulated- testosterone
levels over the course of the study.

Petersen et al. followed 48 patients who received
1400–2000 cGy of radiation for carcinoma in situ in a
remaining testis following orchiectomy for testicular
carcinoma [61]. Out of 42 men for whom data was
available, 18 received hormonal supplementation
therapy because of symptoms of androgen insuffi-
ciency. All patients underwent serial hormone analy-
ses and at least one testicular biopsy more than a year
after irradiation. 2000 cGy led to a complete eradica-
tion of germ cells; however, Sertoli and Leydig cells
were still present in the seminiferous tubules and in
the intertubular space, respectively.

Data regarding Leydig cell function in boys follow-
ing radiation comes primarily from studies of boys
who received direct testicular irradiation for ALL.
In the analysis by Sklar et al. mentioned previously,
only one out of 53 boys tested for gonadotropins had
increased LH levels, and only two out of 50 patients
tested had a reduced testosterone level [77]. None of
the boys in this study had received greater than 1200
cGy to the testes. In the study by Castillo et al., out of
15 boys who received testicular radiation, only two
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showed evidence of Leydig cell failure, and both had
received 2400 cGy. The remaining 13 boys (who had
received 1200–1500 cGy to the testes) all had normal
pubertal development and normal testosterone levels
basally and in response to HCG-stimulation.Another
study examined 12 boys with ALL who received 2400
cGy of testicular irradiation for either overt disease
or prophylaxis [9]. Ten of the twelve patients had
evidence of impaired Leydig cell function by either
low serum testosterone in response to HCG stimula-
tion or elevated LH levels basally and/or after LHRH
stimulation. Similarly, Blatt et al. followed seven boys
who received 2400 cGy testicular irradiation for
relapsed ALL [8]. All seven had elevated FSH levels.
Four of these boys had documented bilateral testicu-
lar disease, and three showed delayed sexual matura-
tion with low testosterone levels.

There are data that suggest that the prepubertal
testis is more susceptible to Leydig cell injury that the
adult testis. Shalet et al. [73] examined Leydig cell
function in three groups of patients: 1) 16 adults 
who underwent unilateral orchiectomy for testicular
teratoma and did not receive post-operative RT; 2) 
49 adults who underwent orchiectomy for testicular
seminoma and then received radiation during adult-
hood to the remaining testis (3000 cGy in 20 frac-
tions); and 3) five adults who had received scrotal
irradiation (2750–3000 cGy) between the ages of 1–4
years for various pediatric malignancies [73]. The
median LH level was lower in group 1 than in group
2 (6 IU vs 16 IU; p <0.0001), an expected result since
the former group had not received radiation. How-
ever, group 3 patients had far higher LH levels than
either group 2 or group 1, 20 IU/l in one patient and
greater than 32 IU/l in four patients. Similarly, the
median testosterone level was lower in group 2 than
in group 1 (12.5 vs 16 nmol/l; p<0.02). However, the
median testosterone level in group 3 was 0.7 nmol/l.
Four subjects had prepubertal levels (<2.5 nmol/l)
and the fifth had a level of 4.5 nmol/l. Brauner et al.
also found that younger children were more vulnera-
ble than older ones to Leydig cell dysfunction follow-
ing testicular radiation for ALL. Other studies have
confirmed that a significant proportion of boys with
ALL who are prepubertal at the time when they re-
ceive 2400 cGy to the testes will develop overt Leydig

cell failure and require androgen replacement thera-
py [45, 72].

Based on statistical analysis of the raw data in the
studies mentioned above, as well as several others,
Izard estimated that approximately 20% of males
who receive 100 cGy in fractionated doses to the
testes will have an abnormally high LH level, while
approximately 1200 cGy is required to see an abnor-
mal testosterone in the same percentage of men (see
Fig. 14.1) [36]. The estimated doses needed to see
these effects in 50% of men were correspondingly
higher, 1400 cGy for LH and 3300 cGy for tes-
tosterone. Consistent with the high tolerance of the
Leydig cells to radiation injury, Sklar reported that
two men who received more than 4000 cGy to the
testes in late adolescence still maintained normal
testosterone levels as adults [76].

14.4.2.2 Testicular Function Following 
Total Body Irradiation

There are data on germ cell function following total
body irradiation (TBI) as part of transplant condi-
tioning. Sarafoglou et al. followed 17 boys who had
received cyclophosphamide and TBI (either 1375 cGy

Figure 14.1

Based on a review of the literature,this graph shows the
percentage of patients with an abnormal testosterone
value in relation to the stated dose of radiation to the
testes. A curve showing best fit was extrapolated from
the values by log-rank regression.Taken from Izard [36].
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or 1500 cGy in 125 cGy t.i.d. fractionation) prior to
puberty as part of a transplantation regimen for
leukemia [69]. Fourteen of seventeen patients (82%)
entered puberty spontaneously, with 13 having nor-
mal testosterone levels. Of the three that did not enter
puberty spontaneously, one had received a 1200 cGy
testicular boost, in addition to the TBI, and in the
remaining two, the levels of FH and LH were very low,
consistent with a prepubertal state.

Costo-Silva followed 29 boys who received TBI for
different malignancies in association with a variety
of chemotherapy regimens [18]. The TBI was given as
a single 1000 cGy fraction in twelve patients and in
200 cGy × 6 fractions (1200 cGy) in 17 patients. At 
the last follow-up, 19/29 (66%) had tubular failure 
associated with elevated FSH. Eight (28%) also had
Leydig cell failure. There was no relationship between
the age at BMT and serum FSH, LH or testosterone
levels.

Bakker et al. followed 25 boys who were prepuber-
tal at the time of bone marrow transplantation for
hematological malignancy [6]. Transplantation in-
cluded cyclophosphamide and TBI (single doses of
500 cGy, 750 cGy or 800 cGy, or 1200 cGy in six frac-
tions). Nineteen boys who had not received the addi-
tional testicular boost as part of their treatment all
underwent puberty normally and achieved normal
adult testosterone levels at some point following 
the onset of puberty. However, episodic elevations of
LH were seen in ten of the patients, and in five
patients these elevations were accompanied by
decreased testosterone. Elevation of FSH was seen 
in all patients.

These reports and others [46, 56] indicate that
most boys who receive TBI, either single-dose or
fractionated as part of a transplantation regimen,
will proceed through puberty and have normal
testosterone levels. In contrast to this, Sanders 
[68], reporting on the Seattle Marrow Transplant
Team’s experience, found a higher incidence of
pubertal developmental delay in boys undergoing
transplantation for leukemia using cyclophos-
phamide and TBI (900–1,000 cGy in a single fraction
or 1,200–1,575 cGy in 200–225 cGy daily fractions
over 6–7 days). There were 31 boys who were prepu-
bertal at the time of transplantation. They were be-

tween the ages of 13 and 22 at the time of the study.
Twenty-one out of 31 of these patients were delayed
in their development of secondary sexual character-
istics. Serum gonadotropins were obtained in 25 of
the 31 boys and showed elevated LH levels in 10, nor-
mal levels in 12 and prepubertal levels in three. It is
not clear why this particular report showed such a
high incidence of pubertal developmental delay com-
pared to other studies, but it is possible that some of
these boys had received prior testicular irradiation.
Alternatively, the differences could be due to varia-
tions in exposure to alkylating agents or in the total
dose/fractionation schedule.

14.4.2.3 Summary

The spermatogenic capacity of the testes can be sup-
pressed by extraordinarily low doses of radiation. As
little as 10–20 cGy of scattered radiation in a frac-
tionated regimen can lead to transient oligospermia
and elevated FSH levels. Complete loss of sperm pro-
duction appears to require somewhat higher doses
and has been observed following 35 cGy. However,
this effect may be transient. Permanent (or at least
very long-term) azoospermia has been seen after
140–260 cGy of fractionated scatter radiation. In con-
trast, the doses used for testicular ALL, which are an
order of magnitude larger (1200–2400 cGy), are ex-
pected to lead to permanent azoospermia in virtual-
ly all patients.

In marked contrast to spermatogenic cells, doses
of 70 cGy or less do not result in any increases in LH
levels that might be suggestive of subclinical Leydig
cell damage. LH elevation can be seen following frac-
tionated regimens delivering 200 cGy to the testes.
However, clinically relevant damage (failure of nor-
mal pubertal maturation; decreases in testosterone
requiring replacement therapy) requires much high-
er doses, perhaps an order of magnitude greater.
1200 cGy does not appear to cause loss of pubertal
development in most boys who were prepubertal at
the time of irradiation. However, this problem will
occur in most prepubertal boys given 2400 cGy. With
respect to irradiation doses between 1200– 2000 cGy,
the data are less clear-cut. Some studies show normal
sexual maturation in prepubertal boys who received
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these doses [12, 69], but others show decreases in
testosterone levels and a subsequent requirement for
androgen supplementation [61, 68]. The reason for
the conflicting data regarding Leydig cell function at
these intermediate doses probably has to do with the
heterogeneity of patients in the various studies with
respect to differences in the underlying diseases.
Some diseases (e.g. testicular carcinoma or testicular
ALL) might themselves affect Leydig cell function.
Other variables could be the age of the patients at 
the time of irradiation, the use of alkylating agents,
especially in transplantation studies and, lastly, the
frequency and timing of the subsequent laboratory
investigations to identify Leydig cell dysfunction.

14.5 Detection and Screening

14.5.1 Assessment of Testicular Function

The male reproductive tract is very susceptible to the
toxic effects of chemotherapy and radiation, which
may disrupt the endocrine axis or damage the testes
directly. Assessment of testicular maturation and
function involves pubertal staging, plasma hormone
analysis and semen analysis. Pubertal staging pro-
vides clinical information about both of these testic-
ular functions (i.e. the production of hormones and
the production of semen). The development of nor-
mal secondary sexual characteristics suggests intact
Leydig cell function, with normal steroidogenesis,
and testicular volumes are an important indicator of
spermatogenesis. Testicular volume of <12 ml, deter-
mined using the Prader orchidometer, is strongly
suggestive of impaired spermatogenesis.

Hormone analysis involves measurement of plas-
ma FSH, LH and sex steroids (Table 14.5). In prepu-
bertal children, however, this is an unreliable predic-
tor of gonadal damage, since the prepubertal hypo-
thalamic pituitary–testicular axis is quiescent. In
post-pubertal boys, elevated LH and diminished
testosterone levels are indicative of Leydig cell dys-
function, while elevated FSH and diminished inhibin
B suggest germ cell failure. HCG may be given to con-
firm the diagnosis of end organ failure as a cause of
hypogonadism. An abnormal response to HCG is
suggestive of disturbed Leydig cell function. Patients
with hypogonadotrophic hypogonadism should have
a brisk response, while those with decreased Leydig
cell function will have little or no response. GnRH
may be administered to determine whether the pri-
mary defect is in the hypothalamus or in the pitu-
itary. If it’s in the hypothalamus, the pituitary and tes-
ticles themselves should respond normally to exoge-
nous GnRH. Alternatively, if the primary defect is in
the pituitary, there will be an inadequate response.
An exaggerated response of FSH and LH to GnRH
suggests a “failing” testis; hence, this test may be use-
ful in detecting early testicular failure. Depressed
gonadotropins may also be found in patients after the
administration of exogenous androgen. The determi-
nation of elevated FSH, along with small testicular
size, may offer the most practical approach for pre-
dicting subsequent testicular damage in boys with
malignancies.

Recently, there has been an interest in estimating
the gonadal function of male cancer survivors directly
by measuring the serum levels of the bioactive gona-
dal peptide hormone, inhibin B, using a newly devel-

Table 14.5. Evaluation of hypothalamic–pituitary axis

Disease Testosterone FSH LH Response to

GnRH HCG

Primary Leydig cell disease Normal/low High High Low

Primary disease of germinal epithelium Normal High Normal

Hypothalamic disease Normal/low Normal/low Normal/low Normal

Pituitary disease Normal/low Normal/low Normal/low Low
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oped enzyme-linked immunosorbent assay [3]. It has
been postulated that inhibin B is produced by the
Sertoli cells and germ cells of the testes and reflects
the degree of seminiferous tubular damage [37, 60,
71]. Furthermore, inhibin B exerts negative feedback
regulation on the pituitary production and release of
FSH [22]. In a study examining the gonadal status of
childhood brain tumor survivors, researchers found
a significant inverse correlation between basal FSH
and inhibin B, as well as a significant correlation be-
tween inhibin B and total testicular volume [71].

Following pubertal staging and hormone analysis,
semen analysis is necessary to confirm spermatogen-
esis. The sample should be fresh and properly collect-
ed. This usually involves abstaining from sexual in-
tercourse for 3–5 days and collecting the specimen 
by masturbation. Sperm count and quality can pro-
vide useful information about the likelihood of natu-
ral fertilization and, hence, whether assisted repro-
duction may be required. The sperm count should 
be at least 20×106 per ml. Since recovery from dam-
age to germinal epithelium may occur 5–10 years 
(or even later) after therapy, these counts should be
repeated from time to time, as such evaluation is
indicated.

14.6 Management 
of Established Problems

14.6.1 Prevention 
of Testicular Damage

The cytotoxic effect of chemotherapy on germinal
epithelia function launched a search for possible fer-
tility preservation strategies in men undergoing ther-
apy. Cryopreservation of sperm has become standard
practice, and it should be offered to all newly diag-
nosed, postpubertal males at risk for potential infer-
tility. Many improvements have been made in the
techniques used to store sperm. There have also been
advancements in assisted reproductive technology
using intracytoplasmic sperm injection (ICSI). As a
result, there is an increased chance of successful preg-
nancy using banked sperm [53, 58, 62].

Ejaculatory azoospermia is not the same as testic-
ular azoospermia [14]. Hence, studies on the gonado-

toxicity of chemotherapy have to be interpreted in
light of the fact that assisted reproductive technology
makes it possible to use testis sperm to conceive. The
level of sperm necessary for sperm to exist in the
testis is far less than the level required for sperm in
the ejaculate [14]. As a result, testis sperm extraction
(TESE), followed by ICSI, now makes it possible for
patients who have azoospermia on semen analysis,
and did not sperm bank, to father children. A retro-
spective study by Damani et al. evaluated 23 men 
with ejaculatory azoospermia and a history of
chemotherapy. All men underwent TESE in search of
usable sperm. Spermatozoa were found in 15 (65%).
The subsequent fertility rate was 65% and pregnancy
occurred in 31% of cycles [21]. This illustrates the
importance of performing a full evaluation on men
with post-chemotherapy azoospermia before diag-
nosing them as sterile.

Unfortunately, at this time there are no feasible op-
tions for prepubertal male patients. There has been
no demonstrated protective effect of using GnRH
analogues with or without testosterone to suppress
testicular function during chemotherapy [38, 57, 89].
As pediatric oncologists,we must continue to attempt
to reduce the gonadotoxicity of our treatment regi-
mens while maintaining superior cure rates.

14.6.2 Method to Minimize Testicular
Radiation Dose

As discussed above, in most cases, the testicular dose
from a radiation treatment is due to internal scatter,
not direct irradiation. Internal scatter is difficult to
prevent, but methods have been developed to de-
crease the dose. Frass et al. reported on a gonadal
shield that formed a cup around the testes to reduce
the testicular dose [23, 74]. They found that this led 
to a 3–10-fold reduction in the dose to the testes,
depending on the distance from the proximal edge of
the field. In almost all cases, the measured dose to the
testes was less than 1% of the prescription dose.
Therefore, for a patient receiving 5000 cGy to a pelvic
field, the dose to the testes would be less than 50 cGy.
This most likely would prevent permanent azoosper-
mia, and it almost certainly would prevent a decline
in testosterone levels.
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15.1 Introduction

This chapter addresses the long-term effects of the
treatment of childhood cancer on the genitourinary
(GU) tract, primarily focusing on the kidneys,
ureters, bladder, urethra, prostate, vagina and uterus.
The effects on ovaries and testes are reviewed in
Chapters 13 and 14. The most common pediatric can-
cers that occur in the GU tract include Wilms’ tumor,
neuroblastoma and rhabdomyosarcoma. The median
age of children affected with these tumors ranges
from 3 years (Wilms’ tumor, neuroblastoma) to 6
years (rhabdomyosarcoma). Growth and develop-
ment of the GU tract in the following years may be
compromised by the cancer treatment, including sur-
gery, radiation therapy (RT) or chemotherapy; see
Table 15.1. Recent changes in cancer therapy, includ-
ing bone marrow transplantation, intraoperative ra-
diation therapy and high-dose rate brachytherapy,
pose new risks that have not been clearly defined.
Furthermore, GU organs may be incidentally dam-
aged by therapies used to treat tumors in non-GU or-
gans. For example, many of the chemotherapeutic
agents used to treat both GU and non-GU tumors are
potentially toxic to the kidney and/or bladder. In ad-
dition, radiation fields designed to treat the liver or
pelvic bones usually include portions of the kidney
or bladder.

Genitourinary
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15.2 Pathophysiology

15.2.1 Normal Organ Development

Normal fetal development of the GU structures be-
gins with successive development of pronephric,
mesonephric and metanephric tubules around the
third, sixth, and twelfth weeks of gestation in the em-
bryo, respectively.After 12 weeks, the urinary bladder
has developed and separated from the rectum. The
prostate and testes in boys, and the ovaries and
uterus in girls, are also formed at approximately 12
weeks gestation. The vagina develops somewhat later.
After birth, prostatic and vaginal-uterine growth
proceeds very slowly until adolescence, when the or-
gans enlarge during pubertal growth.

15.2.2 Organ Damage 
and Developmental Problems

The multimodal treatment of cancers with surgery,
RT and chemotherapy may cause structural or func-
tional impairment of the GU organs and tissues.

Table 15.1 summarizes late organ damage to the GU
system.

15.2.3 Surgery

Removal of a paired structure, such as a kidney, is not
usually associated with subsequent functional im-
pairment, unless the remaining organ has been dam-
aged from either therapy or the tumor. (In fact, the
remaining kidney may undergo compensatory hy-
pertrophy [1]). Conversely, the removal of a non-
paired structure such as the bladder, prostate or
uterus can produce severe and life-long impairment,
such as urinary incontinence or infertility. Urinary
diversion after total cystectomy for bladder sarcoma
in childhood can be associated with infection and
eventual renal impairment from pyelonephritis,
ureteral or stomal obstruction or both [2, 3]. In addi-
tion, ureterocolic diversion and bladder augmenta-
tion have occasionally been associated with early de-
velopment of colon cancer [4] (This is reported in the
urology literature. It is also seen with reconstruction
of the neurogenic bladder. The hypothesis is that the

Table 15.1. Summary of late organ damage

Organ Surgery Radiation Therapy Chemotherapy

Kidney Unilateral loss of renal function due to surgery or RT is generally Glomerular and tubular injury 
not a problem if the remaining kidney is normal. Bilateral injury can lead to variable degrees 
can lead to renal failure of renal dysfunction (cisplatin)

Ureter Urinary diversion may be Fibrosis is unusual and occurs 
necessary after resection or injury only after high doses or after 

intraoperative irradiation 

Bladder Dysfunction due to partial Fibrosis and loss of capacity Hemorrhagic cystitis,
or total organ loss may occur after irradiation of a large fraction contracture, and functional 

of the organ. Focal ulcerations loss can occur. Cancer induc-
are possible tion is possible (cyclo-

phosphamide, ifosfamide)

Urethra Stricture requiring dilation following surgery or RT 

Vagina Dysfunction due to partial Fibrosis, ulceration, fistula and 
or total organ loss may occur maldevelopment are possible 

Uterus Dysfunction due to partial Maldevelopment and fibrosis 
or total organ loss may occur is possible

Prostate Dysfunction due to partial Loss of glandular function 
or total organ loss may occur is possible
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irritation of urine on bowel mucosa can be carcino-
genic. An interesting canine study showed hyperpla-
sia at the anastomoses [5]. Continent diversion tech-
niques, using repeated catheterization of an in-
dwelling ileal or colonic bladder, may provide better
results [6]. Continent diversion is accomplished 
by creating a reservoir – usually of bowel – that 
the patient empties periodically via catheterization
throughout the day.

15.2.4 Radiation Therapy

Organ injury following RT is generally classified as
acute (occurring during or soon after therapy) and
late (occurring months to years following therapy).
Whereas the acute effects are usually transient, late
effects are usually progressive. Acutely, RT frequently
causes irritation of the mucosa of the bladder and
urethra (causing cystitis and urethritis) or of the
vagina and vulva (causing pruritus and discomfort).
These symptoms usually occur after approximately
20 Gy of radiation. Because almost all children
receiving GU tract irradiation are also receiving
chemotherapy, normal acute tissue toxicities are seen
earlier than they would be seen without concurrent
chemotherapy. Typically, cystitis occurs after three to
four weeks of radiation, but it can occur after two
weeks with concurrent therapy. Occasionally, some
morbidity is seen after doses as low as 8–10 Gy. Acute
injury of the kidney, prostate and uterus is generally
not clinically apparent. The later effects of RT are
dose-dependent and due to progressive vascular and
parenchymal cell damage, generally leading to scar-
ring, fibrosis and sometimes necrosis. Malignant
tumors can be seen following irradiation, generally
occurring a minimum of 4–5 years following comple-
tion of radiation [7]. A discussion of the late effects
for each organ follows.

15.2.4.1 Kidney

Irradiation appears to cause renal dysfunction sec-
ondary to tubular damage. Nephropathy generally
occurs when doses in excess of 20–25 Gy are deliv-
ered to both kidneys [8]. When chemotherapeutic
agents are used as well, lower doses (10–15 Gy) can

cause significant injury. In general, if only a portion
(less than one half to one third) of the kidney is irra-
diated, then higher doses may be tolerated without
demonstrable functional deficits. The sequelae may
be more prominent and occur at lower doses in in-
fants. Hyper-renin hypertension can also occur sec-
ondary to radiation-induced renal artery narrowing.
This phenomenon has been noted most often in chil-
dren (especially infants) and should be distinguished
from other types of renal radiation-induced hyper-
tension. Irradiation to the remaining kidney follow-
ing nephrectomy may hinder the normal hyper-
trophic response.

15.2.4.2 Bladder, Ureter and Urethra

Radiation can induce inflammation and fibrosis and
cause dysfunction due to a reduction in bladder
capacity and contractility. Although it is not certain,
the underlying etiology seems to be radiation-in-
duced vascular ischemia of the muscular wall [9–11].
The risk of developing bladder dysfunction is related
to both the radiation dose and the percentage of the
bladder wall irradiated [9, 12]. In data compiled in
adults, it is clear that a small volume of the bladder
can tolerate fairly high does of radiation [9, 12].
(Radiation for prostate or bladder cancer in adults
routinely results in irradiation of portions of the
bladder with 60–70 Gy.) However, high doses may
cause focal injury to part of the bladder wall, result-
ing in bleeding and stone formation [13–17]. It is be-
lieved that stone formation is associated with bac-
teruria, which can occur after damage to the bladder.
When the entire bladder is irradiated, doses of
>50 Gy may result in severe contraction and second-
ary whole organ dysfunction. Consequently, both the
radiation dose and volume of organ irradiated must
be considered when assessing the risk of injury. Sim-
ilarly, scarring and fibrosis can occur in the urethra
and ureter, causing dysfunction of these structures
[7, 18, 19]. Doses less than 50 Gy may slow or hamper
the full development of the bladder, due to lesser de-
grees of fibrosis.
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15.2.4.3 Prostate, Uterus and Vagina

The exact pathophysiology of radiation-induced late
effects is less well defined than for the kidneys and
bladder. When irradiated to high doses in an adult,
the vagina undergoes loss of the epithelium and slow
re-epithelization over a 2-year period [20]. It is likely
that the prominent late effects in the uterus and
vagina are related to progressive fibrosis, leading to
loss of function. The prostate may lose its secretory
capacity, resulting in ejaculatory dysfunction.

15.2.5 Chemotherapy

The major chemotherapeutic agents that cause dam-
age to the GU tract are the platinum compounds
(Cisplatin and Carboplatin) and alkylating agents
(cyclophosphamide and ifosfamide). The toxicity of
the antimetabolite, methotrexate, is largely preventa-
ble and reversible.

15.2.5.1 Kidney

Cisplatin causes both glomerular and renal tubular
damage, with wasting of divalent and monovalent
cations (magnesium, calcium and potassium). Cu-
mulative doses as low as 450 mg/m2 are associated
with some renal toxicity. Proximal tubular damage
predominates, especially in a low chloride environ-
ment [21]. Elevated serum concentration of creati-
nine and decreased glomerular filtration rate (GFR)
with azotemia also occur and are dose and age- relat-
ed. These effects vary both in severity and chronicity
[22, 23]. Prior cisplatin administration may delay the
renal clearance of methotrexate [24]. Carboplatin has
a better renal toxicity profile than cisplatin. The re-
placement of cisplatin with carboplatin in standard
regimens is being tested in large studies. At present,
the routine use of Amifostine to protect renal integri-
ty and function is not indicated [25, 26]; however, its
routine use as a renal-protector is being investigated
in clinical trials.

The acute effects of ifosfamide, seen most com-
monly in young (<3 year old) children with prior
renal dysfunction or nephrectomy, include renal
tubular damage with hyperphosphaturia, glycosuria

and aminoaciduria, followed by the inability to acid-
ify the urine – the so-called Fanconi syndrome [27,
28]. Hypophosphatemia and acidosis can lead to
inhibition of statural growth, as well as to bone
deformity (renal rickets) in prepubertal and pubertal
children. Glomerular damage may accompany the
tubular damage, leading to diminished GFR, with
increased serum creatinine and azotemia. Median
doses of 54 g/m2 have been reported to cause pro-
gressive glomerular toxicity [29], and chronic
glomerular and tubular toxicity has been reported
[29, 30]. Risk factors include total ifosfamide dose
[30], prior cisplatin administration [27, 28] and age.
Recovery of renal function is possible over time [31].

Methotrexate toxicity is usually acute and re-
versible. The drug and its metabolites precipitate in
the renal tubules.Adequate hydration and leucovorin
administration will prevent most renal damage.
(Doses of 1-12g/m2 can be given safely if the appro-
priate precautions are taken [32].)

15.2.5.2 Bladder

Bladder damage, including hemorrhagic cystitis,
fibrosis and occasional bladder shrinkage, can occur
following chronic administration of alkylating agents
such as cyclophosphamide [33] and ifosfamide [34].
The metabolic byproducts of these drugs include
acrolein (of the same chemical class as the aniline
dyes), which is excreted in the urine and irritates 
the bladder mucosa. This leads to exposure of sub-
mucosal blood vessels and subsequent bleeding [35].
Fortunately, drug-induced hemorrhagic cystitis and
related fibrosis can nearly always be prevented by
increased hydration during drug administration and
the concomitant administration of intravenous or
oral mercaptoethane sulfonate (MESNA). MESNA
serves as a chemical sponge that binds the metabo-
lites, thereby inactivating them and preventing their
toxic action on the urothelium. Cyclophosphamide
has also been associated with the induction of blad-
der tumors [36]. The interaction between RT and
chemotherapy and their effects on hemorrhagic
cystitis are discussed in section 15.3.

Radiation may interact with a number of chemo-
therapeutic agents in an additive or synergistic fash-
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ion. The most notable example for the organs of the
GU tract, particularly the kidneys, is the interaction
between radiation and the antibiotics, actinomycin-
D and doxorubicin [37]. There is a significant en-
hancement of the radiation effects when the agents
are given concurrently, but this may also occur when
the modalities are used sequentially. Radiation may
also interact with cyclophosphamide, increasing the
severity and chronicity of hemorrhagic cystitis.There-
fore, great care is necessary when evaluating patients
who have received or will receive RT to fields that
include the kidney or bladder, if those patients also
have received or will receive chemotherapy. This is of
particular importance in patients who have nephrec-
tomy or a fused or ectopic kidney, where the func-
tional renal tissue may have been purposefully or
inadvertently irradiated. It is critical in these cases to
have precise information on the definition of the
radiation portals.

Conditioning regimens for bone marrow trans-
plantation often include chemotherapy and total
body irradiation. Data is emerging on late renal toxi-
city, such as hematuria and renal insufficiency [38].
Renal biopsy reveals both parenchymal and vascular
glomerular changes [39]. This data is from two pub-
lished sources of the effects on ALL (n=44) and neu-
roblastoma (n=15) patients. Most patients received
twice daily radiation (interfraction time of 4–6 h) to
total doses equaling 12–14 Gy. Hemorrhagic cystitis
after bone marrow transplantation may also be asso-
ciated with BK polyomavirus [40].

15.3 Clinical Manifestations

Table 15.2 summarizes the available data for the late
genitourinary effects in childhood survivors of can-
cer. Each organ system is discussed below.

15.3.1 Kidney

15.3.1.1 Surgery

Unilateral nephrectomy in childhood results in con-
tralateral hyperplasia [41–43]. Normal kidney func-
tion is usually seen following resection of one of the
two kidneys [42, 44]. Normal function can continue
with as little as one-third of one kidney remaining.
Radiation in moderate doses (14–15 Gy) to the re-
maining kidney may decrease the amount of hyper-
plasia that otherwise would have taken place [45, 46].

15.3.1.2 Radiation

Acute radiation nephropathy is an extremely uncom-
mon occurrence, requiring greater than 30–40 Gy to
the kidney. Subacute radiation nephropathy, charac-
terized by hypertension and a decreased GFR, may
occur 6–8 weeks to several months after doses equal
to or greater than 15 Gy of radiation to both kidneys.

Significant late renal dysfunction occurs following
radiation doses >20 Gy [45]. In children, even lower
doses (5–20 Gy) can cause renal dysfunction. If a
significant volume of the renal tissue is left unirradi-
ated, the damage may not be clinically significant,
although regional dysfunction within the irradiat-
ed portions of the kidney can be demonstrated.
However, if all or the majority of the patient’s renal
tissue is irradiated, clinical renal dysfunction will
result.

15.3.1.3 Chemotherapy

A variety of metabolic effects of chemotherapy on
renal function have been noted. Long-term glomeru-
lar injury secondary to cisplatin may improve 
slowly over time [23]. However, tubular injury 
manifested by hypomagnesemia appears to persist.
Chronic glomerular and tubular toxicity from ifos-
famide has been observed [27].
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Table 15.2. Incidence of Late Genitourinary effects following treatment for childhood cancer

Author Tumor Therapy N Follow End point studied Result
up (yrs)

Barrera Wilms’ Nephrectomy 16 >13 Mild proteinuria 12%
Tubular function Normal
DBP > 90 25%

Ritchey Wilms’: Nephrectomy 5368 >10 Renal failure 0.28%
unilateral

Makipernaa Wilms’ Nephrecotomy + 30 19 HTN 17%
ipsilateral RT (20–40Gy) BUN/Creatinine Normal

Paulino Wilms’ Nephrectomy + 42 15 Serum BUN Elevated in 
RT (12–40 Gy) + and Creatinine 1 patient
CT HTN 7%

Thomas Wilms’ Nephrectomy + 24 13 Low grade renal 4%
RT (15–44 Gy) failure and UTIs

Wikstad Wilms’ Nephrectomy + 22 13 GFR 82% compared 
ipsilateral RT+ to normal controls;
contralateral kidney RT stable over time 
(5–15 Gy) BP Normal 

Raney Bladder Surgery +CT+/– 109 8 Bladder dysfunction 25%
or prostate RT(25–55 Gy) Urinary diversion 50%
sarcoma HTN 1%

Elevated BUN/Cr 6%
Hematuria (intact 20% vs. 39%

bladder vs. diversion)
Bacteriuria (intact 8% vs. 35%

bladder vs. diversion)
Abnormal renal imaging 20% vs. 37%

(intact bladder 
vs. diversion)

Heyn Paratesticular Surgery + RT 86 >4 Ejaculatory dysfunction 7%
rhabdomyo- (16–58 Gy) + CT Normal blood pressure 96%
sarcoma Normal BUN 100%

and creatinine
Ureteral obstruction 3%
Hemorrhagic cystitis 34%
Normal bladder function 100%

Hale Germ Surgery +/– 73 11 Neurogenic bladder 15%
cell tumors RT (20–40 Gy) +/– CT Hemorrhagic cystitis 13%

Recurrent UTI 9%
Ureteral/urethral stenosis 3%
Bladder atrophy 75%
Hydronephrosis 100%

Ritchey Retroperi- Surgery +EBRT 4 2 Bilateral hydronephrosis 50%
toneal tumors (18–50 Gy) + Renal artery stenosis 4%

IORT (10–25 Gy) Renal atrophy 25%

Stea Pelvic CT + 23 2 Vaginal stenosis 4%
sarcomas RT (55–60 Gy) +/– Cystitis 4%

IORT +/– BMT (with  TBI) Fistulas (IORT) 100%

Tarbell; ALL BMT ( with TBI) 28 2 Renal dysfunction 32%
Guinan neuroblastoma 11 64%
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15.3.1.4 Aging Effects

The influence of aging on the expression of damage is
primarily related to growth of the patient. Renal
functional impairment may not become prominent
until the growing child reaches a size that exceeds the
ability of the remaining renal tissue to accommodate
the need for metabolic adjustments and excretion.
The child may therefore outgrow the kidney and
require management of renal failure.

15.3.2 Bladder

15.3.2.1 Surgery

Bacteruria is more prevalent in patients with urinary
diversion than those with an intact bladder [2]. How-
ever, the clinical significance of this is unclear.
Neurogenic bladder has been reported in 14% of
patients undergoing surgery and RT for pelvic germ
cell tumors [47].

15.3.2.2 Radiation

Bladder dysfunction after irradiation for bladder 
and prostate sarcomas (median dose of 40 Gy) is
reported to be 27% [2]. This includes incontinence,
urinary frequency and nocturia. It should be noted
that most of these patients also received cyclophos-
phamide.

15.3.2.3 Chemotherapy

The onset and timing of hemorrhagic cystitis sec-
ondary to the administration of chemotherapeutic
agents varies, with some patients experiencing this
complication during therapy, and others developing
it several months following cessation of therapy [2].
The hematuria may be microscopic or macroscopic,
including clot passage, and can even result in signifi-
cant anemia. Urgency, increased frequency of urina-
tion and difficulty voiding can also occur. Cyclophos-
phamide appears to be associated with the develop-
ment of transitional cell carcinoma of the bladder [36].

The impact of aging on the bladder is similar to
the effects of aging on the kidney.

15.3.3 Prostate

The effects of surgical and radiation injury are not
seen until puberty, because the gland is nonfunction-
al during the prepubescent years. Atrophy of the nor-
mal glandular tissue in the prostate can be seen fol-
lowing moderate or high doses of radiation [48]. Im-
paired growth of the seminal vesicles, with conse-
quent decreased production of and storage capacity
for seminal fluid, may result in a diminished ejacu-
lum volume. Since the normal ejaculate is a combina-
tion of fluids derived from the gonads, seminal vesi-
cles and prostate, dysfunction of any of these struc-
tures theoretically can lead to abnormalities in ejacu-
lation or the ejaculate volume.

15.3.4 Vagina

Fibrosis and diminished growth secondary to surgi-
cal procedures or RT have been described [49–51].
Vaginal mucositis can occur acutely during RT or fol-
lowing chemotherapy, notably with methotrexate,
actinomycin-D and doxorubicin. In patients who
have received prior RT, the administration of actino-
mycin-D or doxorubicin can result in a “radiation
recall” reaction with vaginal mucositis. Significant
fibrosis of the vagina can occur after high-dose RT, or
after more modest doses of radiation, when com-
bined with chemotherapy. These therapies interfere
with normal development of the vagina and therefore
have a negative impact on sexual function. Both the
size and flexibility of the vagina may be adversely
affected. At extremely high doses of RT, soft tissue
necrosis of the vaginal wall can occur. In adults, this
appears to be more common in the posterior and
inferior portions of the vagina [52]. Fistula formation
(rectovaginal, vesicovaginal and urethrovaginal) is
the end stage of this event [53].

15.3.5 Uterus

Decreased uterine growth can be seen following
exposure to 20 Gy of radiation [51, 54, 55]. Scarring
may be produced at higher doses. The resultant
decreased uterine size may prevent the successful
completion of pregnancy or result in low-birth
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weight babies [54]. Decreased uterine blood flow has
been seen in women who received pelvic irradiation
as children. This may be related to smooth muscle
proliferation surrounding small and medium sized
arterioles [53].

15.3.6 Ureter

Limited data exist for ureteral damage in children
[47, 56]. The data in adults suggest that the ureter is
fairly resistant to irradiation [9, 18]. Injury appears to
be related to the dose and length of the ureter in the
radiation field. A higher incidence of ureteral injury
is seen when the ureter is included in the field during
intraoperative RT [56].

15.3.7 Urethra

There is no good data related to urethral injury and
long-term sequelae of cancer therapy in children.The
limited information in adults suggests that ureteral
stricture occurs very infrequently (0–4%) following
RT alone. However, stricture is more commonly seen
(5–16%) in patients who undergo surgical manipula-
tion of the urethra in addition to RT [9].

15.4 Detection and Screening

15.4.1 Evaluation of Overt Sequelae

The structure and function of the GU tract can be
assessed by a variety of techniques. Simple screening
methodologies include the history, with particular
attention to urinary incontinence, urine volumes 
and urine character (bloody or foamy), as well as,
the urinalysis. Creatinine clearance is a simple, cost-
effective screen of kidney function. Structural abnor-
malities can be investigated by several tests, includ-
ing ultrasound, IVP, CT scan and MRI. Retrograde
studies may be useful for structural and functional
evaluation of the bladder and ureters. Cystoscopy
may be necessary to evaluate hematuria in the long-
term survivor. In patients with late-onset hemor-
rhagic cystitis, cystoscopy may be useful to assess the
degree of mucosal damage and to evaluate the etiolo-
gy of the hematuria. Patients with late-onset hemor-

rhagic cystitis are at risk for transitional cell carcino-
mas of the bladder that may be accompanied by
hematuria. An IVP or retrograde study of the upper
tracts may be necessary to identify other
abnormalities that can cause bleeding.

For young girls who have had pelvic tumors, gyne-
cologic examinations may be necessary at a young
age. The vagina, cervix and uterus are best examined
under direct visualization using a speculum. General
anesthesia may be required to produce adequate re-
laxation and to decrease motion. The uterus may be
examined by ultrasound, CT and MRI; injection of
contrast-enhancing dye is not generally necessary.
Young women who have difficulty becoming preg-
nant need to be evaluated for hormonal dysregula-
tion versus late structural (uterine) injury.

Young boys with pelvic tumors may also need im-
aging studies to evaluate the growth of their pelvic
organs. The bladder and prostate are readily visual-
ized with ultrasound.

Consultation with an experienced radiologist,
nephrologist, urologist and gynecologist may assist
in planning individualized investigations.

15.4.2 Screening for Preclinical Injury

Because the kidneys have a large functional reserve,
clinical renal function usually remains normal until
there is serious derangement of glomerular or tubu-
lar function. Urinalysis is not very quantitative, but it
is the cheapest, simplest and most useful test – along
with the assessment of blood pressure – for periodi-
cally re-evaluating patients for the development of
nephropathy. Elevated serum concentrations of
blood urea nitrogen (BUN) and creatinine suggest a
need for a more accurate assessment of glomerular
function. Creatinine clearance and radionuclide
scanning both provide quantitative measures of
glomerular function. Tubular dysfunction may be
identified by quantitative tests of phosphate, bicar-
bonate, magnesium, potassium, glucose, amino acids
and beta-2 microglobulin. Injury to the bladder wall
may be screened by urinalysis, looking for micro-
scopic hematuria.
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15.4.3 Guidelines for Follow-up 
of Asymptomatic Patients

A detailed annual history and physical examination
are recommended (Table 15.3) for all patients. Pa-
tients who have received therapies with known renal
toxicities may benefit from simple screening tests
(including hemoglobin or hematocrit, urinalysis,
BUN and creatinine), as well as from blood pressure-
monitoring [57–59]. A determination of the serum
electrolyte concentrations and more definitive tests,
such as creatinine clearance, may be indicated in se-
lected cases.

After nephrectomy, preservation of the residual
kidney function is essential. Participation in contact
sports, especially football, is not advised. Kidney
guards are often recommended, although there is no
data regarding their efficacy in injury prevention.
More likely, the appliance serves to remind the indi-
vidual of vulnerability. Although urinary tract infec-
tion should be treated aggressively in all patients, this
is especially important in those with a single kidney
or with renal dysfunction. To rule out obstruction,

patients with anatomic alteration of the GU tract may
need periodic imaging studies; they may also need
periodic urine cultures to assess urine sterility. The
role of chronic antimicrobial prophylaxis in patients
with urinary diversion is controversial [60, 61]. Uri-
nalysis is a good screening tool following therapy for
assessing possible damage to the bladder wall.

15.4.4 Management of Established Problems

15.4.4.1 Therapy

Kidney

If preclinical abnormalities are found, serial follow-
ups at 3–6 month intervals are recommended. A
pediatric nephrologist may need to follow such
patients. Although little evidence is available that
improvement in renal plasma flow or GFR occur with
time, tubular function does appear to undergo some
recovery; therefore, efforts to support and treat the
patient until such recovery occurs is appropriate. In
the event of severe renal failure, the choice between
dialysis and renal transplantation should rest with

Table 15.3. Methods of evaluating organ function

Organ History Physical Laboratory Radiologic Surgical 

Kidney Hematuria Blood pressure BUN, creatinine, Ultrasound,
Fatigue Growth parameters Creatinine clearance, intravenous 

urinalysis, serum pyelogram,
and urine electrolytes, CT, MRI, nuclear 
beta-2 miroglobin, medicine scans
Hemaglobin/hematocrit

Ureter IVP, retrograde 
ureterograms

Bladder Urinary Urinalysis IVP, Cystoscopy
frequency retrograde studies, volumetrics
Hematuria ultrasound

Urethra Urinary stream Voiding cystogram
Urinary frequency
Hematuria

Prostate Ejaculatory function Ultrasound 

Vagina Painful intercourse Pelvic examination
Dryness

Uterus Abnormal menses Pelvic examination 
Difficult pregnancies
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the patient, the family, the oncologist and the
nephrologist. Due to improved renal graft survival,
using organs from living donors should be consid-
ered in the decision-making process. For children
who have undergone irradiation to one kidney and
who develop renal-vascular hypertension, unilateral
nephrectomy is potentially curative if no contralater-
al renal changes have occurred. The medications for
controlling hypertension and electrolyte imbalances
should also be prescribed.

Bladder
Hemorrhagic cystitis may require cystoscopy and
cauterization of bleeding sites. Persistent or refracto-
ry late-onset hemorrhagic cystitis may be treated
with formalin instillation into the bladder. However,
this procedure is not without risk. A complication
rate as high as 14% has been reported using higher
concentrations of formalin [62]. Hyperbaric oxygen
has become widely used in the adult population and
may be considered [63]. Severe bleeding may necessi-
tate partial or total cystectomy, with reconstruction.

Ureter and Urethra
Stricture of the urethra is usually relieved by dilata-
tion. Obstruction of the ureter can usually be treated
with a stent. Urinary diversion is, at times, necessary
[3].

Prostate, Vagina and Uterus
Late structural defects may be treated using recon-
struction with plastic srugery. Topical estrogen and
vaginal dilators are described in the adult population,
but their role has not been established in the pedi-
atric group.

Rehabilitation
As the patient matures, rehabilitation efforts may
well be needed both for physical and psychological
problems. For example, children undergoing urinary
diversion will need education and psychosocial sup-
port in dealing with their stoma and its proper hy-
giene. As the child grows older and learns that he or
she is physically different from other children, careful
discussion of this problem with the pediatric oncolo-
gist, the surgeon and a psychologist is of paramount

importance in defining the rehabilitative treatments
and allaying the patient’s anxiety about the future.
Adult cancer survivors report significant sexual dys-
function and decreased sexual activity [53]. Adult
survivors of childhood cancer will likely experience
similar problems. This information may not be
volunteered, and careful questioning at follow-up 
is needed to ensure appropriate referral for psycho-
logical counseling. In addition, some survivors are
not knowledgeable about the treatment that they
received as a child [64]. Therefore, they may not rec-
ognize certain symptoms as a late effects of cancer
therapy.

15.5 Conclusion

This chapter described the risk, evaluation and treat-
ment of the late genitourinary effects of cancer ther-
apy in children. Unfortunately, some studies do not
provide systematic reporting of such effects. Effects
on the kidney and bladder have been described the
most. The effects on the ureters, urethra, prostate,
vagina and uterus are less well documented. Addi-
tionally, the data on psychological effects, especially
related to sexual matters, in the pediatric population
are difficult to find. Newer reporting systems will
hopefully provide a clearer sense of the problem.

We have learned through following childhood
cancer survivors over several decades that there 
is no substitute for a caring, knowledgeable primary
physician as captain of the team. Internists should
also be involved in the care of patients who reach
adulthood. Ideally, these physicians should be knowl-
edgeable about pediatric cancer patients; however, if
this is not the case, the pediatric oncologist will need
to provide information about the late effects of treat-
ment to the patient’s other physicians. Good commu-
nication between the initial treatment team and fol-
low-up clinic and consultants should lead to opti-
mum care of the long-term survivor of childhood
cancer.
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16.1 Introduction

Some of the most common late effects of therapy
involve the musculoskeletal skeletal system. While
the growth deficits of radiation are well known, it is
important to realize that surgery and sometimes
chemotherapy affect the developing musculoskeletal
system as well. In general, the treatment of sarcomas
leads to the most severe late effects with all therapies
because the underlying malignancy originates in a
muscle or bone, and often an extremity. In spite of the
advances in modern surgery, the removal of a muscle
or bone has permanent consequences, that complete-
ly change a child’s life. Likewise, irradiation of devel-
oping bone and muscle yields permanent effects.
Usually, the younger the child, the more severe the
late effects of therapy. It is important to understand
the causes and the rehabilitation of limb length dis-
crepancies, amputation, scoliosis, and other compli-
cations of therapy. Therapy is often more successful if
the consequences are correctly anticipated and pre-
vented, rather than waiting for deficits to develop.

Therapy can cause permanent deficits in the de-
veloping breast and skin. These may not appear 
at first to be as devastating as musculoskeletal late
effects, but they may be much more severe than
appreciated by the treating physicians and other
members of the team.

In addition to the physical consequences, it is nec-
essary to anticipate the psychological and social con-
sequences, so that the child can understand the
changes in his or her life. Treating the child and cur-
ing the cancer is not enough; understanding and
dealing with the long-term consequences of treat-
ment is critical as well.

Musculoskeletal,
Integument, Breast
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16.2 Musculoskeletal

16.2.1 Pathophysiology

16.2.1.1 Normal Organ Development

The musculoskeletal system develops from the meso-
derm and the neural crest. The mesoderm forms a
series of tissue blocks on each side of the neural tube,
which differentiate into the sclerotome (ventromedi-
ally) and the dermomyotome (dorsolateral). By the
end of the fourth week of gestation, the sclerotome
cells form a loose tissue called the mesenchyme,
which then migrates and differentiates into fibrob-
lasts, chondroblasts, and osteoblasts [63]. Cells from
the myotome region of the dermomyotomes become
elongated, spindle-shaped cells called myoblasts.
These embryonic muscle cells fuse to form multinu-
cleated muscle cells called muscle fibers. The der-
matome regions of the dermomyotomes give rise to
the dermis of the skin [38].

In the flat bones of the skull and face the mes-
enchyme develops directly into bone (membranous
ossification); however, most of the remainder of the
skeleton first forms hyaline cartilage, which in turn
ossifies (endochondral ossification). Most of the ossi-
fication in the long bones occurs during fetal life.

The axial skeleton consists of the skull, the verte-
brae, the sternum, and the ribs. The bones of the
limbs make up the appendicular skeleton. The bones
of the axial skeleton are flat or irregularly shaped.
Most of the bones of the appendicular skeleton are
long bones (see Fig. 16.1) [64] and have a shaft (dia-
physis), a medullary cavity and two enlarged ends
(epiphyses). The epiphysis at each end extends from
articular cartilage to the epiphyseal growth plate. The
metaphysis is the region between the epiphyseal plate
and the diaphysis. After initial ossification in utero,
longitudinal growth of the bone occurs only at the
epiphyseal plate (physis). The mechanism of growth
at the physis is the proliferation of a layer of chon-
droblasts, which in turn form a layer of cartilage
(Fig. 16.2). Small blood vessels invade the cartilage,
increasing oxygen tension and stimulating the for-
mation of osteoblasts. The osteoblasts create osteoid
that calcifies into bone [60, 61].

Most skeletal muscle also develops before birth,
although some muscle formation continues until the
end of the first year of life. No new muscle cells are
created after that time; muscle tissue enlarges due to
increases in the number of myofilaments within each
fiber, which result in an increase in the diameter of
the individual muscle cells.

16.2.1.2 Organ Damage Induced 
by Cytotoxic Therapy

Direct damage to the developing musculoskeletal
system from cytotoxic therapy is most often caused
by irradiation. The cells most sensitive to irradiation

Figure 16.1

Schematic of a growing long bone. The shaft of 
the bone is called the diaphysis and contains the
medullary cavity, which is filled with bone marrow. The
two expanded ends are the epiphyses.The epiphysis at
each end extends from the articular cartilage to the
epiphyseal growth plate. The metaphysis is the region
between the epiphyseal plate and the diaphysis. (From
[64], Fig. 2.3, p. 8.)
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appear to be the growth plate chondrocytes [18, 60,
83]. Low total doses reduce cell mitosis, promote pre-
mature terminal differentiation and apoptosis, and
completely disrupt cytoarchitecture. Surviving chon-
droblast clones repopulate the physis (although not
always completely) if the total dose is below 20 Gy.
Above this level, little repopulation occurs.

Recent evidence shows that the effect of radiation
is very specific and leads to a decrease in the mRNA
expression of PTHrP, which is an important stimulus
for mitosis of chondrocytes [50]. The mechanism
that triggers the decrease appears to be an increase in
cytosolic calcium. The introduction of EGTA, a calci-
um chelator, inhibits the rise of cytosolic calcium and
prevents most of the radiation damage [45]. In ani-
mal experiments, pentoxifylline can also decrease the
effect of radiation on growth plate chondrocytes by
mediating a decrease in cytosolic calcium [46].

Although osteoblasts are damaged only by high
doses of RT, radiation quickly increases vascularity 
of the bone, particularly in the metaphysis. This in-
creases the resorption of bone, thereby increasing its

porosity and the demineralization of the immature
metaphysis [42].

The major risk factors for producing muscu-
loskeletal late effects secondary to irradiation are:
1) age at the time of treatment; 2) quality of radiation
(dose per fraction and total dose); 3) volume irradi-
ated; 4) growth potential of the treated site; 5) indi-
vidual genetic and familiar factors; and 6) coexisting
therapy – surgery or chemotherapy [14].

There are too many variables to determine the
effect of each individually. In general, though, if the
radiation dose is fractionated normally (1–2 Gy per
day), the total dose is one of the most important fac-
tors. The epiphyseal plate is the most sensitive struc-
ture, although for total doses of less than 10 Gy, there
are few detectable long-term changes. Doses of
10–20 Gy will produce partial growth arrest of the
epiphysis. Doses of greater than 20 Gy will usually
result in complete arrest. However, the response to
radiation is not an all-or-nothing phenomena; the
higher the total dose and the younger the age at treat-
ment, the greater the ultimate deficit [65]. This is

Figure 16.2

A close-up of the region of the meta-
physis and epiphysis.The proliferat-
ing cells (chondroblasts) are shown
in the region of the physis. (From
[61].)

16_Schwartz_Musculoskeletal  27.01.2005  9:05 Uhr  Seite 245



Chapter  16246 R. B. Marcus, Jr. et al.

probably because the epiphyseal plate appears to
close more quickly with increasing levels of dose
(Fig. 16.3 a–c).

One of the goals of hyperfractionated irradiation
(the use of small doses two or more times a day) is to
decrease the extent of late effects. Studies are only
now beginning to accumulate data, but data from
Marcus and associates in the treatment of Ewing’s
sarcoma indicate that fractions of 1.2 Gy B.I.D. to

50.4–63.2 Gy produce fewer musculoskeletal late ef-
fects than would be expected from similar doses using
fractions of 1.8–2.0 Gy once a day (Fig. 16.4) [7, 35].

Other factors influence late sequelae. Orthovoltage
irradiation, dose-for-dose, causes more growth
deficits in the bone than megavoltage irradiation
because of the increased bone absorption. Field size
is important: the larger the field of irradiation, the
more significant the late effects [8].

a b

c

Figure 16.3 a–c

A 3-month-old boy who was treated in 1962 for a tho-
racic neuroblastoma using approximately 20 Gy in
10 fractions to the mediastinum and much of the left
chest. a An AP-PA technique with 2mev photons was
used. b, c The patient 20 years later. Mild hypoplasia of
the left chest is present.
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Similar dose levels apply to muscle development
as well. Doses of <10 Gy cause virtually no detectable
defect, and doses of 10–20 Gy produce some hypopla-
sia. Higher doses produce more significant problems.

Although high single-doses of radiation can cause
necrosis of muscle cells, in clinical practice such an
event is extremely rare [83]. More commonly, even
with fractionated treatment, radiation damages the
small vessels in muscles, preventing the full develop-
ment of the muscle due to relative ischemia. Higher
doses can give rise to atypical fibroblasts, which lay
down excessive fibrin in the tissues, causing fibrosis
[83].

There is sparse data on the pathophysiology of
damage to growing muscle and bone by cytotoxic
drugs. However, high or prolonged courses of
steroids can cause the development of avascular
necrosis of the femoral head. The exact mechanism is
poorly understood, but there is evidence in animals
to support a temporary decrease in blood flow
through bones during treatment with steroids. Be-
cause the vasculature of the femoral and humeral
heads is fragile, these structures are the most easily
damaged by the decrease in blood flow, resulting in
necrosis [15].

Chemotherapeutics have been shown to retard the
proliferation of growth plate chondrocytes in both
in-vitro and in-vivo experiments [55]. Chemothera-

py retards growth during the course of treatment, but
after the end of active therapy, most reports indicate
that patients return to their normal growth rate or
even exhibit catch-up growth [49]. Histologic exami-
nation of human growth plates after neoadjuvant
chemotherapy and surgical excision has shown
maintenance of the overall epiphyseal architecture,
with growth arrest and then resumption of growth
[6]. Most evidence would indicate that the deficit 
is temporary or primarily caused by endocrine
dysfunction [4, 9].

A more serious complication is rhabdomyolysis, a
rare complication of cytarabine and other drugs,
including cyclophosphamide, 5-azacytidine, inter-
feron-A, and interleukin-2 [73]. It is thought that 
the ability of cytarabine to trigger the release of cyto-
chrome-c from the mitochondria could lead to un-
coupling of the oxidative phosphorylation with sub-
sequent depletion of ATP reserves at the skeletal mus-
cle, resulting in rhabdomyolysis. Whatever the cause,
the syndrome is complicated by acute renal failure
often requiring hemodialysis [73].

16.2.2 Clinical Manifestations

Surgery, radiation therapy, and chemotherapy can all
produce long-term sequelae in the developing mus-
culoskeletal system; the effects of surgery and radia-

Figure 16.4

A 14-year-old boy, treated for an
Ewing’s sarcoma of the right
humerus using 50.4 Gy in a frac-
tionation scheme of 1.2 Gy B.I.D.
There was little noticeable differ-
ence between the muscle develop-
ment in his upper arms until he
started weight-lifting. The left (un-
treated) arm responded, but the
muscles in the radiation field did
not increase as much in size or
strength. In a picture taken 11 years
after treatment, the area of hy-
poplasia from the field of irradiation
can be clearly seen.
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tion have been more thoroughly studied than those
of chemotherapy.

Most of the following text will focus on the late
effects of irradiation; however, it is important to
remember that the surgical removal of a portion of
the musculoskeletal system can result in the same
physical and psychological late effects as damage 
to the same portion from radiation therapy or
chemotherapy. The loss of a muscle group in the
proximal lower extremity will cause weakness and
gait disturbances; the amputation of an entire ex-
tremity will require the abrupt need for extensive
rehabilitation. Limb-length discrepancies often result
from the unilateral surgical removal of one or more
growth plates.The fact that the deficit is planned does
not imply that the late effects should be discounted.

16.2.2.1 Bone

The adverse effects of irradiation on growing bone
are: 1) bone density changes; 2) physical injuries;
3) pathologic fractures; and 4) osteonecrosis, most
commonly of the femoral head.

Bone Density Changes
Radiation therapy can produce osteopenia in chil-
dren. More information is needed to elucidate all 
the parameters involved, but the risk is probably
8%–23% at doses above 20 Gy. Chemotherapy may
influence this risk. It may not be detectable until after
30 weeks following treatment. The relationship be-
tween osteopenia and pathologic fracture remains
unclear [25].

Physeal Injury
The physical effects are secondary to damage to the
chondroblasts. This results in a slowing of, or arrest-
ed, physical growth, producing abnormal develop-
ment of the involved bone. This can give rise to:
1) spinal abnormalities; 2) leg or arm-length discrep-
ancies; 3) angular deformities at joints; 4) slipped
capitofemoral epiphyses; and 5) osteocartilaginous
exostoses.

Spinal Abnormalities. Spinal abnormalities most
commonly consist of decreased stature or scoliosis,
although lordosis or kyphosis can also occur [8, 42,
65]. Except for decreased growth, severe spinal com-
plications are less common after megavoltage RT,
compared with the orthovoltage era, if the entire
vertebral body is within the treatment field [53].
Although curvature can occur, it is usually due to the
tethering that occurs due to decreased muscle devel-
opment as a result of irradiating just one side of the
abdomen as is often done in Wilms’ tumor.

On standard radiographs, vertebral bodies show
subcortical lucent zones within 9–12 months after the
end of RT. The subcortical lucent zones progress over
the next 1–2 years to form growth arrest lines, which
parallel the epiphysis of the vertebral body [62].
Following the development of these arrest lines, little
or no further growth occurs. The higher the dose, the
quicker growth arrest occurs. Other changes may
also be seen on x-rays. During the first few months
after irradiation, vertebral bodies may have a more
bulbous contour [28]. Scalloping of the physical car-
tilage plates may also be observed, and not infre-
quently the final appearance is that of rounded verte-
bral bodies with central beaking [62].

Clinically, the deleterious effect of radiation on
growing bone has been known for a long time.
Neuhauser and associates [42] reported on 24 chil-
dren who received orthovoltage irradiation to the
spine during their treatment for Wilms’ tumor or
neuroblastoma. Doses below 10 Gy (using orthovolt-
age irradiation) caused no detectable vertebral ab-
normality regardless of the age at treatment. Higher
doses caused severe late effects in the spine. Mayfield
and coworkers [36] reported on 28 children with neu-
roblastoma who received irradiation to their spine.
Scoliosis was the most common sequelae and
occurred most severely at doses above 30 Gy with
orthovoltage irradiation. Megavoltage irradiation
appears to cause fewer severe orthopedic complica-
tions. Rate et al. reported on a series of 31 Wilms’
tumor patients irradiated between 1970 and 1984.
Three out of ten patients treated with orthovoltage
irradiation developed late orthopedic abnormalities
requiring intervention. None of the 21 patients re-
ceiving megavoltage treatment developed such com-
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plications, even at doses of 4,000 cGy. Scoliosis was
related to a higher median dose (2,890 cGy) and a
larger field size (150cm2); this sequela did not result
for patients receiving smaller doses to a smaller field
size (2,580 cGy to 120 cm2) [52]. Paulino et al. report
a lower incidence of scoliosis with a dose of
<2,400 cGy than with higher doses [47]. Both ortho-
voltage and megavoltage irradiation was used.
Probert and Parker were the first investigators to at-
tempt to evaluate bone growth alterations secondary
to megavoltage irradiation.They noted a deficit in sit-
ting height for patients who received radiation to the
spine for medulloblastoma, leukemia and Hodgkin’s
disease [50, 51]. Doses of greater than 35 Gy were
found to produce a significantly greater deficit in sit-
ting height, compared with doses of less than 25 Gy.

Silber and coworkers, using data from 36 children
whose spine or pelvis was irradiated, have developed
a mathematical model for predicting stature loss
[69]. The model is based on the radiation dose in
Gray, the location of the therapy (including whether
or not the capitofemoral epiphysis was treated), gen-
der, and the ideal adult height. Figure 16.5 shows an
example of the model, based on four different irradi-
ation doses. The model agrees closely with a report
by Hogeboom et al., who calculated the height deficit
after flank RT for Wilms’ tumor patients at different
ages and doses of radiation therapy [24]. In both re-
ports, even a dose of 10 Gy at age 2 produced a height
deficit of 2.3–2.4 cm by age 18 [24, 68]. For infants less
than 12 months of age receiving 10 Gy or more, the
height deficit was 7.0 cm more than their unirradiat-
ed counterparts [24]. Although chemotherapy did
not appear to increase the effect of radiation therapy
in Hogeboom’s study, there was a deficit associated
with doxorubicin that – although it could be ex-
plained, at least partially, by other factors – does not
completely rule out a permanent doxorubicin effect
on bone growth.

Limb Length Discrepancy/Angular Deformity. Irra-
diation of the extremities or hip usually produces
more long-term symptomatic sequelae than irradia-
tion of the spine, particularly when an epiphysis is
treated. Radiographic changes first reveal metaphy-
seal irregularities and epiphyseal widening. Later

changes include sclerosis around the physis and
eventually sclerosis and closure of the epiphyseal
plate. Such premature closure can cause a discrepan-
cy in ultimate length between the irradiated and
unirradiated extremity. In addition, if the entire ph-
ysis is not included in the radiation port, then jux-
ta-articular angular deformities can result [54].

Slipped Capitofemoral Epiphysis. Patients with slipped
capitofemoral epiphyses present with pain in the hip
or knee (referred from the hip). The pain can be
either of acute onset or chronic in nature, since slip-
page of the capitofemoral epiphysis often proceeds
slowly. There are a number of causes for this condi-
tion. Wolf and associates [81] first reported cases of
slipped capitofemoral epiphysis as a result of child-
hood irradiation. These occurred 1–6 years post-
therapy with doses of 28.5–54 Gy, usually after the
onset of puberty, when there is a change in the angle
of the femoral shaft in relation to the femoral neck

Figure 16.5

An example of the model for expected stature loss after
radiation therapy to the spine during childhood,as pro-
posed by Silber and coworkers. The hypothetical male
patient was treated from T10–11 to L4–5 and his Ideal
Adult Stature was 176.8 cm. Each point corresponds to
the age when irradiated, the dose in Gray and stature
loss, plus or minus one standard deviation. (From [69],
p. 309.)
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and head. This change increases the susceptibility to
stress from excess weight and other factors. Children
developing a slipped epiphysis after irradiation were
generally 2–3 years younger than the average patient
with idiopathic-slipped capitofemoral epiphysis, had
two times the risk of bilateral involvement (20%–
50%) if both proximal femurs were exposed to radia-
tion and, furthermore, did not usually fit the general-
ly obese body habitus of the average patient present-
ing with the idiopathic variety [5, 78, 82]. Paulino et
al. reported on 4 infants (<6 months) irradiated to the
hip to doses of 20 Gy or higher for neuroblastoma.
Two developed slipped capitofemoral epiphysis, at
25.5 Gy and 36 Gy. The other two patients received
doses of 20 Gy and did not develop the problem [48].
Slippage of the physis is thought to occur as a result
of excess stress, either from obesity or from a weak-
ening of the bone and physis secondary to radiation
therapy. The threshold dose is thought to be about
25 Gy.

The use of chemotherapy has caused a reduction
in the shear strength of the physis in an animal model
[73]. Theoretically, chemotherapy would also appear
to predispose patients to developing SCFE, but this
has not been studied in humans.

Exostosis. Osteocartilaginous exostoses are benign
outgrowths of the physis. They have been reported to
occur in up to 18% of children treated with radiation
therapy [1], although the incidence in the megavolt-
age era is much less. The etiology is unknown, but
thought to be due to an injury to the periphery of the
growth plate. The lesion is a combination of a radi-
olucent cartilaginous cap with areas of ossification
and calcification. It has a typical cauliflower appear-
ance and the base may be narrow or broad. On phys-
ical examination, a hard mass is palpable adjacent to
a joint [65]. Lesions may continue to grow slowly
throughout childhood, although by the third decade
growth should cease.

There is a small incidence of malignant degenera-
tion that presents with pain and occurs after skeletal
maturation.

Pathologic Fractures

Irradiation of the metaphyseal portion of the bone
may temporarily cause increased porosity and dem-
ineralization; x-rays will show cortical thinning and
irregularities during this time. The irradiated seg-
ment of bone therefore acts as a stress concentrator
and predisposes the bone to fracture [23]. This is par-
ticularly true in patients in whom the irradiated bone
has been weakened by tumor involvement, such as in
Ewing’s sarcoma of the humerus and femur. It is also
true if the cortex of the bone has been biopsied, par-
ticularly in the area of the femoral neck [77]. Patho-
logic fractures usually occur within three years after
treatment [23]. The most common site is the upper
third of the femur, and, since fractures can be caused
by tumor recurrence,a full reevaluation of the patient
should be performed to ensure that it is not related to
relapse [77].

Osteonecrosis
Osteonecrosis of the femoral head is an unusual late
effect seen primarily in adults, but occasionally it 
also occurs in children. It seen primarily at doses
above 60 Gy and is caused by radiation damage to 
the tenuous blood supply to the femoral head. It
presents with pain, either acute in onset or more
chronic. The typical radiographic picture is shown in
Fig. 16.6 a–d.

16.2.2.2 Muscle

The most common late effect secondary to irradia-
tion of developing muscle tissues is diminished
development (hypoplasia). The muscles treated are
smaller and functionally not as strong as the patient’s
unirradiated muscle tissues. Still, the differences in
strength are not pronounced, and for the majority of
patients, it is more of a cosmetic problem than a func-
tional one. However, it is common; Macklis et al.
reported that 13/14 long-term survivors of Wilms’
tumor treated with low-dose pulmonary irradiation
had musculoskeletal hypoplasia [32]. With higher
doses, these tissues can develop marked fibrosis,
which can produce stiffness, a decrease in range of
motion of a joint and even pain. In mild cases, the
stiffness or pain occurs primarily in the early morn-
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Figure 16.6 a–d

A 14 year-old boy treated with
preoperative irradiation (61 Gy)
and chemotherapy for a synovial
cell sarcoma of the right iliopsoas
muscle.a Tumor (arrows) and nor-
mal femoral heads. b An MR scan
six months later showing a close-
up of the right femoral head. The
scalloped, non-enhancing lesion
in the femoral head is typical for
an osteonecrosis. c A plain radi-
ograph one year later, showing
healing of the femoral head.
(Fig. 16.6 d see next page)

a

b c
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ing and is improved by use of the involved muscles.
Occasionally, the patient may have pain that is more
persistent, lasts all day and, even with use, does not
improve.

16.2.3 Impact of Aging

In general, growth deficits of the musculoskeletal sys-
tem from irradiation are amplified with increasing
years after treatment. Obviously, when all epiphyses
are closed, further bone growth deficits do not occur.
However, other late effects of bone will continue to
occur, and muscular hypoplasia (and fibrosis) may
become more significant.

16.2.4 Detection/Screening

A thorough history and physical is critical in the eval-
uation of musculoskeletal treatment sequelae. It is
necessary to know exactly when a deformity became
symptomatic, the symptom complex and the details
of the previous cytotoxic treatment related to the
deformity. Attention should be given to the types of
surgical procedures, the location of radiation fields
and doses used and the details (including doses) of
the chemotherapy regimen.

The physical examiner should look for skin
changes from the cytotoxic treatment, as well as any
obvious deformity. The musculoskeletal assessment
should include serial measures of weight, height, and
sitting height (crown to rump). These measurements
should be plotted on growth velocity charts to assess
whether growth rate is within normal limits. Most
normal children will grow a minimum of 5 cm/year
between age 3 and puberty. A patient in that age
group who grows less than 5 cm per year, or whose
serial heights on growth charts begin to fall into
lower percentiles, may be experiencing growth fail-
ure [40].

Any joints involved in the radiation fields, or
affected by surgery, should be put through passive
and active ranges of motion, and comparisons should
be made with the contralateral side. Joint measure-
ments should be taken if indicated by abnormalities
in “performance” range of motion – for example, if
the active motion of a particular joint is less than the
passive range of motion. In the event that there are
performance range-of-motion abnormalities, further
assessments are indicated. Other joint problems that
can occur include pain, crepitation, swelling, loss of
mobility, and weakness [34].

Figure 16.6 d

d The early healing was not perma-
nent, however, and CT 13 years after
treatment demonstrates collapse of
the femoral head, chronic disloca-
tion of the femoral head and exten-
sive degenerative changes. Severe
scoliosis resulted as well.

d
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Observation of gait and posture must be included
in the musculoskeletal assessment. As indicated by
treatment received, the muscles to be examined can
be assessed by functional groups, and comparisons
can be made bilaterally for symmetry, tone, size and
strength.Any areas of deformity, swelling, atrophy, or
weakness should be noted [34].

The patient should be assessed for level of func-
tioning and participation in normal daily activities,
such as school and after school activities. Normal
growth and development parameters should be in-
corporated into this assessment, as developmental
stages may influence the patient’s participation in
some activities. Another influence on level of func-
tioning or decreased participation in activities could
be the lack of adjustment to body image changes.

There is no current method of completely prevent-
ing the development of late musculoskeletal effects
from surgery or radiotherapy. The patient who has
experienced an amputation or a significant growth
deficit due to radiotherapy may or may not have in-
corporated this long-term effect into a new, positive
body image. Many other factors contribute to gener-
al growth and development, such as nutritional
deficits, other tissue damage and hormonal influ-
ences. The examiner should not rush to attribute the
entire problem to the cytotoxic treatment [40]. If the
right assessment is made, intervention can some-
times prevent an asymptomatic or mildly sympto-
matic problem from becoming more clinically signif-
icant. At the very least, the appropriate intervention
may be able to assist the patient in adapting to body
image changes.

16.2.4.1 Spinal Sequelae

The evaluation of spinal sequelae should include the
region of curvature, the magnitude of the curve, the
deviation from vertical, the degree of shoulder asym-
metry, the position of any rib humps or rib flare, and
the type and degree of any gait abnormality. Usually
the best way to examine the back is with the patient
bending over with the arms touching the toes and the
knees straight.At each visit, measurements should be
taken of the standing and sitting heights. The spinal
shortening that occurs as a direct effect of irradiation

is not correctable,but,except for an ultimate decrease
in height, does not usually cause major problems, un-
less spinal curvature develops. Anteroposterior and
lateral films of the entire spine should be used to
screen for this. It is also important to be able to in-
form the patients of the height deficit to be expected.
Figure 16.5 shows a model of expected stature loss by
age at treatment for three dose levels for a hypotheti-
cal male patient receiving radiation from T10-T11 to
L4-5 [69].

If the spine has been irradiated, standard scoliosis
x-rays should be taken every 1–2 years until skeletal
maturity to detect early scoliosis or kyphoscoliosis
(Fig. 16.7).After that, films should still be taken every
1–2 years if some curvature is already present. It is
rare to develop curvature after skeletal maturity if
none was present before.

The most common method for measuring spinal
curvature is the Cobb technique. The two end verte-
brae of the curvature, the ones most tilted from the
horizontal on the upright film, are selected. A line is
drawn along the upper end plate of the upper end
vertebra and along the lower end plate of the lower
end vertebra. The angle of intersection of the per-
pendiculars from these lines is the angle of the cur-
vature (see Fig. 16.8). It is extremely important to
perform these measurements carefully and accurate-
ly. In the event of a double curvature, both sites
should be measured. Since progression of any defect
may be more important than the occurrence of the
defect, the amount of curvature should always be
measured from the same two vertebrae to ensure
accurate comparison [81, 83].

16.2.4.2 Limb Length Discrepancy

Limb length discrepancies are usually more signifi-
cant. Differences in length between upper extremities
are not often a problem, but leg length discrepancies
can cause significant functional deficits. It is there-
fore important to be able to predict the ultimate out-
come when radiotherapy is chosen. To do so, knowl-
edge of the future growth of all epiphyses is neces-
sary. In the lower extremity, 65% of future growth
comes from the knee, 37% from the distal femoral
physis, and 28% from the proximal tibial physis. Only
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15% occurs at the proximal femoral plate and 20%
from the distal tibial plate [39, 83]. Table 16.1 pro-
vides rough estimates, by age of the patient, of the
growth remaining for the four major lower extremity
epiphyses. Information such as this can be used to
calculate the probable discrepancy that may develop,
assuming that there is no growth of the irradiated
physis after treatment. This is not completely accu-
rate, since some growth may occur for a short time,
and other untreated growth plates in the same
extremity may partially compensate for the closed
physis.

The evaluation of a limb length discrepancy on
physical examination is also primarily based on
accurate measurements. The patient should be un-
dressed completely for the measurements to avoid
tenting of the tape around folds in the patient’s
clothes. The real length of each leg is measured from
the anterior superior iliac spine to the tip of the me-
dial malleolus (Fig. 16.9a). The apparent length is
measured from the umbilicus to the tip of the medial
malleolus. The real length is the more important
measurement because pelvic obliquity does not

Figure 16.8

The Cobb technique for measuring the angle of spinal
curvature. See text for a description. (From [81].)

Table 16.1. Average growth (in cm) remaining for each lower extremity epiphysis by age and sex (adapted from [2] Table V,p.11]).

Epiphysis Boys (age in years) Girls (age in years)

8 10 12 14 16 8 10 12 14 16

Proximal femur 3.5 3.0 2.0 0.8 <0.5 2.8 1.9 0.8 <0.5 0

Distal femur 8.5 7.5 5.0 2.0 0.5 7.0 4.7 2.0 0.8 0

Proximal tibia 6.0 5.0 3.5 1.0 <0.5 4.5 3.0 1.0 <0.5 0

Distal tibia 4.2 3.7 2.5 1.0 <0.5 3.4 2.3 1.0 <0.5 0

� Figure 16.7 a–d

A 2-year-old girl treated with orthovoltage irradiation
to the abdomen and spine (dose unknown) for a
neuroblastoma in 1960. a Two years after treatment,
mild scoliosis developed. b–c Progression of kyphosco-
liosis occurred over the next seven years. d A close-up
of the spine nine years post-therapy shows osteoporo-
sis of vertebral bodies and wedge-shaped compression
fractures.
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influence this measurement. The apparent length
informs the evaluating physician of the compensa-
tion by the patient for the limb length discrepancy. To
detect developing leg length discrepancies, measure-
ments should also be taken at least once a year to fol-
low the extent of the evolving discrepancy. If there is
a high chance of a significant discrepancy develop-
ing, then film measurements should be taken as well.
There are several accepted radiographic methods for
evaluating limb length differences, and mistakes are
easy to make in such measurements. Because of this,
it is ideal if the same physician is able to evaluate the
patient repetitively, but, as this is not always possible,

it is important for any evaluating physician to care-
fully review the previous films (not just the reports)
before using surgery to correct the defect. To evaluate
the radiographic difference, a single exposure is tak-
en of both legs on a long film, usually with the patient
standing, and a radiographic ruler is placed on the
cassette. The real length can then be measured from
the anterior iliac spine to the medial malleolus [39,
83] (Fig. 16.9b).

Figure 16.9 a, b

Measurement of leg-length discrepancy.See text for details.a Clinical measurement. (From [39]) b Leg-length scanogram
of a 12-year old girl initially treated at age six for Ewing’s sarcoma of her right femur.The scanogram is more accurate than
a clinical measurement.

a b

16_Schwartz_Musculoskeletal  27.01.2005  9:05 Uhr  Seite 256



Chapter  16 257Musculoskeletal, Integument, Breast

16.2.4.3 Other Bony Sequelae

Other bony sequelae are usually acutely sympto-
matic.A slipped capitofemoral epiphysis causes pain,
and can be diagnosed using a radiograph of the in-
volved hip (Fig. 16.10 a,b). A pathologic fracture also
will be symptomatic and readily apparent on x-ray.

16.2.4.4 Muscle

To evaluate a deficit in muscle development, meas-
urements of the circumferences of the involved ex-
tremity should be performed, and a determination of
the range of motion of all joints in the involved limb
should be made. Measurements of the opposite nor-
mal extremity should be taken as well for comparison.

Figure 16.10 a, b

A 4-year-old boy treated for a 
lymphoma of the testicle. a At 
age nine, a routine follow-up radi-
ograph shows hypoplasia of the left
ischium and pubis, with a normal
left femoral head and neck. b Two
years later, at age 11, slippage of the
left femoral capital epiphysis devel-
oped. (From [82], p. 783.)

a

b
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16.2.5 Management of Established Problems

16.2.5.1 Management

It is not possible to prevent many of the late effects of
irradiation. Of the common deficits that develop,
scoliosis and leg length discrepancies need interven-
tion most often.

Scoliotic curve progression beyond 30 degrees (or
curves over 20 degrees with rapid progression) gen-
erally require bracing. Curves greater than 40 de-
grees, particularly in skeletally immature patients,
should be instrumented and fused.

Table 16.2 shows the recommended treatment for
categories of leg-length discrepancies [39, 83]. Small
differences (0–2 cm) usually require no intervention.
Greater differences require an orthopedic evaluation.
Differences of 2–6 cm can be corrected with a shoe 
lift or a contralateral epiphysiodesis, an operation
creating a premature fusion of an epiphysis in the
contralateral limb to arrest growth. This prevents
further exaggeration of the deficit. Greater inequality
(6–15 cm) requires more aggressive management.
Contralateral limb shortening or ipsilateral lengthen-
ing procedures are usually necessary to restore a
functional gait. Differences of greater than 15–20 cm
are difficult to manage.

Other less common late effects may also need in-
tervention. Partial epiphyseal plate injury results in
juxta-articular angular deformities of long bones.
These uncommon growth aberrations are difficult to
treat and often require complete physical arrest and
osteotomies for correction. Their infrequent occur-
rence now is ascribed to more careful attention to
irradiation technique so that the entire physis is
incorporated within the portal.

The occurrence of a slipped capitofemoral epiph-
ysis is a medical emergency requiring immediate re-
ferral to an orthopedic surgeon. Correcting the prob-
lem requires an in situ pin fixation to prevent a
slipped capitofemoral epiphysis in the other leg if it
also has been irradiated. Prophylactic pinning of
capitofemoral epiphysis in the other leg should be
considered as well. Severe slips (greater than 60
degrees) may require a proximal femoral osteotomy
and osteoplasty [5]. Total hip replacement may be
needed at times, although every attempts should be

made to manage the condition more conservatively
in children.

A few exostoses may require excision because of
symptoms or malignant degeneration.

Pathologic fractures in the irradiated field, more
common if the irradiated bone was biopsied or in-
volved with tumor, rarely heal without internal fixa-
tion [23, 31]. Fractures through radiated bone are a
challenging problem and often require long periods
of treatment and multiple procedures to obtain
union. The concomitant radiation changes in the sur-
rounding soft tissue envelope of the bone further
complicate the management of these fractures. These
compromised tissues greatly increase the risk of
post-operative infection. Rigid internal fixation is
mandatory, and bone grafts should be utilized liber-
ally (Fig. 16.11 a–c). Vascularized bone grafts are the
gold standard for obtaining union in patients whose
fractures have failed to unite after other procedures
[69] (Fig. 16.12 a,b). In the event of severe wound
complication and non-union, an amputation should
be considered.

Muscular atrophy is usually a cosmetic problem
for which there is no treatment. Even patients who
strenuously pursue weight-lifting or similar activi-
ties to build muscle strength find that the irradiated
area rarely responds. However, appropriate exercise
will prevent contractures and further decreases in
muscle strength, as well as the loss of the range of
motion of joints.

Table 16.2. Recommended treatment for categories of leg-
length discrepancies (from [39], p. 784, list on p 795).

Leg-length discrepancy Treatment

0–2 cm None required

2–6 cm Shoe lift, epiphysiodesis

6–15 cm Leg lengthening

>15 cm Prosthetic fitting
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Radiation-induced fibrosis (RIF) has been report-
ed to respond to a combination of pentoxifylline and
tocopherol (Vitamin E). In a series of 43 patients with
50 distinct zones of significant RIF who were given
400 mg pentoxifylline and 500 IU of tocopherol twice
a day, clinical improvement occurred in 83% of

lesions at 12 months. The average time from the end
of treatment until the start of therapy in this group
was 8.5 years. Treatment was given for 6 months or
until clinical improvement had ceased. The mean
SOMA score changed from 13.2 at the start of treat-
ment to 6.9 at 12 months [12].

Figure 16.11 a–c

a AP radiograph of a 15-year-old girl treated with radiation therapy to her right femur at age 12.Shortly after this film was
taken, she developed a fatigue fracture of the femur. b Internal fixation is required for pathologic fractures after radiation
therapy, and she underwent intramedullary rodding of the fracture. In spite of the rodding, a non-union occurred, as
shown in this radiograph two years after the fracture. c The internal fixation was revised with the application of an auto-
graph from her iliac crest to the nonunion site.As shown on this radiograph,there is consolidation of the graph and bridg-
ing union across the old fracture site. She is currently pain-free. It is often necessary to bring unirradiated bone into the
fracture zone to produce healing.

a–c
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Figure 16.12 a, b

Another method of repairing a pathologic frac-
ture from radiation therapy is the application of
a vascularized fibula graft. a AP of the femur
shows an intramedullary rod stabilizing the frac-
ture and the fibula graft; the rod has been placed
medially along the femur and held is in place
with two screws. The graft is typically placed
medially to allow close proximity to the femoral
vessels for facilitating vessel anastomosis to the
fibular vessels. b Radiograph of the donor site
from the ipsilateral leg.

a b

Figure 16.13

An 18-month-old boy was treated
post-operatively with 50 Gy in 25
fractions for a primary rhab-
domyosarcoma of the left calf. His
leg is shown 16 years after treat-
ment. The muscles are extremely
hypoplastic, and the distal leg is
shortened and alopecic. An epi-
physiodesis was performed on the
other leg to prevent the occurrence
of too large a limb length discrep-
ancy.
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16.2.5.2 Rehabilitation

In most cases, late effects from cytotoxic therapy in-
volve both the muscles and the bones of an anatomic
region. While it is preferable to prevent major prob-
lems, this cannot always be done, and moderate to
severe sequelae do develop (Fig. 16.13). Whether 
or not surgery is required, one necessary portion 
of the management is a good exercise program.
Range-of-motion exercises should progress slowly to
weight-bearing, then muscle-strengthening exercis-
es. The battle with sequelae may be life long, and a
proper exercise program will combat the progression
of damage, and it may even help retrieve functionali-
ty previously lost. However, caution should be used in
recommending vigorous exercise regimens for pa-
tients who have received high doses of doxorubicin,
since cardiac decompensation may result.

The psychological adaptations to the long-term
sequelae of treatment also need attention. Novotny
[44] observed that one’s body image is composed of
fluctuating physical, psychological, and social as-
pects. A positive adjustment to changes in body im-
age requires discarding the previously-held percep-
tion of one’s body and incorporating the changes into
a new perception. If the previous body image cannot
be put aside so that the changes can be integrated and
accepted, a negative body image may result.

Medical personnel can assist patients and their
families in making a positive adaptation to changes
in body image. Strategies for promoting acceptance
of treatment-related body image changes must be in-
dividualized to each situation [44]. The initial ap-
proach should begin with facilitating open, honest
communication within the family about their previ-
ous experiences, current and anticipated concerns
and their educational needs. This information can
then serve as the foundation on which to develop a
plan of care.

Novotny provided general guidelines for building
an individualized plan to assist the patient and fami-
ly in positive coping with body image changes [44].
The guidelines include are as follows.

1. Assessing the level of knowledge and adaptation:
a. encouraging patient and family verbalization of

fears, concerns, and questions;
b. providing anticipatory guidance for the expect-

ed physical changes.
2. Promoting family unity and coping skills:

a. assisting parents, siblings, significant friends,
and school personnel in creating a supportive
environment;

b. providing education and emotional support to
the significant others in the patient’s life.

3. Reaffirming adaptive behaviors:
a. promoting participation in the “normal” activi-

ties of the peer group to meet developmental
and psychosocial needs;

b. advocating school attendance and participa-
tion.

4. Changing maladaptive behaviors:
a. supporting the initiative and independence of

the patient;
b. encouraging the maintenance of usual family

roles and discipline;
c. emphasizing abilities instead of disabilities.

These strategies can be implemented on an ongoing
basis. As the patient grows older, adjustments will
need to be made continuously.Alteration in body im-
age is a fluid process, and assisting the patient with
coping during the various stages of life may be neces-
sary.

Another ongoing process is meeting the educa-
tional needs of the patient and family. Patients who
were diagnosed at a young age should be educated
and re-educated at age-appropriate levels about their
diseases, treatments, and actual, as well as potential,
late effects [11]. The musculoskeletal physical exami-
nation is a good opportunity to explain what the ex-
aminer is looking for, and why. Patients who have not
evidenced musculoskeletal late effects within a short
time after treatment may still be at risk for the re-
mainder of their lives. Awareness of potential prob-
lem areas may assist in future detection of late effects.

In general, patient and family education about
musculoskeletal late effects should include the fol-
lowing information and recommendations [37]:
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1. nutritional influences on musculoskeletal growth,
and nutritional counseling;

2. the importance of avoiding excessive weight gain;
3. participation in non-contact sports/refraining

from contact sports;
4. realistic expectations about functional abilities

and growth patterns;
5. general health education, especially cancer pre-

vention;
6. the importance of life-long surveillance care by

knowledgeable health care professionals.

The patient who is biologically cured of cancer 
must still live with the after-effects of the disease and
its treatment. A thorough assessment of the many
factors affecting each patient’s growth and develop-
ment, promoting positive coping with changes,
and providing ongoing education can result in 
an overall improved quality of life for the patient 
and family.

16.3 Integument and Breast

16.3.1 Pathophysiology

16.3.1.1 Brief Overview 
of Normal Organ Development

Skin

The skin develops from two sources: the superficial
layer (epidermis) from the surface ectoderm and the
deep layer (dermis) from mesoderm. Early in devel-
opment, the fetus is covered with a single layer of ec-
todermal cells. In the beginning of the second month
through the fourth month, the four layers of the epi-
dermis form: a) the basal layer, which is responsible
for the production of new cells and is known as the
germinative layer; b) a thick, spinous layer, consisting
of large polyhedral cells; (c) the granular layer, the
cells of which contain small keratohyalin granules;
and (d) the horny layer, forming the tough, scale-like
surface of the epidermis, and made up of closely
packed, dead cells, loaded with keratin. Also during
the first three months, cells of neural crest origin in-
vade the epidermis. These cells (melanocytes) syn-
thesize melanin pigment, which can be transferred to

other cells of the epidermis through the dendritic
processes.

The dermis develops during the third and fourth
months. The dermis consists of a layer of connective
tissue and fatty tissue and contains a number of
structures, including hair. Hair starts as solid epider-
mal proliferations penetrating the underlying der-
mis. Nerve endings and blood vessels develop with
the hair papillae, and cells from outbuddings of the
follicle walls form the sebaceous glands, which degen-
erate, thereby forming a fat-like substance that is se-
creted into the hair follicle and then to the skin.

Breast
The mammary glands are a specialized skin struc-
ture. The first indication is found in the form of a
band-like thickening of epidermis, the mammary
line or ridge. This extends on each side of the body
from the base of the forelimb to the region of the
hindlimb by the seventh week of gestation. Most of
the mammary line disappears quickly, but a small
portion in the thoracic region persists and penetrates
the underlying mesenchyme, forming the breast bud.
The bud sprouts 16–24 cords, which ultimately form
the lactiferous ducts surrounded by the alveoli of the
gland. The ducts at first open into a small epithelial
pit in the bud, but shortly after birth, this pit matures
into the nipple by proliferation of the underlying
mesenchyme [63]. At birth, the breast of both the
male and female is identical. At puberty the female
breast bud enlarges first, then the mammary glands
enlarge, and an extensive deposition of fat occurs.
The nipple and areola enlarge as well [38].

16.3.2.2 Organ Damage Induced 
by Cytotoxic Therapy

Skin

Both radiation therapy and chemotherapy can cause
acute and late effects on the skin and subcutaneous
tissues. Radiation damage to the skin is primarily ow-
ing to effects on the germinative layer of the epider-
mis. Even low doses quickly diminish mitotic activi-
ty, so that cell replacement is nearly zero. The cells of
the basal layer become swollen and vacuolated, with
nuclear pleomorphism and binucleation. The epider-
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mis becomes thin, with flattening of the papillae. Epi-
dermal cell maturation no longer occurs, causing
incomplete keratinization of the superficial cells and,
thus, producing desquamation. This is caused by
intracellular edema with enhancement of the inter-
cellular bridges. With high enough doses, the epider-
mis may slough, exposing the dermal surface, which
becomes coated with a layer of fibrin. After treat-
ment, reepithelialization occurs, although the effec-
tiveness of this process will depend upon the extent
of the damage. If all the basal cells are not killed, there
is a radiation-induced increase in enzyme activity in
the melanocytes, which is transmitted to the newly
formed squamous cells, causing them to become very
dark as they shed.

In the dermis, radiation first causes signs of acute
inflammation: edema and a lymphocytic infiltrate.
High doses produce nuclear swelling and unequal
nuclear divisions of the fibroblasts. Because the
papilla of the hair follicle is easily damaged, radiation
quickly stops mitotic activity and the hair root even-
tually separates from the papilla and is shed. Sweat
glands are about 2–3 mm below the surface of the
skin, have long lives, and only occasionally undergo
mitosis. However, the cells that compose sweat glands
can be destroyed by high doses of irradiation. Seba-
ceous glands are more easily destroyed, partially be-
cause the normal life cycle includes cell death to pro-
duce sebum and, thus, there is a need for continual
replacement through cellular proliferation.

Late dermal reactions are caused by the develop-
ment of subendothelial fibrous hyperplasia in the
blood vessels. This causes telangiectasia and a de-
creased blood supply to the dermis, which results in
increased fibroblastic activity. The skin then takes on
a woody texture called fibrosis [41].

The skin changes resulting from radiation therapy
are related to the total dose and fractionation of the
radiation employed. There are differences between
acute and late effects, however. Acute effects are
dependent primarily upon the total dose and the
overall time in which the radiation is delivered from
the beginning to the end of the course of treatment.
The higher the total dose and the shorter the overall
time, the more significant are the acute effects. Late
effects are heavily dependent on the dose per frac-

tion, as well as the total dose. Doses greater than 
2 Gy per fraction cause an increase in late effects to
the skin and subcutaneous tissues. Most “curative”
fractionation schemes include doses per fraction of
less than 2 Gy. This is particularly true in treating
children, in whom late effects are of even more
concern.

Modern megavoltage irradiation is “skin-sparing,”
which means that the full buildup of irradiation does
not occur at the surface of the skin, but rather at some
depth below. The higher the energy of the beam used,
the deeper the maximum dose to the tissue. Thus, the
severe skin changes seen in orthovoltage irradiation
used before 1960–1970 (depending upon the institu-
tion), in which the maximum dose was at the surface
of the skin, do not occur as often now, unless for some
clinical reason it is necessary to produce a high dose
at the surface of the skin.With the skin-sparing capa-
bilities of high-energy beams and the use of multiple
fields to converge on the tumor, thus further limiting
the dose to the skin in each treatment field, the true
skin dose usually is not enough to cause severe skin
injury. At times, during the treatment of skin lesions
– or in the event of unusual situations – the skin re-
ceives a dose high enough to cause desquamation.
Technical factors in the delivery of the radiation can
also cause a higher dose to the skin: these include a
tangential arrangement of the radiation beams em-
ployed, the use of bolus (tissue-equivalent material)
on the skin, or when the lead blocks and blocking
tray used to shape the radiation fields are too close to
the patient.

A number of chemotherapy-induced skin changes
occur, since anti-neoplastic drugs interfere with
nucleic acid formation, ribosomal function and 
other components of protein synthesis. Rapidly di-
viding tissues are the most sensitive; the skin damage
is, therefore, primarily to the germinative layer,
the hair follicles and the melanocytes. Certain 
drugs, bleomycin, in particular, occasionally cause
increased melanogenesis. Biopsies of the epidermis
after bleomycin have shown larger melanocytes,
with larger and more complex dendritic processes
[10].
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16.3.3 Clinical Manifestations

Damage to skin can be divided into acute effects and
late effects. During a course of high-dose irradiation
to the skin, the first sign of a skin reaction is faint ery-
thema around the hair follicles. If the radiation is
fractionated conventionally (less than 2 Gy per frac-
tion), a dose of 20 Gy will usually produce erythema.
Higher doses cause a progression to a generalized
erythema, epilation and a decrease in sweating, as
well as diminished sebaceous gland secretion. The
skin next becomes brightly erythematous, warm and
edematous, as well as painful to touch, all of which
are sharply limited to the irradiation field. Dry
desquamation (occurring at 30 Gy), then moist
desquamation follows (occurring at about 40 Gy),
leaving the dermis bare with a layer of fibrin covering
it. After treatment, these effects heal, usually within
1–2 weeks [80]. Most children never develop such a
severe reaction, since usually the dose to any region
of skin is considerably less than the dose to the tumor
and a total dose of 40 Gy to the skin is rarely reached.
However, any cream or other foreign substance pres-
ent on the skin during treatment will enhance the
skin reaction to radiation.

Doses of even a few Gray will cause temporary
alopecia. Recovery takes 8–12 weeks after the end of
treatment; the hair starts re-growing at that point and
usually grows at a normal rate thereafter. The hair
can return a different texture or color; the same phe-
nomenon occurs after chemotherapy. Doses of 40 Gy
and above to the hair follicles will cause permanent
alopecia.

High doses of radiation may cause a skin necrosis
destruction of tissue in the area treated. This is ex-
tremely rare now with megavoltage therapy.

The first noticeable late effect consists of very
slowly progressing atrophy, starting in the first few
months after radiotherapy. The skin also loses its
elasticity. If the injury is severe, telangiectasia (a spi-
dery pattern of small blood vessels easily visible be-
neath the surface) will occur. In the dermis, fibrosis
develops, with contraction and scarring in the field
treated. Epilation can persist and nails will become
brittle. Glands will no longer function normally; the
involved skin will not sweat, nor produce sebaceous

secretions. The formation of comedones has been re-
ported, though this is rare [79]. Related skin struc-
tures, such as the breast bud, will not develop nor-
mally, nor secrete normally. This means that breast
development may be hypoplastic or not occur at all.

Radiation effectively accelerates skin aging.There-
fore, as the irradiated person grows older, the skin
prematurely develops changes consistent with aging.
It becomes drier, less flexible and it may develop “ag-
ing” spots or other discolorations. The extent of all
these changes is dose-related. Doses below 10 Gy (to
the skin) rarely cause noticeable problems, while the
risk of such late effects increases above 30 Gy [19].

Another potential late sequelae of treatment is the
risk of the development of a secondary skin cancer,
usually a basal cell carcinoma [19, 56, 68]. Basal cell
carcinomas are observed in patients with no evi-
dence of chronic skin changes secondary to radio-
therapy [19]. The exact risk of a secondary basal cell
carcinoma is small; in one series the calculated excess
risk was 0.31/104 patient-years per Gray [56]. The
latency period is usually at least 20 years. There may
be no excess risk for a skin surface dose of less than
10 Gy for patients receiving standard fractionations,
but this conclusion is controversial.

Radiation therapy in childhood has also been im-
plicated in the development of malignant melanoma
later in life. In a study utilizing data from five Nordic
National Cancer Registries, as well as eight centers in
France and Great Britain, between 1960 and 1987, it
was found that children receiving greater than 15 Gy
had a risk of developing melanoma 13 times as great,
compared with non-irradiated children. The risk was
in the radiation therapy field [22].

There are at least three skin reactions to chemo-
therapy: 1) changes related to cytotoxicity; 2) pig-
ment alterations and 3) rashes and eruptions. Cyto-
toxic changes related to nucleic acid synthesis, ribo-
somal function, etc., rarely appear after chemothera-
py alone. However,“radiation recall” may be owing to
cytotoxic changes in the skin. This phenomenon con-
sists of erythema, blistering, and, sometimes, moist
desquamation, in an area previously irradiated. It
usually occurs a few weeks to a few months after ra-
diotherapy subsequent to a course of chemotherapy
containing doxorubicin HCl or dactinomycin (or,
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occasionally, a number of other drugs, particularly if
given in high doses). The same drugs cause increased
radiation reactions if given concomitantly with
radiation therapy. The etiology is probably renewed
damage by chemotherapy to stem cells, which have
residual injury from irradiation.

Alopecia occurs through damage to the hair
follicles. It is the most predictable skin reaction to
chemotherapy. Drugs that cause alopecia include
cyclophosphamide, doxorubicin, dactinomycin and
others – the list of agents is very long. Alopecia of the
scalp does not appear to require a large threshold
dose and occurs after each cycle of the drug; however,
it is almost always reversible. Alopecia involving 
the eyelids and eyelashes is less predictable. Usually 
it requires higher and more prolonged courses of
chemotherapy, but when it happens, it may some-
times be permanent [66]. In addition, permanent
alopecia of the scalp and other hair-bearing regions
has been noted after a busulfan/cyclophosphamide
conditioning regimen for bone marrow transplanta-
tion. Over 30% of patients receiving busulfan as part
of a chemotherapy-alone conditioning regimen ex-
perience some degree of permanent alopecia [3, 76].
The presence of chronic graft versus host disease in-
creases the risk [76].

Drugs reported to cause pigment changes are
shown in Table 16.3. While some, including doxoru-
bicin, have been postulated to have a direct effect on
melanocytes [13], the mechanism essentially remains
undefined. Generalized hyperpigmentation from
bleomycin therapy is probably the most common 
of these abnormalities, but other drugs such as 
busulfan, cyclophosphamide, dactinomycin, 5-Fluo-
rouracil, hydroxyurea, and methotrexate can also do
this on occasion [13]. This generalized hyperpigmen-
tation usually resolves slowly with time, but it can be
permanent.

Antimitotic agents can also cause banding of the
nails, either vertical or horizontal, as well as black
pigmentation. The latter occurs first at the base of
the nails, and then moves distally [43, 67]. Although
usually these changes reverse when the drug is with-
drawn, nail hyperpigmentation can be permanent
[67].

The drug, 5-Fluorouracil, as well as high doses of
methotrexate, dactinomycin, and doxorubicin, can
cause skin eruptions, including urticaria – a general-
ized erythematous rash. They can also cause hyper-
pigmented, brawny, indurated plaques, particularly
of the hands and feet, as well as nodularity of the
hands and feet [10, 17]. These effects are temporary.

Children receiving chemotherapy have been re-
ported to develop increased numbers of benign
melanocytic nevi after treatment [26].

In the growing breast, the most sensitive structure
is the breast bud. Doses of as little as 10 Gy to the
breast bud will cause the breast to be underdeveloped
(hypoplastic); doses above 20 Gy may ablate develop-
ment altogether [20, 27]. In patients treated with pul-
monary irradiation for Wilms’ tumor, four out of ten
females had hypoplastic breast development, includ-
ing two who received less than 20 Gy [32]. Doses of
20 Gy or more to regions of the anterior chest other
than the breast bud may prevent breast development
in that area. Low doses of radiation may result in a
failure to lactate [59].

Table 16.3. Pigment changes from chemotherapy (from [43]).

Abnormality Associated drugs

Generalized hyper- 5-Fluorouracil, busulfan
pigmentation

Localized hyper- Adriamycin, cyclophosphamide,
pigmentation and other alkylating agents,

bleomycin, mithramycin,
dactinomycin,
various hormones

Hyperpigmentation Adriamycin, cyclophosphamide,
of nails nitrogen mustard,

5-fluorouracil, methotrexate,
nitrosoureas, DTIC, others

Linear hyper- Most cytotoxics (along veins);
pigmentation bleomycin (on trunk and 

extremities separate 
from venous channels)
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16.3.4 Detection/Screening

It is usually not difficult to predict the extent of the
acute changes during treatment based on the dose
and fractionation schedule of the course of radio-
therapy, and on the chemotherapy regimen used. The
patient (and parents) can therefore anticipate the
severity of the reaction. This will usually diminish
some of the anxiety that inevitably accompanies the
reaction.

Late effects progress with time, and may be subtle
at first. Careful physical exams are necessary in order
to detect any cutaneous late effects. These exams
should be performed by a physician who is knowl-
edgeable of the treatment received. Areas of pigmen-
tation changes, dryness, atrophy, telangiectasia, con-
traction, and scarring should be noted and carefully
recorded. If chemotherapy has been given, then skin
coloration should be checked as well, along with the
status of the nail beds.

After the completion of treatment, physical exam-
inations should be performed 2–3 times a year for at
least two years, then at least one a year. If the radia-
tion field included the breast, then careful monitor-
ing of this area should occur as well, particularly as
puberty approaches. Tanner staging should be done
with each follow-up examination to document the
expected physical maturation.

While a reversal of skin changes secondary to irra-
diation and chemotherapy is not possible (although
subcutaneous tissues will occasionally soften with
time), education of the patient and family can be
effective in decreasing the long-term effects. Since
radiation damage and sun damage to the skin are
similar, it is important for the patient to avoid severe
sun exposure after treatment. Sun exposure will
increase the aging process started by irradiation. If
heavy sun exposure is anticipated, a strong sunscreen
(SPF 15 or above) must be used on the treated region.

Most chemotherapy-related skin changes require
no specific care, but it is important to carefully check
the status of all benign nevi after treatment with
chemotherapy. Increased numbers of benign
melanocytic nevi appears to be one of the strongest
risk factors in the development of malignant
melanoma. Since it has been reported that children

treated with chemotherapy have more nevi than nor-
mal, careful assessments are required [26, 72].

16.3.5 Management of Established Problems

16.3.5.1 Management and Rehabilitation

Although the acute effects of irradiation are less com-
mon now, they can be alarming when they occur. It is
important to remember that healing will generally
occur spontaneously within 2– 4 weeks.

There is no clinically accepted way to reverse late
radiation skin changes, though celecoxib has been
reported to decrease skin damage after radiation in
mice [30]. Because of the lack of sebaceous secretions
after treatment, it may be helpful to use Vaseline or 
a moisturizing cream for patient comfort.

Temporary alopecia from radiotherapy or chemo-
therapy needs no particular treatment and will re-
solve in time. Permanent alopecia from radiation
therapy cannot be reversed, but hair transplants have
been reported to be effective. This can only be done if
there remains a large portion of unaffected scalp
from which to harvest plugs of normal hair, and if the
area of alopecia involves well-healed scalp [27]. Hair
transplantation has also been reported to be effective
following permanent busulfan alopecia, used during
bone marrow transplantation. Although allotrans-
plantation is usually unsatisfactory, it will work if the
hair grafts are harvested from the same patient that
provided the donor marrow [57].

Breast hypoplasia can be corrected by breast aug-
mentation. This procedure should be performed by
someone who is familiar with the treatment the pa-
tient received, as healing may be retarded or difficult
in regions previously irradiated. A downside of the
procedure is that breast augmentation may make
follow-up of the region more difficult.

Guidance needs to be provided for the female who
can expect, or has developed, breast hypoplasia from
irradiation. Development of a positive body image is
an especially difficult task for adolescent females who
expect normal development. A female teenager who
has the potential for unequal breast development is
particularly at risk for developing a negative body
image, with accompanying lowered self-esteem. The
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impact on present and future sexuality cannot be
overlooked. Likewise, adolescent males who develop
unilateral gynecomastia may become quite con-
cerned and self-conscious. Family and peer support
and understanding can be critical for these patients.
Anticipatory guidance and suggestions for coping
with these late effects may assist the adolescent in
positive adaptation. The strategies suggested by
Novotny [44] and discussed earlier in this chapter
will be helpful here as well.

The female patient who had already experienced
breast development when radiation treatment was
given may be at risk for decreased skin elasticity and
fibrosis. All patients who received breast irradiation
should be counseled on performing monthly breast
self-examinations, as there may be an increased risk
of breast cancer if the breast was irradiated. A more
complete discussion of possible complications, as
well as recommendations for follow-up, is provided
in the chapter on secondary malignancies.

If fertility is intact (depending on the sites of
previous cancer and the treatments used), the female
patient should be informed that the affected breast
may not lactate after childbearing. If the other breast
was not within the radiation field, the patient can ex-
pect to breastfeed normally from the untreated side.
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Hematopoietic stem cell transplant (HSCT) is in-
creasingly used for the treatment of both leukemias
and solid tumors. This has been made possible by
several factors, including expansion of the unrelated
donor pool and advances in mobilization and collec-
tion of autologous cells. Although transplant-related
mortality and relapse remain obstacles, an increasing
number of children are surviving following HSCT.
Both the HSCT antecedent therapy and the post-
transplant complications have multi-system effects,
and understanding and anticipating these are impor-
tant in caring for the children affected. This chapter
will provide a brief overview, as many of these com-
plications are discussed in more depth in other chap-
ters of this book.

17.1 Conditioning

All children undergoing HSCT for malignancies
receive conditioning (high dose chemotherapy, with
or without total body irradiation) prior to the infu-
sion of the hematopoietic stem cells. The agents used
are determined by the underlying disease, patient
condition and the type of graft. HSCT for hematolog-
ic malignancy are usually performed using allogene-
ic grafts that may be from a related or an unrelated
donor, or cord blood. To achieve sustained engraft-
ment with an allogeneic donor, the conditioning reg-
imens must be extremely immunosuppressive, and
they generally include an alkylating agent, usually
cyclophosphamide, and total body irradiation or
busulfan. Other drugs, such as etoposide, cytosine
arabinoside, melphalan or thiotepa, are sometimes
added. Total body irradiation is now generally deliv-
ered over several days in fractions of 150–200 cGy,
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with total doses range from 1000–1450 cGy. Fraction-
ation allows for partial recovery of normal tissues
between fractions. This may reduce the risk of long-
term complications (e.g. cataracts and pulmonary
restrictive disease) that are commonly noted with
single-fraction total body irradiation (TBI). Compli-
cations such as graft versus host disease (GVHD)
after allogeneic HSCT may play a significant role in
the development of sequelae.

More recently, non-myeloablative conditioning
regimens have been developed for patients undergo-
ing allogeneic HSCT. These regimens also are ex-
tremely immunosuppressive, as is necessary to per-
mit engraftment, but may be less toxic in the imme-
diate post-transplant period and in the long-term.
GVHD remains a significant potential complication
with these regimens.

HSCT for solid tumors usually uses autologous
hematopoietic cells that have been collected and cry-
opreserved prior to conditioning. Chemotherapy
agents selected for solid tumor conditioning regi-
mens are those that can be safely dose- escalated and
have differing methods of action and non-overlap-
ping extramedullary toxicities. In some situations,
TBI may be used as part of the conditioning. Local
irradiation may also be used for tumor control, either
before or after the HSCT. To improve survival, tan-
dem transplants over a period of several months are
used for some diseases, such as neuroblastoma and
brain tumors.

17.2 Endocrine System

The endocrine system is affected in almost all pa-
tients who receive a HSCT. The extent of damage is
dependent upon prior cytotoxic therapy and the par-
ticular agents selected for the conditioning regimen.
Growth, reproduction, thyroid and glucose metabo-
lism may be affected.

17.2.1 Growth

The grow of those who have undergone an HSCT is
affected by many factors, including genetic, nutri-
tional, hormonal and therapeutic factors. Effects are

most commonly attributed to radiation of the hypo-
thalamic pituitary axis, which can result in either
growth hormone deficiency or abnormal secretion of
growth hormone. Direct impairment of bone growth
may also occur. The risk of growth failure is en-
hanced by TBI and by cranial irradiation as a compo-
nent of prior therapy. Higher risk is also associated
with young age at the time of HSCT and male gender
[8, 13, 19, 52]. Children with neuroblastoma are at
particular risk, due to their young age at the time of
transplant [18, 29]. The greatest effect on growth
occurs in those who received cranial irradiation pri-
or to TBI [19].

Impaired growth manifests as a decrease in
growth velocity or in height standard deviation score
(SDS). In general, growth hormone deficiency in-
creases with time from TBI [13]. Growth of peri-pu-
bertal patients at HSCT may be further impacted by
impairment of normal mechanisms leading to the
pubertal growth spurt [25]. Since current treatment
protocols use only low-dose cranial radiation, and
since they are limited to patients with overt CNS dis-
ease or with a very high-risk profile, the number of
patients at risk for severe growth impairment may be
decreasing.

The incidence of growth hormone deficiency
varies widely in different studies, ranging from
20–70% [13, 18, 19]. Some studies fail to show a cor-
relation between growth rate and growth hormone
secretion with stimulation testing [6, 8], and many
children will achieve final heights within the normal
range [8]. IGF-1 and IGFBP-3 studies are not useful
predictors of GH deficiency, although lower IGF-1
and IGFBP-3 values are noted in those who receive
TBI, compared with those not given TBI [6]. In 
one study with repeated evaluation of GH status,
improvement was noted over time [17], although
further confirmation of these results is needed.

The role of growth hormone replacement is con-
troversial. Growth hormone replacement has been
found to ameliorate poor growth rate as a result of
radiation [6, 13, 19], but, because most studies are
short term, there is little data beyond three years. In a
study by Brauner et al., no catch-up growth was
observed. Patients who received fractionated TBI
were less affected at two years post HSCT than those
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who received single fraction TBI, but at 5 years, both
groups had similar height decrements [6]. Resistance
of the bone to IGF-1 induced by radiation has been
proposed as the explanation for the lack of catch-up
growth observed [6]. Skeletal abnormalities have
been more commonly noted in children younger
than eight years who were given TBI [10].

There have been some reports following chemo-
therapy-only conditioning of growth disturbances
[1,3]. However, most children who receive chemo-
therapy-only conditioning regimens have relatively
normal growth, although both the long-term use of
steroids for chronic GVHD and prior cranial irradia-
tion are known to affect growth [13, 25, 51, 52].

17.2.2 Thyroid

Thyroid dysfunction is a well-described complica-
tion after HSCT. Although it occurs most commonly
after TBI, there are reports of thyroid dysfunction in
patients who received chemotherapy-alone. The inci-
dence varies widely in studies, depending upon the
technique of TBI. Up to 70% of patients receiving
single-dose TBI develop hypothyroidism, compared
with 15–20% of those who receive fractionated TBI
[5, 21, 47]. Compensated hypothyroidism has a medi-
an time of onset of 12 months post HSCT, and may be
transient [21]. Replacement therapy is indicated for
persistent elevation of TSH. Since radiation may

increase the risk of thyroid neoplasms, patients who
received TBI should have annual physical assess-
ments of the thyroid gland.

Compensated primary hypothyroidism has been
noted in 10–15% of patients who received chemo-
therapy without radiation therapy [2, 49]. The etiolo-
gy of hypothyroidism in this group is unclear; but it
is believed that the high doses of drugs associated
with chemotherapy may be involved. Chemotherapy-
only regimens have been associated with euthyroid
sick syndrome, in which the T3 and T4 are low, and
the TSH is either normal or low. This syndrome has
been reported in 29% of patients at 14 months post
therapy [49]. The clinical significance of this is not
clear.

17.2.3 Diabetes and Metabolic Syndrome

Survivors of HSCT may be at risk for insulin resist-
ance, impaired glucose tolerance and type II diabetes
[45]. Risk factors relevant to the development of these
problems include obesity, family history of diabetes,
inactivity, diet, use of growth hormone and race. In
one study of 748 patients evaluated for type II dia-
betes, 34 had developed this condition at a median
follow-up of 11 years. The prevalence of type II dia-
betes was 9% among the survivors of leukemia, with
CML patients at highest risk [15]. The prevalence was
age-related, with 12% occurring among leukemia

Table 17.1. Endocrine: summary and suggested follow-up

Evaluation

Growth Height, bone age, TBI and/or cranial irradiation: refer to endocrinologist 
Somatomedin C, IGFBP-3 for GH provocative testing; growth hormone 

may be indicated

Thyroid Physical assessment, Free T4,T3,TSH Elevated TSH: may repeat in 3–6 months 
if mild elevation; thyroxine replacement

Reproductive Tanner assessment Post-pubertal females: estrogen replacement;
pre-pubertal children: refer to endocrinologist 
if delayed puberty or low testosterone/estradiol

Males: FSH, LH, testosterone (>13 years)
Females: FSH, LH, estradiol (>12 years)

Glucose metabolism Height, weight
Fasting cholesterol, triglycerides
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survivors 20–39 years old and 43% occurring among
survivors 40–49 years [15]. The prevalence of dia-
betes type I, although less common, was three times
higher than in the general population. Most patients
evaluated were not obese and experienced a relative-
ly early onset of type II diabetes. Racial minorities
were more likely to develop diabetes; TBI was not a
risk factor in this analysis.

Hyperinsulinemia and hypertriglyceridemia [45]
have been described post HSCT. Therefore, post-
HSCT patients, particularly those who were treated
for leukemia, merit close observation for the devel-
opment of diabetes, as well as lipid abnormalities.

17.2.4 Reproductive

Gonadal dysfunction is common following HSCT, a
finding attributable to the use of alkylating agents,
such as cyclophosphamide, and radiation therapy.
Busulfan, as a radiation “substitute,” also causes a
high incidence of gonadal failure [2, 46]. Gonadal
dysfunction results in infertility in most affected
patients, with some patients also having difficulties
with pubertal development.

In males, the Sertoli and germ cells are more vul-
nerable to radiation and chemotherapy than the
Leydig cells. FSH levels are usually elevated, with nor-
mal LH levels. Testosterone levels may be normal
with reduced or absent spermatogenesis. Most boys
will undergo pubertal development without the addi-
tion of testosterone. Testicular irradiation (usually
for leukemia) is associated with low testosterone lev-
els. Boys who have undergone testicular irradiation
should be followed closely as they enter puberty.

Estrogen is necessary for breast development and
for the growth spurt that occurs at puberty. In prepu-
bertal females who undergo HSCT, the recovery of
ovarian function may be more likely than in post-pu-
bertal patients, [36], but approximately 70% will have
hypogonadotropic hypogonadism and require estro-
gen replacement therapy [34]. Failure of progression
through puberty is often an indication for the need
for estrogen replacement. Patients without breast de-
velopment who have increased FSH and LH levels
should be given supplemental estrogen/progestin.
The dose of hormonal replacement will require ad-
justment with age in order to ensure progression
through puberty and cyclic menstruation. Estrogen
replacement for post-pubertal females should be ini-
tiated three to six months after HSCT. It has been sug-
gested that replacement be stopped for two months at
around one year post HSCT to evaluate for ovarian
recovery [46].

The incidence of pregnancy is less than 3% for
females who received TBI or busulfan, although there
are scattered reports of successful pregnancies fol-
lowing TBI [35, 36]. Most males will also be sterile
after TBI. Options for preservation of fertility should
be discussed prior to HSCT. For pubertal males,
sperm banking should be encouraged. Prior therapy
may limit this option for some males. For post-pu-
bertal females, cryopreservation of ovarian tissue or
oocytes is currently being done on a research- basis.
Gamete preservation is not yet available on a non-re-
search basis. There have been reports of pregnancy
from embryos with donated oocytes, with hormonal
support [33]. Pregnancies that do occur following
TBI are more likely to result in miscarriage, pre-term
labor and low birthweight infants [36].

Table 17.2. Organ systems: suggested follow-up

Organ Suggested evaluation

Heart ECG, echocardiogram, exercise stress test:
yearly to every 3–5 years

Pulmonary PFTs: yearly to every 3–5 years

Renal Blood pressure, urinalysis, BUN,
creatinine, erythropoietin level if evidence
of thrombotic microangiopathy

Dental Semi-annual dental evaluation

Hearing Audiogram for patients at risk 
(prior cisplatin, carboplatin,
cranial irradiation)

Eyes Annual ophthalmologic evaluation,
artificial tears if sicca syndrome

Bone Physical assessment, bone density 
evaluation (DXA, pQCT)

Brain Neuropsychologic assessment 1–3 years
post BMT in patients at risk (<6 years 
with TBI, hearing loss)
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With non-myeloablative conditioning regimens,
the endocrine effects, particularly gonadal function,
are unknown. Effects may be dependent upon the
dose and timing of the agents used.

17.3 Pulmonary

The assessment of the effects of HSCT conditioning
on pulmonary function is usually limited by the age
of the patient, as very young children cannot perform
pulmonary function tests. The spectrum of long-
term pulmonary complications differs among pa-
tients who received allogeneic vs autologous HSCT.
This is due to the effects of chronic GVHD, which
may result in changes called bronchiolitis obliterans.
Other factors that may impact pulmonary function
post HSCT include prior chemotherapies such as
bleomycin, TBI during conditioning and thoracic
irradiation.

There are three categories of PFT abnormalities:
obstructive, restrictive and those that result from a
decrease in diffusion capacity. Obstructive abnor-
malities result in decreased FEV1 and in a decreased
FEV1/FVC ratio. These occur as a result of small air-
way closure or obstruction of expiration. Bronchioli-
tis obliterans is the most common cause of obstruc-
tive abnormalities post HSCT. Radiation, pulmonary
infection and pneumonitis may all result in restric-
tive lung disease, with decreased total lung capacity
(TLC) and preserved FEV1/FVC ratio. Decreased
DLCO, or diffusion capacity for carbon monoxide,
may be a result of an abnormal alveolar–capillary in-
terface. Anemia will result in a low DLCO as well.

Up to 85% of patients will have abnormal PFTs 3–6
months post HSCT, with a restrictive pattern being
the most common abnormality [7]. Late abnormali-
ties are often associated with chronic GVHD, al-
though prior aggressive therapy for advanced-stage
disease may also have a negative impact on pul-
monary function [7]. The most common late abnor-
mality is a decrease in DLCO, followed by restrictive
defects [23]. GVHD is associated with the risk of
chronic aspiration pneumonia, particularly in pa-
tients with esophageal involvement. GVHD is also
associated with the risk of bronchiolitis obliterans

(BO) in up to 37% [38] of post- HSCT patients, and
with the risk of bronchiolitis obliterans organizing
pneumonia (BOOP).

Patients with BO do not present with fever, but
have complaints of exercise intolerance, cough and
wheezing. Chest radiograph may be normal, and
PFTs will show obstructive defects. Immunosuppres-
sant agents are usually not therapeutically helpful.
Patients with bronchiolitis obliterans organizing
pneumonia (BOOP) present with fever, cough,
dyspnea and rales. BOOP may be present as early as
one month post HSCT, but is more common after
three months. In patients suffering from this condi-
tion, there is a patchy distribution of granulation tis-
sue plugs filling the lumens of airways and extending
into the alveoli [11].BOOP is strongly associated with
prior acute or chronic GVHD, as well as prior
leukemia [11]. Radiographic findings may include
patchy alveolar opacities and asymmetric infiltrates.

In a small study of children who received autolo-
gous HSCT, restrictive impairment was found in 20%
of patients at 5–10 years [12], but there was stabiliza-
tion after the first year. Obstructive impairment was
rare, but diffusion impairment was found in over
50% of patients at 10 years. TBI was associated with
decreased lung volumes.

17.4 Cardiac

Cardiotoxic drugs, particularly the anthracyclines,
used for disease treatment prior to HSCT condition-
ing may increase the risk of cardiotoxicity post
HSCT, although most patients are asymptomatic de-
spite changes on ECG and echocardiograms. Factors
that may increase the risk of cardiotoxicity include
young age at the time of treatment, high-dose cyclo-
phosphamide and chest irradiation. Post-transplant
echocardiograms have been reported as normal in
most children [25], but some studies have reported
decreased systolic function [32]. Exercise testing may
be a more sensitive tool for detecting changes in car-
diovascular function over time; however, it is limited
to patients who are old enough to perform such test-
ing. A retrospective study of serial cardiopulmonary
exercise tests noted that despite decreases in all pa-
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rameters of exercise performance, both aerobic and
physical working capacity increase over time [16].
This study suggests that oxygen extraction becomes
more efficient with recovery, and that it may compen-
sate for impaired cardiac ability.

17.5 Renal

Renal toxicity post HSCT may occur as a result of
TBI, or as a result of nephrotoxic drugs commonly
used, such as cyclosporine or tacrolimus, a history of
cisplatin administration or conditioning with carbo-
platin. A syndrome of nephropathy post HSCT has
been described and includes azotemia, anemia and
hypertension. This occurs 3–12 months after HSCT
and, in its most severe form, resembles hemolytic
uremic syndrome.

Patients may benefit from the use of recombinant
erythropoietin and anti-hypertension management,
but renal dysfunction may continue to deterio-
rate. Many adult patients experience significant
recovery over time, but there is little information
regarding the timing of the dysfunction and recovery
in children.

17.6 Ocular

Cataract formation and keratoconjunctivitis sicca
(dry eye) syndrome are the two most common ocular
complications for patients post HSCT. Risk factors 
for cataracts include: TBI schedule, type of trans-
plant, development of GVHD and prolonged use of
steroids. Cataracts are usually posterior subcapsular,
in contrast to those seen in older adults, which appear
in the central part of the lens. Cataracts are seen in up
to 80% of patients who received unfractionated TBI,
but are less common in patients receiving fractionat-
ed TBI, with incidences of approximately 20% [25].
They may often occur after four years (median, 98
months after fractionated TBI); annual follow-up is,
therefore, extremely important. Surgical repair may
be necessary for some patients, but this is not com-
monly required. Clinically significant cataracts are
noted only occasionally in patients who received

non-TBI regimens, and more often than not, this may
be related to corticosteroid exposure.

The incidence of keratoconjunctivitis sicca syn-
drome reaches 20% fifteen years after stem cell trans-
plantation. The ocular manifestations include re-
duced tear flow, conjunctivitis, corneal defects and
corneal ulcerations. Chronic GVHD is the greatest
risk factor, with late-onset keratoconjunctivitis
occurring in 40% of patients with chronic GVHD,
versus 10% of patients without GVHD. Other risk
factors for late-onset keratoconjunctivitis include:
female gender, age greater than 20 years, single-dose
TBI and the use of methotrexate for GVHD prophy-
laxis [48].

17.7 Dental

Damage to dentition associated with HSCT is gener-
ally the result of irradiation. Side effects that have
been reported include disruption in normal enamel
development, hypoplasia and microdontia of the
crowns of erupted permanent teeth, and thinning
and tapering of the roots of erupted permanent mo-
lars. Cranial irradiation prior to TBI may further
increase the risk of tooth agenesis [50].

Chronic GVHD may result in damage to the oral
cavity and salivary glands. A significant reduction in
the flow of saliva, as measured by sialometry and sali-
vary gland scintigraphy, have been noted in patients
with acute and chronic GVHD. This reduction may
persist in patients who received TBI [27]. Decreased
salivation and poor oral hygiene post HSCT may
increase the risk of dental caries.

17.8 Ototoxicity

Children who receive platinum-based agents prior to,
or as part of, the conditioning are at the highest risk
for developing hearing loss after transplantation, and
more than 80% may experience significant loss [30].
Depending on the chemotherapy history, local or to-
tal body irradiation can accentuate hearing loss in
children with solid tumors such as neuroblastoma
and brain tumors. For patients with neuroblastoma,
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hearing loss prior to transplant portends significant
hearing loss after a regimen containing high-dose
carboplatin [30]. However, even those children who
did not have a hearing loss prior to transplant devel-
oped hearing loss after receiving carboplatin as a
part of the conditioning.

17.9 Bone Mineral Density

There are increasing data on the effects of HSCT
upon bone mineral density. Factors that may impact
BMD include prior therapy for malignancies, condi-
tioning regimens, lack of physical activity, poor
nutrition and post-HSCT therapy with calcineurin
inhibitors and corticosteroids. Post-HSCT hypogo-
nadism may also impact bone mineral density. One
recent study showed nadir BMD at month 24 for total
body and femoral neck [37] in patients who received
allogeneic HSCT. BMD continuously declined at the
femoral neck sites. Steroids and cyclosporine use, as
well as loss of muscle mass, were associated with low
BMD. Only very young patients were protected from
bone loss. The relationship between BMD changes
and fracture risk is not yet established post HSCT.

Osteochondromas are benign bone tumors that
consist of projecting mature bone capped by carti-
lage. Radiation, including TBI, is generally believed to
be the cause of osteochondromas. The pathogenesis
of these bone tumors is not well understood. The
mean latent time from HSCT to the development of
osteochondromas was 4.6 years in one study [44],
and younger patients (less than five years old) were at
increased risk. Of patients less than five years old at
the time of TBI, an osteochondroma occurred in 24%
[44]. There is a low malignant potential for these tu-
mors, but they do cause a great deal of anxiety when
found and can be painful depending on the location.

17.10 Neuropsychologic

Conditioning regimens contain high drug doses and
radiation that may be neurotoxic and result in neu-
ropsychologic sequelae. Agents that are associated
with neurotoxicity include busulfan, thiotepa and

melphalan. Although much is known about the
neuropsychologic effects of cranial irradiation for
leukemias and brain tumors, there is relatively little
known about the outcomes of children post HSCT.
Doses of radiation used for central nervous system
leukemia are between 1800–2400 cGy, and for brain
tumors up to 6000 cGy. Although the total doses used
for TBI are much lower (1000–1400 cGy) than used in
other situations, the biologic effect is enhanced by the
larger dose fractions. Children of different ages may
be impacted by TBI in different ways; children under
three years old may be at higher risk than older chil-
dren, and they may experience declines in cognition
and school performance [31, 42]. Other small studies
have suggested that no cognitive impairment occurs
even with TBI [22, 39]. Chemotherapy-only regimens
rarely show a detrimental effect of upon cognitive
function, although hearing loss in children with neu-
roblastoma may have a significant effect on verbal IQ
[28].

17.11 Other Issues Post HSCT

17.11.1 Chronic GVHD

Chronic GVHD continues to be a significant problem
following allogeneic HSCT. The incidence of chronic
GVHD is lower in children, compared with adults.
Chronic GVHD occurs in approximately 20% of chil-
dren who receive matched sibling donor transplants,
and 40% who received unrelated donor bone mar-
row. The use of mobilized peripheral stem cells in-
creases the risk of chronic GVHD. The incidence of
chronic GVHD in cord blood recipients is still being
defined. The most significant risk factor is prior acute
GVHD; other risk factors include older age, a female
multiparous donor or an unrelated or partially-
matched related donor. Chronic GVHD may be clas-
sified as progressive, evolving from acute GVHD, qui-
escent, following a period of resolution from acute
GVHD, or de novo, in patients who had no prior acute
GVHD. Chronic GVHD is associated with a decrease
in leukemic relapse risk, although it comes at a price
with a significant impact upon quality of life and in-
crease in transplant-related mortality. Classification
of chronic GVHD is difficult and currently undergo-
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ing revision. Most centers, however, currently classi-
fy chronic GVHD as “limited” or “extensive.” Limited
GVHD refers to localized skin involvement with or
without hepatic test abnormalities, and extensive
refers to generalized skin involvement or involve-
ment of other organs.Poor prognostic factors include
progressive onset, platelets <100×109/ml and poor
performance status.

The etiology of chronic GVHD is not well under-
stood. Many manifestations resemble autoimmune
diseases, with loss of normal T-cell regulation con-
sidered to be a possible cause.

17.11.2 Clinical Features

The manifestations of chronic GVHD usually occur
after day 100 post HSCT.Almost all patients are diag-
nosed within the first year post HSCT. The effects of
chronic GVHD vary, depending upon location and
severity of involvement (Table 17.3). Skin is the most
commonly affected organ, with over 50% of patients
with chronic GVHD having some degree of skin in-
volvement. Diagnosis may be confirmed with a biop-
sy if other diagnoses (particularly infection) are
being considered.

17.11.3 Evaluation and Therapy

Most patients will be in the care of their primary
oncologists when chronic GVHD is diagnosed. It is
important that physicians be aware of the subtle
manifestations and that particular care be taken dur-
ing the physical examination of the skin, oral mu-
cosa, nails, range of motion and lungs. Infection is the
greatest risk to these patients. To control or improve
the symptoms of chronic GVHD, at least two im-
munosuppressant drugs are necessary in order to
impede the immune recovery already compromised
by chronic GVHD-induced immune dysregulation.
Preventive measures are listed in Table 17.4.

Therapy for chronic GVHD generally includes a
regimen with prednisone and a calcineurin inhibitor,
such as cyclosporine or tacrolimus. An alternate 
day regimen of prednisone and the calcineurin in-
hibitor may help decrease the side effects of both,
while retaining disease control. Therapy and weaning
should be done in conjunction with the transplant
center, and close communication is required. For
patients who do not respond to this regimen, other
drugs may be added with the guidance of the trans-
plant team.

Table 17.3. Chronic GVHD: clinical features

Organ Features Symptoms

Skin Dyspigmentation, lichen planus, atrophy, scleroderma Pruritus, erythema, inflexibility,
Alopecia, onychodystrophy, sweat gland loss heat insensitivity

Liver Elevated transaminases, alkaline phosphatase, bilirubin

Oral cavity Lichen planus, erythema, ulcers, xerostomia, fibrosis Pain, dry mouth

Eyes Sicca syndrome Dry eyes, photophobia

GI Esophageal strictures, abnormal motility, malabsorption Dysphagia, cramping, diarrhea,
anorexia, weight loss

Pulmonary Obstructive pattern, bronchiolitis obliterans, bronchiectasis Cough, dyspnea, exercise intolerance

Musculoskeletal Arthritis, joint contractures Myalgia, stiffness

Genitourinary Phimosis, vaginal strictures Pain

Hematologic Thrombocytopenia, eosinophilia

Immunologic Hypogammaglobulinemia, decreased T lymphocytes Increased infectious risks,
particularly strep. pneumococcus
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17.12 Immune Reconstitution 
and Re-Immunization

The duration and severity of immunodeficiency post
HSCT depends upon several factors, including type
and manipulation of the stem cells, graft vs host dis-
ease and the age of the recipient. There are significant
differences in the kinetics of immune reconstitution
between autologous and allogeneic HSCT. This is 
also impacted by graft manipulation, such as CD34+
selection or T-lymphocyte depletion. NK cells gener-
ally recover within the first few months, and may be
elevated for up to two years, but recovery of B-, and in
particular, T-lymphocytes takes much longer. Chil-
dren may have more active thymic tissue than adults,
which may be the reason why their immune reconsti-
tution appears to be faster than that seen in adults
[41]. In general, most patients will have complete im-
mune reconstitution by two years, unless they have
chronic GVHD. Chronic GVHD has an adverse effect
upon reconstitution, not only due to the effects of im-
mune suppressive drugs required for its control, but
also due to the aberrant T-cell function of the GVHD
process itself. In the absence of GVHD, recipients of
T- replete allogeneic or autologous grafts will have
near normal CD3+ cells three months post HSCT.
However, CD4+ is decreased during this period, with
higher proportions of CD8+ cells. With chronic
GVHD, this inverted CD4+/CD8+ ratio persists for
up to a year or longer. However, even recipients of
autologous HSCT may experience delayed T-cell re-
constitution, and up to one-third may have sub-nor-

mal CD4+ cells at one year [20]. In the absence of
GVHD, the response to mitogens usually returns to
normal within several months, as does the produc-
tion of IgG and IgM. IgA may take longer to recover.
The delay in immune recovery may be responsible for
infections, including Pneumocystis carinii pneumo-
nia, varicella, CMV and EBV.

17.12.1 Reimmunization After HSCT

Most recipients of HSCT will lose their immunity to
the vaccinations they have received prior to HSCT. In
addition, patients with chronic GVHD are at risk for
infections with streptococcus pneumoniae and H. in-
fluenzae. Therefore, re-immunization of HSCT recip-
ients is essential. A recent guideline was published
detailing the rationale for vaccination schedules [40].
In general, at 12 months post HSCT in patients with-
out chronic GVHD, vaccinations can be given on a
schedule similar to that used with normal infants;
however, the 23-valent pneumococcal polysaccharide
vaccine may not result in adequate antibody re-
sponse, even when administration is delayed to
12 months [14]. The 7-valent pneumococcal conju-
gate vaccine is linked to a protein carrier and may
enhance immune response. A recent study showed
early immunization with this 7-valent vaccine result-
ed in protection in most patients. The authors of the
study suggest an administration schedule of 3, 6 and
12 months [26]. Vaccines that are contraindicated in-
clude BCG, oral polio and varicella (see Table 17.5).

17.13 Secondary Malignancies

Patients are at increased risk for secondary malig-
nancies following HSCT. This is the consequence of
many factors, including conditioning with high doses
of chemotherapy, radiation therapy and prior thera-
py. In one large study, the solid cancer risk increased
to an estimated 11% at 15 years post HSCT; patients
who were under 5–10 years of age at HSCT had the
highest risk [9, 43]. Both chronic GVHD and irradia-
tion may play a role in the development of secondary
cancers [4]. The most common types of cancers in-
clude liver, oral cavity, thyroid and cervical. Squa-

Table 17.4. Infectious risks and prophylaxis

Pneumocystis carinii Sulfamethoxazole/
trimethoprim or dapsone

Varicella/H. Zoster Acyclovir

Encapsulated organisms Daily penicillin 
or erythromycin,
Prevnar, Pneumovax

Hypogammaglobulinemia Monthly intravenous 
(IgG <500 g/L) immunoglobulin

Candida albicans Fluconazole
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mous cell cancer of the skin and oral cavity are
increased in patients with chronic GVHD [9]. There
are a few studies that support an increased risk of
secondary cancers in children who received non-TBI
regimens, but no large studies have been done.
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18.1 Introduction

Survivors of pediatric cancer have a greater risk of
developing a secondary cancer than age-matched in-
dividuals in the general population [42]. In order to
provide focused medical follow-up care to this ever-
growing population of survivors, it is important to
understand the relationships between host charac-
teristics, cancer therapy and the subsequent develop-
ment of secondary malignant neoplasms (SMNs). In-
formation regarding the influence of individual char-
acteristics, the specific cancer diagnosis and the ini-
tial cancer therapy in the development of SMN con-
tinues to emerge in the literature, but our knowledge
is constrained by the limited follow-up period of the
existing cohort of survivors, namely 25–30 years.
Once large enough numbers of survivors arrive at the
fourth and fifth decades of life, we will begin to learn
how the normal aging processes and the “natural” in-
crease of cancer in the general population impact the
development of SMNs following childhood cancer.

Large cohorts of survivors of childhood cancer
have been studied during the past 30 years in an ef-
fort to estimate the incidence of, and understand the
risk factors for, the development of long-term effects
of disease and treatment, including SMNs. In the
most recently published data from the Childhood
Cancer Survivor Study (CCSS), Neglia et al. reported
that 298 of approximately 13,000 five-year survivors
developed 314 SMNs [42]. The estimated cumulative
incidence of developing cancer following a primary
cancer diagnosis was 3.2% at 20-year follow-up. In a
recent updated analysis, Friedman et al. estimated
the cumulative incidence of developing cancer fol-
lowing a primary cancer diagnosis as 5.2% at 20-year
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follow-up [16]. Compared with an earlier LESG re-
port, which estimated the cumulative risk to be 3%
(10-fold greater than that of the general population),
their data indicates that the risk for SMN continues to
rise as survivors of childhood cancer age [38].

The CCSS has also analyzed the mortality of this
relatively large cohort of survivors [39]. Of the 1,727
five-year survivors who subsequently died and for
whom death certificates were reviewed, the leading
cause of death was recurrence of primary disease in
67% of patients. Death was attributable to treatment-
related causes in 21%, and, of these, the most com-
mon cause was SMNs, occurring in 12.7%. Exposure
to radiation therapy was cited as the most frequent
predisposing factor, with fewer cases attributable to
chemotherapy or genetic predisposition. Specific
types of SMNs vary with the cancer diagnosis, as well
as with the treatment and time from the initial diag-
nosis. In this chapter, we focus on these risk factors –
namely, radiation, chemotherapy, bone marrow
transplantation and genetic predisposition. We will
conclude with comments regarding the importance
of organized, structured survivorship programs.

18.2 Radiation

Radiation therapy is a major cause of secondary can-
cers [23]. Eighty to ninety percent of SMNs following
radiation therapy occur within the radiation field,
with an overall median latency of at least 10 years, al-
though no plateau has been reached in the published
studies. Those occurring within the radiation field
are considered attributable to the radiation. Others
may be related to genetic risk factors, other treatment
factors or chance. An increase in risk may also be at-
tributed to an interaction between host characteris-
tics and environmental exposure [23].

The first evidence that ionizing radiation was car-
cinogenic came just seven years after the discovery of
X-rays, with the high incidence of skin cancer on the
hands and upper extremities of radiologic workers
who had been exposed to relatively high doses [26].
Since then, an increased incidence of cancer has been
associated with exposure to ionizing radiation as a
result of the atomic bombs dropped on Japan, scalp

irradiation to treat tinea capitis in children and the
treatment of cancer [25, 50].

Mutations produced by radiation primarily affect
dividing cells and lead to clones of once-hit cells. Ra-
diation can also provide a second event in those with
a preexisting abnormality (or “hit”), as in the case of
genetic retinoblastoma [62]. Tissues are not equally
sensitive to radiation. The initial damage to individ-
ual cells caused by radiation is evidently subject to a
number of additional host factors, including levels of
repair enzymes, rate of cell proliferation, endocrine
function and immune competence. Thus, the “second
hit” needed to promote the induction of a malignan-
cy occurs after a complex interaction between many
factors. It seems logical to conclude that tissues that
are actively proliferating, such as bones and soft tis-
sues, and the breast of peripubertal females, are more
likely to develop expanded mutated clones that are
susceptible to additional hits along the pathway to
cancer. In contrast, epithelial neoplasms, such as
those of lung and gastrointestinal tract, may take
many years to develop,since the majority of epithelial
cells are end-stage cells without the ability to divide
[40]. Cells capable of division in viscera1 organs usu-
ally divide to produce only one undifferentiated cell.
SMNs from these cell types (e.g. cells of the lungs,
gastrointestinal tract and genitourinary tract) in
childhood cancer survivors genera1ly occur follow-
ing latent periods that are longer than those of sarco-
mas and well into adulthood, but earlier than the usu-
al ages at which people generally contract epithelial
neoplasms [2, 5, 38]. There are still too few childhood
cancer survivors who have lived long enough to esti-
mate the excess in epithelial SMNs that is expected to
occur.

Risk according to radiation schedule has not yet
been quantified. However, it may be that increasing
the number of fractions produces more mutations
because active cells are hit more often. For a given
dose of radiation, megavoltage is less oncogenic than
orthovoltage because bone absorption is lower with
megavoltage. Breast cancer in females previously
treated with chest irradiation for Hodgkin’s disease,
bone or soft tissue sarcomas following radiation for
Ewing’s sarcoma, thyroid carcinomas following radi-
ation in early childhood and SMNs following radia-
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tion in patients with genetically determined disor-
ders, such as genetic retinoblastoma, are the most
common radiation-induced secondary malignancies.
These cancers will be the focus of the remainder of
this section.

18.2.1 Breast Cancer

Radiation to the breast tissue may induce secondary
breast cancers. Although the risk is not isolated to
those with HD, SMNs are recognized as a leading
cause of death in long-term survivors of HD, with
breast cancer representing the most frequent solid
tumor among such women [4, 57, 60]. Radiation ex-
posure to the breast between the ages of 10–30 years
imparts the greatest risk of developing secondary
breast cancer. During puberty, the breast undergoes
rapid growth and differentiation secondary to a
surge in pituitary hormones and the resultant in-
crease in estrogen. Hormonal stimulation of prolifer-
ating tissue may potentiate the risk of developing
subsequent breast cancer. The role of genetic predis-
position is less clear. It has been speculated that ge-
netic predisposition could accelerate the tumorigenic
process by providing the initiating event, as is known
to occur for renal cancer in rats that carry the tuber-
ous sclerosis 2 gene [22].

Breast cancer was the most frequent SMN in the
CCSS cohort of 13,581 long-term survivors of pedi-
atric cancer (N=60), and 65% of the SMNs occurred
in female survivors of Hodgkin’s disease [42]. In an-
other report of SMNs following treatment for
Hodgkin’s disease between 1955 and 1986,breast can-
cer was the most common of the 212 SMNs, with a
standardized incidence ration (SIR) of 56.7 [5]. This
report updated the results of an earlier study of 1,380
patients who were less than 16 years of age when di-
agnosed with HD. By extending the latent period
from 11.4 years to 17 years, the number of SMNs in-
creased from 109 to 212 in 173 individuals. Breast
cancer was the most common SMN, with 42 inci-
dences occurring in 30 women in a median time of 18
years (4.3 – 28). This represented a 57-fold risk, com-
pared with the general population. The cumulative
probability of developing breast cancer by age 40 was
14%, and the probability by age 45 was 20% [5].

Another international study of 3,817 women diag-
nosed with HD before age 30 reported that 105 devel-
oped breast cancer at a mean of 18 years after diag-
nosis and at a mean age of 40.7 years [57]. Increased
risk of breast cancer was observed in patients who
had received more than 40Gy to the chest, and there
was a dose–response relationship. Overall, women
who became menopausal before age 40, either as a re-
sult of radiation or alkylating agent chemotherapy,
experienced significant reductions in risk, compared
with women who retained ovarian function. Among
those patients who did not become menopausal, the
number of alkylating agent cycles received was in-
versely related to the risk of breast cancer, also im-
plying decreased risk when ovarian function is lost.
Regarding the possible role of genetic susceptibility
in survivors of HD, Nichols et al. found that TP53,
BRCA1 or BRCA2 were not frequently mutated in a
cohort who had developed SMNs [44].

Many reports have documented that the risk of
breast cancer following chest irradiation persists for
more than 25 years afterward; however, more than
40% of females who were treated for Hodgkin’s dis-
ease prior to the age of 30 were not aware of their in-
creased risk [10]. This underscores the continued
need for ongoing patient education and public aware-
ness. Although there are limitations of mammogra-
phy in young women, including hyper-density and
radiosensitivity of a young breast, it has been shown
to be technically possible and may be successful in
detecting breast cancer following radiation exposure.
Therefore, it is recommended that females who have
received previous chest irradiation begin yearly
mammograms beginning 8 years post-radiation, or
at age 25 [28]. In addition, they should be instructed
to perform monthly breast self-examinations and
have an annual clinical breast exam starting at pu-
berty. Lastly, because hormone replacement therapy
has been shown to influence the risk of breast cancer,
surveillance is especially critical when recommend-
ing HRT [28].
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18.2.2 Other Radiation-Associated SMNs

18.2.2.1 Skin Cancer

Both non-melanoma (NM) and malignant melanoma
skin cancer (MMSC) are known to increase following
ionizing radiation, with the former being more
prevalent than the latter [19, 41, 47]. Of the two histo-
logic types of NMSC, the risk of basal cell carcinoma
is increased following ionizing radiation, while that
of squamous cell carcinoma is not increased [26]. To
facilitate early detection and the removal of suspi-
cious lesions, patients who have been exposed to
ionizing radiation may benefit from an annual skin
examination performed by a trained dermatologist.

18.2.2.2 Thyroid Cancer

The thyroid gland is one of the most sensitive organs
to the carcinogenic effects of ionizing radiation.
Although radiation-induced thyroid cancer is a fre-
quently reported SMN, it is rarely fatal. Thyroid
SMNs range from well-differentiated, highly curable
papillary and follicular carcinomas to poorly differ-
entiated, rapidly fatal anaplastic carcinoma, with the
former being the most common [24]. Papillary carci-
noma accounts for 75–90% of all radiation-induced
thyroid SMNs in survivors of childhood cancer.
There is a striking increased risk for young children
exposed to ionizing radiation, as shown by both the
atomic bomb experience and in studies of children
who were less than five years of age at the time of ex-
posure. In general, children younger than 10 years are
at the greatest risk [53, 59]. This has been attributed
to the known age-related changes in cell proliferation
with the thyroid gland. The younger the child at the
time of exposure, the more actively dividing are the
thyroid cells and the greater the potential for an
active growth phase following therapy. Females in 
the general population are three times more likely to
develop a primary thyroid cancer; a gender differ-
ence that has also been shown in those previously
exposed to radiation. Thyroid SMNs following radia-
tion therapy have been shown to increase linearly
with increasing doses of radiation, with a flattening
of the curve at doses greater than 30Gy [53]. This
finding may result from inhibition of cellular prolif-

eration after high-dose radiation that prevents the
development of an expanded malignant clone.

18.2.2.3 Sarcomas of Bone

Bone sarcomas were the most common SMN report-
ed in a childhood cancer survivor cohort treated
between 1940 and 1983 in Great Britain. The overall
cumulative risk was approximately 1% within the 
20-year period following the original diagnosis [21].
Patients who have survived Ewing’s sarcoma appear
to have a cumulative risk between 7–22% of develop-
ing a second bone tumor by 20 years, depending on
the cohort studied [14]. Radiation has been implicat-
ed as the major predisposing factor, with the risk
increasing substantially with increased doses, espe-
cially at doses ≥60Gy [11, 32]. Because this dose has
not commonly been used during the past two
decades for Ewing’s sarcoma, the risk should be low-
er in patients treated during this period. There is also
evidence that exposure to the highest doses of radia-
tion (i.e. doses greater than 80Gy – which is not used
in any current pediatric regimen) does not carry an
excess risk. Presumably, this is secondary to the “cell
kill” phenomenon, in which cells with a potential for
malignant transformation are killed by the high dose
radiation [58]. At the other end of the spectrum,
patients exposed to less than 10Gy have no increased
risk, or a very small increased risk. The finding by
some that alkylating agents, especially cyclophos-
phamide, both increase the risk of a secondary bone
sarcoma, independent of radiation exposure, and
decrease the interval between treatment and the
development of an SMN needs to be confirmed [43,
58]. The role of a genetic predisposition combined
with therapeutic exposure is not yet fully under-
stood, except in the case of heritable retinoblastoma,
where the cumulative risk of SMN, most commonly
bone and soft tissue sarcoma, ranges from 10–50%,
– or more than 400 times that expected in the gener-
al population [62]. Since children with Neurofibro-
matosis 1 are prone to the development of primary
and secondary sarcomas, radiation should be used
only as necessary to effect cure. Careful surveillance
of survivors who required radiation is indicated 
[34, 38].
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18.2.2.4 Secondary CNS Tumors

Secondary CNS tumors following radiation therapy
for children with ALL have been reported by many
groups [41, 61]. In 1999, Relling et al. reported an ad-
ditional relationship between these neoplasms and
antimetabolite therapy. During an 8-year period, they
observed a cumulative incidence of ~12.3% for pa-
tients receiving more intensive anti-metabolite ther-
apy, i.e. mercaptopurine at 75mg/m2 before and dur-
ing cranial irradiation, with a higher risk (43%) in
patients with thiopurine methyltransferase (TPMT)
deficiency [49]. TPMT is an enzyme that regulates the
conversion of thiopurine to thioguanine nucleotides
and, thus, determines its cytotoxic effect on malig-
nant cells. Since approximately 0.33% of Caucasian
individuals are completely deficient in, or have a low
level of, TPMT activity, whereas approximately 10%
have an intermediate level, the high incidence of
tumors in Relling’s report is likely attributable to the
high frequency of TPMT deficiency in the cohort. In
contrast, Loning et al. found a 15-year cumulative
incidence of 1.3% following less intense antimetabo-
lite therapy, i.e.mercaptopurine at 50–60mg/m2,with
both groups having received similar radiation (doses
ranging from 12–30Gy, with a median of 18Gy) [36].
These investigators suggest a polymorphic mecha-
nism with respect to the enzymatic activity of TPMT
on the incidence of secondary CNS neoplasms. Inves-
tigations  are currently underway to evaluate the
association between the variability in the activity of
TPMT, antimetabolite doses during cranial irradia-
tion and subsequent CNS tumors.

18.3 Chemotherapy 
and Secondary Leukemia

For more than two decades, secondary leukemia has
been linked to alkylating agent therapy [13]. The risk
of developing secondary leukemia following treat-
ment with alkylating agents appears to be dose and
agent-dependent. MOPP chemotherapy (mechlor-
ethamine, vincristine, prednisone and procarbazine)
has resulted in cumulative frequencies of secondary
leukemia ranging from 3–5% at 7 years, and reaching

a plateau of 8% at about 10 years [45]. Substituting
cyclophosphamide for mechlorethamine has resulted
in a reduced risk [51]. Both mechlorethamine and
procarbazine are among the most potent leuke-
mogens, with cyclophosphamide probably the least
leukemogenic of the alkylators used in pediatrics [9].
Alkylating agent-related secondary leukemia is gen-
erally associated with abnormalities, usually dele-
tions, of chromosomes 5 and 7.

Secondary leukemias are also associated with
epipodophyllotoxins, which are topoisomerase II in-
hibitors [13, 48]. These leukemias are generally asso-
ciated with a characteristic abnormality involv-
ing 11q23 at the MLL gene breakpoint. Secondary
leukemia following exposure to epipodophyllotoxins
has been linked to the schedule of administration,
with the risk being far greater in patients receiving
this drug once- or twice-weekly, compared with those
receiving the more frequently-used schedules of 3–5
doses per week, given at 3–5 week intervals [54]. Per-
haps the frequency of administration determines the
ability of any given cell to repair DNA damage before
it is subjected to further damage from another dose.
Although controversy still exists regarding schedule
and dose, a recent report from the French Society of
Pediatric Oncology found that risk increased regular-
ly with increasing cumulative doses, the highest risk
being in those patients who received >6g/m2 [33].
This cohort was 93 times more likely to develop 
secondary leukemia than patients who received 
no epipodophyllotoxins. To further complicate risk
assessment, the patients who received the higher
cumulative doses were also more likely to have re-
ceived the drug according to one of the following two
schedules: 3 days a week for 3 weeks in a row,with one
week off, or 21 consecutive days out of 28. In contrast,
patients who received this therapy every 3 weeks, and
who received <1.2g/m2 or between 1.2–6g/m2 had a
relative risk of zero and 3.9, respectively. Although
the latter schedule and doses are most commonly
used today, surveillance of children who have
received potentially 1eukemogenic therapy is never-
theless warranted.
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18.4 Bone Marrow Transplant

As the number of survivors of hematopoietic stem
cell transplant (SCT) increases, post-transplant ma-
lignancies (PTMs) are emerging as a serious long-
term complication. There are three main categories
of PTM, including solid tumors, hematologic malig-
nancies and post-transplant lymphoproliferative dis-
order (PTLD) [4]. The etiology is thought to be mul-
ti-factorial; some of the risk factors may be similar to
those associated with the development of SMNs fol-
lowing standard chemotherapy and radiation with-
out transplant [1, 46]. Hypotheses regarding addi-
tional risks include immune deficiency resulting in
Epstein-Barr Virus (EBV) -associated B-cell lympho-
proliferative disease, total body and/or local irradia-
tion, higher doses of chemotherapy required for
myeloablation and interaction with possible genetic
predisposition.

The overall cumulative incidence of developing
PTM has been reported as 6.9% at 20 years, increas-
ing by about 2% with each successive 5-year follow-
up period [1]. Bhatia initially reported that patients
who received a SCT have an 11-fold increased risk of
developing a PTM, but in a subsequent follow-up
report the number of PTMs had tripled during the 
7-year period [1, 3].

Children younger than 10 years at the time of SCT
appear to have the greatest risk. Socie reported a 36.6-
fold excess rate of malignancy in these young children
those less than 10 years of age with ALL who receive
SCT have an 11% risk of a secondary solid tumor 15
years later [55]. Other studies have reported a 33-fold
increased risk, with the incidence ranging from
2.2–6.7% up to 15 years post-transplant [1, 3]. The
most common solid tumor following SCT in Bhatia’s
cohort was malignant melanoma.

In view of the conditioning therapy for SCT, it is
not surprising that t- MDS/AML is the most common
PTM. The incidence of hematologic PTMs has been
reported to range between 3–19.8%, after a mini-
mum follow-up of five years  after SCT. This is a 
300-fold increased risk, compared with that of the
general population. Since 1994 when priming of stem
cells with etoposide began, there has been a five-fold

increase in the incidence of secondary AML/MDS,
compared with the risk in patients who received stem
cell transplants prior to 1994 [31].

Post-transplant lymphoproliferative disorder
(PTLD) is an uncommon second neoplasm, with 
an incidence ranging from 1–1.6%. However, it often
progresses rapidly and is frequently fatal [3, 9, 18, 55].
The two major etiologic contributors to the compli-
cation appear to be immunosuppression after pro-
longed periods of neutropenia and proliferation of
EBV following transplant. Studies have reported an
increased risk of developing PTLD in the following
situations: use of unrelated or mismatched donors,
T-cell depletion of donor marrow, use of antithymo-
cyte globulin (ATG) or monoclonal anti-T cell anti-
bodies for the prophylaxis and treatment of graft
versus host disease (GVHD) [9].

18.5 Genetic Predisposition

18.5.1 Retinoblastoma

Retinoblastoma (RB) is often thought of as the para-
digm for genetically inherited cancer. RB provides
the basis for the two-hit hypothesis of carcinogenesis
originally proposed by Knudson in 1971 [30]. Al-
though the genetic form of RB is the most common
condition predisposing to second neoplasms, other
conditions should also be considered when survivors
of childhood cancer are followed (see Table 1 and 2).
The RB1 gene, which was cloned in 1986, is transmit-
ted in an autosomal dominant fashion, with more
than 90% penetrance. Knudson studied both the
hereditary and non-hereditary form of RB. He pro-
posed that the development of any form of RB is
caused by a complementary loss or mutation in both
copies of RB1. In the case of the genetic form, the ini-
tial “hit” is a germinal mutation, usually in the father
and, in 80% of cases, with no positive family history.
In the case of non-genetic RB, this initial “hit” is spo-
radic and occurs in a single retinoblast. Both forms,
however, require a second “hit,” which is always so-
matic. Survivors of the genetic form of RB have been
found to have an increased risk of developing second
tumors. The most frequent types are bone and soft
tissue sarcomas [58, 62].
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In 1985, the LESG reported that RB was the most
common primary tumor in children who developed
SMN [38]. Although bone and soft tissue sarcomas
occur following radiation in all individuals, they are

considerably more prevalent in survivors of the
genetic form of RB, whether or not they have been
exposed to irradiation. Osteosarcomas have been
found to result from mutations at the RB1 locus on

Table 16.2. Inherited cancer syndromes and associated neoplasmsa

Syndrome Primary tumtour Secondary/associated tumours Gene

Genetic retinoblastoma Retinoblastoma Sarcomas, pineoblastonia, melanoma RBI

Neurofibromatosis type 1 Neurofibromas Neurofibrosarcoma, AML, JMML, glioma NFI

Neurofibromatosis type 2 Vestibular schwannomas Meningiomas, astrocytomas, ependymomas NF2

Li-Fraumeni Sarcomas, breast cancer Adrenocortical, brain tumours, leukaemia p53

Familial adenomatous polyposis Colorectal cancer GI cancer, hepatoblastoma, thyroid, desmoid APC

Gardner’s Colorectal cancer Hepatoblastoma APC

Turcot’s Colorectal cancer Medulloblastoma APC

Hereditary nonpolyposis Colorectal cancer Endometrial, ovarian, gastric, MSH2/
colorectal cancer pancreatic Cancer MLHI

Familial breast cancer 1 Breast cancer Ovarian cancer BRCAI

Familial breast cancer 2 Breast cancer Pancreatic, ovarian cancer BRCA2

Multiple endocrine neoplasia type 1 Pancreatic islet cancer Parathyroid, thyroid, pituitary cancer MEN1

Multiple endocrine neoplasia type 2A Medullary thyroid Parathyroid, pancreas, pheochromocytoma RET

Multiple endocrine neoplasia type 2B Medullary thyroid Adrenocortical, ganglion, RET
pheochromocytoma

Nevoid basal cell carcinoma (Gorlin’s) Basal cell carcinoma Medulloblastoma PTCH

Beckwith–Wiedmann Wilms’ tumour Hepatoblastoma, adrenocortical carcinoma ?

Von Hippel–Lindau Renal clear cell Brain tumours, pheochromocytoma VHL

Tuberous sclerosis Renal cancer Brain tumours TSC2

GI, gastrointestinal; JMML, acute myelogenous leukaemia; AML, acute myelogenous leukaemia
a Adapted from Ref. [5].

Table 16.1. First and second tumours associated with specific risk factors

First tumours Second tumours Risk factors

Retinoblastoma Bone and soft tissue sarcoma, pineal, melanoma, Genetic disease; radiation
Langerhans cell histiocytosis

Wilms’ tumour Bone and soft tissue sarcoma, leukaemia, brain, liver (?) Radiation

Neuroblastoma Thyroid, bone and soft tissue sarcoma Radiation
Other sarcomas of bone and soft tissue

Lymphoma Leukaemia, other lymphoma, sarcoma Alkylating agents; epipedophyliotoxins;
radiation
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chromosome 13q14, a discovery that provides evi-
dence for the claim that sarcomas following heredi-
tary RB have a genetic etiology [17].

While approximately 15% of RB patients have a
positive family history, it is known that all patients
with bilateral disease, and approximately 10% with
unilateral disease, have the genetic form and are,
therefore, at increased risk for developing a SMN. The
cumulative risk of a second tumor at 50 years of age
is 50% for those patients with bilateral disease, com-
pared with only 5% for those with unilateral disease.
Furthermore, those patients with the genetic form of
RB who received external beam radiation therapy
(EBRT) carry an overall risk of 58% for developing a
second tumor, compared with 27% of the patients
with the genetic form who did not receive EBRT [62].

Children with the genetic form are also at in-
creased risk for the development of intracranial
(pineal) neoplasms. This complication, termed 
“trilateral RB,” has been reported to occur prior to
the age of 4 years in 5–15% of children with the
genetic form [29]. Some investigators considered this
a second cancer attributable to radiation, although
many cases have occurred in the absence of radia-
tion. [29] There is evidence for a reduction in risk
when patients with bilateral disease receive chemo-
therapy to reduce the size of the intraretinal tumor.
[52]. Trilateral RB may thus represent a primary
malignancy, rather than treatment-induced malig-
nancy.

It is now possible to offer genetic counseling to
patients with bilateral disease or a positive family
history, and to offer genetic testing in babies with
unilateral disease without a family history who may
be carriers of new germline mutations. Newer ap-
proaches to the treatment of bilateral disease that use
chemotherapy successfully have reduced the need for
EBRT and could reduce the long-term complications
of therapy [15].

18.5.2 Neurofibromatosis

Neurofibromatosis, Type 1 is an autosomal dominant
disorder that primarily affects the development and
growth of neural tissues. The gene responsible for
NF1 is located on chromosome 17q11.2 [27]. NF is the

most common gene predisposing to childhood can-
cer and is second to RB as the most frequent genetic
condition predisposing to SMN.NF patients often de-
velop benign neurofibromas, as well as optic pathway
gliomas, astrocytomas, ependymomas, spinal cord
tumors, childhood MDS, juvenile chronic myelo-
genous leukemia, neurofibrosarcomas, rhabdomyo-
sarcomas, hepatocellular cancer and pheochromo-
cytomas [20]. Radiation has been thought to play a
role in the etiology of SMNs following therapy for a
primary cancer in patients with NF1.

18.5.3 Li–Fraumeni Syndrome

Li–Fraumeni Syndrome (LFS) is a rare, autosomal-
dominant, familial cancer syndrome initially de-
scribed in 1969 by Li and Fraumeni, who incidentally
discovered five pedigrees with a variety of cancer
types, including soft tissue sarcomas, early onset
breast cancer, acute leukemia, brain tumor and
adrenocortical carcinoma [35]. It was 20 years later
when Friend et al. identified p53 mutations in family
members with the syndrome, and when Malkin et al.
reported that individual members in these LF fami-
lies developed multiple malignancies, that the p53
was implicated in the etiology of SMN [17, 37]. TP53
is a transcription factor that regulates growth by
exerting anti-proliferative effects via control at G1/S
and G2/M checkpoints. In addition, it plays a role in
apoptosis and the cellular response to DNA damage.

The family history can be instructive in permit-
ting the clinician to recognize the syndrome when
following survivors of childhood cancer for SMN.
The classic LFS is one of multiple cancers occurring
in several generations of family members, meeting
the following criteria: 1) a proband who developed a
bone or soft tissue sarcoma before the age of 45, 2) a
first degree relative of a proband with a specific can-
cer before the age of 45, 3) a first or second degree
relative of the proband diagnosed with any cancer
before the age of 45 years or 4) a first or second
degree relative of the proband diagnosed with a sar-
coma at any age. Fifty to seventy percent of LFS fam-
ilies will have a germline p53 mutation, leaving the
remaining 30–50% unexplained [56]. Birch et al. have
defined a Li–Fraumeni-like (LFL) syndrome in fami-
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lies with the above criteria and any first- or second-
degree relative with any cancer under the age of 60
years [6]. A negative family history does not rule out
this syndrome since individuals can acquire the gene
as a new germline mutation. Individuals whose fami-
ly history is compatible with the LFS require counsel-
ing and careful follow-up for SMN.

18.5.4 Other Predisposing Conditions

Children with the genetic forms of embryonal tu-
mors, such as Wilms’ tumor and neuroblastoma,
including those with a positive family history of
bilateral or multifocal disease, may also be at greater
risk for the development of SMNs [38]. Multiple neo-
plasms are also features of the phakomatoses, such as
von Hippel–Lindau disease, tuberous sclerosis, the
nevoid basal cell carcinoma syndrome, Cowden dis-
ease and DNA repair disorders such as familial ade-
nomatous polyposis, hereditary non-polyposis col-
orectal cancer, Bloom syndrome, Fanconi syndrome
and ataxia teleangiectasia [7, 12].

18.6 Summary

Although childhood and adolescent cancers com-
prise only 2–3% of all cancers, as survival rates con-
tinue to increase, now approaching approximately
70–80%, the number of individuals at risk for new
neoplasms over an extended lifetime continues to
grow. With approximately 12,400 children and ado-
lescents or one in 300 persons under the age of 20
years diagnosed with cancer each year in the U.S., it is
estimated that 1 in 450 young adults is a survivor of
childhood cancer. One of the most well-recognized
obstacles to continued survival for these individuals
is the development of SMNs. The challenge for oncol-
ogists today is to determine the least toxic therapy,
as well as the least amount of therapy, necessary to
cure specific types of childhood cancer. In addition to
mitigating other long-term toxicities, this effort may
reduce the number of SMNs. The recognition that
certain survivors – owing to their initial diagnosis,
treatment or other factors – are at increased risk for

the development of SMNs should prompt practition-
ers to institute educational practices and specialized
surveillance that might lead to early detection, inter-
ventions and a more favorable outcome. For educa-
tion and counseling to be effective it must be ongo-
ing, and it needs to encompass knowledge of risk fac-
tors directly related to cancer and its therapy, as well
as those that are known to increase cancer risk in the
general population. Education focused on good pre-
ventive health, such as the importance of eating well,
exercising, not smoking and avoiding other risk-tak-
ing behaviors, may encourage good follow-up care
without needlessly increasing anxiety.

Most adult survivors of childhood cancer will re-
ceive healthcare from providers who may not have
the knowledge or the understanding of the risks
imposed by childhood cancer therapy. Survivors
could become their own best advocates, able to con-
vey these risks to providers after they have been
appropriately counseled by those knowledgeable of
the long-term effects of cancer therapy.
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It can come as a surprise to survivors and their fami-
lies that cancer does not end when treatment ends,
and that life does not automatically return to normal.
Instead, as families manage the many transitions that
accompany the end of treatment, they find that can-
cer survivorship has its own set of medical and psy-
chological issues. Medical screening continues – first,
for disease recurrence and, later, for the emergence of
medical late effects and longer-term psychological
reactions. For this reason, it may be more accurate to
conceive of cancer survivorship as a stage in a life-
long chronic illness, rather than as an acute illness
that ends with “cure” or some other arbitrary end
point [45]. The goal of this chapter is to summarize
psychological aspects of cancer survivorship. Specif-
ically, we will present an overview of what is known
about psychological late effects of childhood cancer,
as well as some guidelines for managing these effects.

We use the phrase, “psychological late effects,” to
refer to the influence of cancer, treatment and sur-
vivorship on survivors’ and their family members’
feelings, thoughts, behaviors and relationships. Like
medical late effects, psychological late effects can oc-
cur a year or two after treatment, but they may not
even begin to emerge until many years after treat-
ment ends. The breadth of this definition implies that
psychological late effects can appear in many aspects
of a survivor’s life. Much research to date on psycho-
logical late effects has focused on the neurocognitive
sequelae of treatment (see Chapter 4 for an excellent
review of this work). Here, we will focus on the
broader array of areas in which psychological late
effects have been examined: the development of psy-
chological symptoms (e.g. depression, behavior dis-
orders, posttraumatic stress), the abd functional im-
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pact of cancer/quality of life and peer relation-
ships/social skills. In addition, because childhood
cancer is a powerful experience – not only for the di-
agnosed child,but also for those closely involved with
him or her – we will explore psychological late effects
that survivors’ family members may experience.

19.1 Psychological Symptoms 
in Childhood Cancer Survivors

19.1.1 Depression and Behavioral Disorders

Although many healthcare providers may believe
that high rates of depression or behavioral disorders
are common in cancer survivors, there is little evi-
dence that this is the case. While parents tend to see
higher than average levels of somatic symptoms in
children (e.g. headaches, stomachaches, toileting
issues [39, 43]), most research indicates no unusual
levels of psychological symptoms in survivors during
childhood and adolescence.Across a number of stud-
ies, overall rates of depression [42], behavioral disor-
ders [41, 43] and other general psychological symp-
toms [9, 31, 55] reported by children and their par-
ents have been comparable to rates reported by chil-
dren who have never had cancer. Similarly, survivors
appear to have no more social anxiety, loneliness or
body image concerns than do their never-ill peers
[46], and they may even have a more positive self-im-
age than their peers [3, 35].

Similar results have been found with older sur-
vivors of childhood cancer. In general, young adult
survivors’ rates of depressive symptoms are compa-
rable to those of peers [34] or norms [52]. Although
the large multi-site Childhood Cancer Survivors
Study (CCSS) identified higher levels of depressive
and somatic symptoms in survivors than in their
siblings, survivors’ rates of depressive and somatic
symptoms were still in the normal range [63]. Simi-
larly, in a large study of Danish survivors, overall
rates of depression and other psychiatric disorders 
in survivors of childhood cancers other than brain
tumor were consistent with national norms. Only
brain tumor survivors evidenced higher levels of
depression and other presumably organic disorders
(e.g. psychoses, schizophrenia), as well as a higher

rate of psychiatric hospitalization [52]. Aggression
and antisocial behavior in young adult survivors
occur at rates comparable to those in never-ill peers,
while survivors’ use of illegal drugs may be less
frequent than that of peers [61].

Although most survivors are not depressed and
report that they are doing well overall, a significant
minority may experience some form of significant
psychological distress. One-quarter to one-third of
young adult survivors report higher-than-average
levels of global psychological distress [14, 31, 49],
with a concerning percentage reporting that they
have experienced suicidal thoughts [49]. It is impor-
tant to note that these high levels of psychological
distress are evident even in groups of survivors that
also report good overall functioning, with high rates
of employment and high scores on quality of life
measures [54].

The relatively high rates of global distress, coupled
with the lack of evidence for any one clear psycho-
logical diagnosis, has led recent researchers to specu-
late that more traditional or general measures of
psychopathology and well-being may not capture the
specific experiences of childhood cancer survivors
[22]. One alternative is to view cancer (and, poten-
tially, aspects of the cancer survivorship period) as
traumatic events, which may in turn lead to the expe-
rience of posttraumatic stress in the survivorship
years [22, 53, 56].

19.1.2 Posttraumatic Stress

It is easy to see the ways in which childhood cancer
can be traumatic. At diagnosis, parents are told ex-
plicitly that their child may die. Survivors may hear
this information, or may interpret life threat from
their parents’ urgency and intense emotional reac-
tions, their own physical reactions to treatment and
the abrupt changes in their family routine. Cancer
treatment can be experienced as a horrifying, scary
and painful series of events for everyone involved,
ranging from events like losing hair to feeling nau-
seous to experiencing repeated and painful invasive
procedures. Patients and their families may watch
other children, with whom they have developed rela-
tionships, die of the same disease they are fighting.
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Likewise, survivorship can offer its own set of trau-
matic events. Just when survivors are reaching a stage
of development at which they are becoming more
independent, they may be faced with significant late
effects – such as cardiovascular disease, infertility or
cognitive disabilities – that limit or otherwise affect
the life choices available to them. Further, it is not
uncommon for survivors to know fellow survivors
who have died of a recurrence or medical late effect.

Posttraumatic stress reactions to these distressing
events can begin soon after the initial traumatic
event and continue for many years. Three kinds of
posttraumatic stress symptoms may emerge: persist-
ent re-experiencing of the traumatic parts of cancer/
survivorship (including intrusive thoughts, night-
mares or strong negative feelings triggered by re-
minders), actual or considered avoidance of cancer-
or survivorship-related situations and strong physio-
logical responses when reminded about cancer or
survivorship [2, 29]. Survivors may experience only a
few of these posttraumatic stress symptoms (PTSS),
or they may develop several symptoms from all three
categories. If this happens, and if the symptoms sig-
nificantly interfere with their normal activities, the
diagnosis of posttraumatic stress disorder (PTSD) is
warranted.

Research has, indeed, documented higher levels of
both PTSS and PTSD in cancer survivors and their
family members. Rates of PTSD for adolescent sur-
vivors are generally low and roughly comparable to
rates in non-ill adolescents (ranging from 5–10% 
[5, 11, 26]. Most adolescent survivors, however, do re-
port at least some symptoms of PTSD [4, 11]. In one
study, 50% of adolescent survivors reported re-expe-
riencing symptoms, and 29% reported increased
physiological responses when reminded of cancer/
survivorship [26].

Developmentally, PTSD and PTSS appear to be
even more prominent for childhood cancer survivors
during young adulthood, where 15–21% of young
adult survivors report experiencing PTSD. In addi-
tion, more than 75% of young adult survivors report
re-experiencing difficult moments of treatment/sur-
vivorship, while nearly half report increased physio-
logical reactions when reminded of cancer/survivor-
ship and one-quarter attempt to or want to avoid

cancer-related discussions or situations [54]. Data in-
dicate that for child and adolescent survivors, trau-
matic reactions are associated with concrete events,
such as losing hair or experiencing painful proce-
dures. For young adult survivors, these reactions to
concrete events persist, but are accompanied by two
kinds of additional distress: distress over the retro-
spective realization of the life threat that they experi-
enced and worry over medical late-effects that exist
or may occur [26].

Although PTSS is often subclinical, symptoms can
significantly impede development for survivors. For
example, an adolescent who is very upset when
reminded of her treatment experience may do every-
thing she can to avoid talking or thinking about her
cancer. She may not feel comfortable socializing with
friends or dating, even though she would like to do
these things. A child or adolescent might become so
distracted by a high level of worry or vigilance about
his health that his ability to focus at school suffers,
resulting in lower or inconsistent grades. For young
adult survivors, worries about infertility and other
medical late-effects can interfere with intimate rela-
tionships and family planning, and concerns related
to cognitive or physical limitations may prevent the
establishment of independence. Because survivors
may report no other significant areas of difficulty, it
may be difficult to discern that they are experiencing
posttraumatic stress.

As mentioned above, cancer and survivorship can
be traumatic not only for the survivor, but also for
family members, and data do indicate that parents
and siblings also experience PTSS and PTSD.
Although rates of PTSD in mothers and fathers range
across studies from 5–20% [26, 27, 36, 37], at least
one-third of families of adolescent survivors have at
least one member who has had cancer-related PTSD.
In addition, subclinical rates of PTSS in family mem-
bers are common. Mothers and fathers of survivors
report significantly more PTSS than do parents of
never-ill children [23, 27]. Nearly all families (99%)
have at least one family member who struggles with
re-experiencing symptoms, over 80% have at least
one member with increased physiological reactions
when reminded of cancer and nearly half have at least
one member who avoids reminders of cancer [28].
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Adolescent siblings, too, appear to have mild to mod-
erate levels of PTSS in response to a brother or sister’s
cancer [1]. Common sibling reactions include per-
sistent worries about the survivor’s health and dis-
tress when reminded of the cancer experience. Like
adolescent survivors, adolescent siblings may be
functioning well overall, and the posttraumatic stress
may not be apparent at first glance.

The factors that predispose some survivors and
family members to develop PTSD or PTSS are not
completely clear. It makes sense to expect that sur-
vivors who endured more difficult treatments, or
whose diagnoses had worse prognoses, would be
more likely to develop PTSD or some symptoms of
posttraumatic stress. This does not seem to be the
case, however. The more objective factors of treat-
ment intensity, diagnosis and age at time of treat-
ment do not appear to be related to posttraumatic
stress for most survivors and their family members.
What is related are the beliefs of survivors about their
treatment intensity and their current and past life
threat [17, 24]. The one exception appears to involve
medical late effects. There are some indications that
for young adult survivors, medical team ratings of
medical late-effect severity are related to higher
levels of posttraumatic stress [54].

19.2 Quality of Life and Functional Impact 
of Cancer

A number of studies have looked at the more global
construct of “quality of life” in order to assess psy-
chological late-effects and overall functioning in the
years after childhood cancer. These studies agree that
adolescent and young adult survivors of childhood
cancer report very good overall functioning in phys-
ical and general psychosocial domains [6,8,32,62]. In
some studies, quality of life scores are even better
than norms for peers with other chronic illnesses or
those who have never been ill [54]. Only two quality
of life issues appear to emerge as consistent areas of
difficulty for survivors: the experience of ongoing
fatigue or aches and pains, and worry over medical
late-effects or the possibility of a second cancer [6, 32,
62]. Mothers report more negative quality of life for

their adolescent survivors than survivors report
themselves [8], suggesting the importance of asking
both children and their mothers, independently,
about quality-of-life issues. Brain tumor survivors
report a lower physical quality of life than survivors
of other cancers, while there is some evidence that
ALL survivors, who report good physical quality of
life, may have more psychosocial issues [8]. Overall,
however, average levels of quality of life across stud-
ies indicate that survivors have a positive outlook, are
satisfied with their lives, feel a sense of purpose and
have the same opportunities in daily living as do their
never-ill peers.

Studies documenting the impact of childhood
cancer on educational and employment achieve-
ments, as well as on the achievement of developmen-
tal milestones, are largely consistent with these gen-
erally high levels of quality of life. Overall, survivors
tend to enter gifted programs, finish high school and
earn bachelors degrees at rates comparable to those
of their siblings [15, 33, 34]. Some survivors, however,
appear to be at greater risk for difficulties in these
areas. Those treated before the age of 6 who survived
a brain tumor, or who received intrathecal metho-
trexate and/or cranial radiation (especially at doses
higher than 24Gy), are more at risk for learning dis-
abilities and special education placements, and are
less likely to finish high school and complete a bach-
elors degree [15, 33, 38, 40]. Receiving special educa-
tion may increase survivors’ educational attainment
levels to more closely parallel those of siblings [38].

Later differences in employment may also be evi-
dent in some survivors, despite overall high rates of
employment in survivors generally. Survivors appear
to be employed less frequently than their siblings
[40], although more survivors than siblings report
being students or homemakers [33]. As many as one-
third of all survivors report problems obtaining
health insurance [40], a potentially significant prob-
lem in this medically-vulnerable population. Rates of
marriage are also generally high, although there is
evidence that survivors marry at rates lower than
those of their siblings or population norms. Those
with CNS tumors appear to have lower marriage 
rates and, when they do marry, higher divorce rates
[33, 48].
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19.3 Effects on Social Development

Developing social relationships is a primary task of
childhood and adolescence. It also provides children
with the contextual experience necessary for building
an understanding of who they are and developing a
sense of competence. Because cancer and treatment
at least partially remove children from the normal
everyday activities in which most children build rela-
tionships, it seems likely that social development is
an area at risk for difficulties.

19.3.1 Social Consequences 
for Survivors of Non-CNS Malignancies

While childhood cancer survivors do show some so-
cial developmental differences, it is not clear that
these differences represent deficits. Overall, survivors
of childhood cancer are rated as more socially isolat-
ed and they have fewer best friends than do other
children [60]. Survivors participate in fewer than half
as many normative peer activities (e.g. going to a
friend’s house, going out with friends, playing sports)
as their never-ill peers [46]. Children whose physical
appearance and athletic ability were affected by their
treatment may be at higher risk for some of these
social challenges [50, 60].

For survivors of non-CNS malignancies, there
seem to be few immediate consequences of these
social differences. Despite being identified as more
socially isolated and having fewer best friends, child-
hood cancer survivors are as well liked as their class-
mates. Teachers rate survivors as less aggressive than
other children and, in some studies, as more sociable
[13]. Furthermore, as mentioned above, survivors
themselves generally do not report feeling lonely or
depressed.

The potential for longer-term problems associated
with social developmental differences exists, how-
ever, and has not yet been well researched. Being less
involved with peers may not give survivors the social
practice they will need as young adults. These kinds
of difficulties are likely to emerge slowly over time,
and they might not be evident until several years
after treatment ends. Indeed, one study suggests that

in adulthood, childhood cancer survivors have more
difficulty with close friendships and romantic rela-
tionships, reporting shorter intimate relationships
and relationships characterized by a lack of confiding
or personal involvement [34]. While there are no
other empirical studies of this issue, the lower mar-
riage rates cited by some studies (see above) are con-
sistent with this possibility. More work in this area is
necessary to better understand the long-term social
implications for survivors.

19.3.2 Social Consequences 
for Survivors of CNS Malignancies

As reviewed above, CNS malignancies appear to
present a specific vulnerability for psychological late
effects, above and beyond the cognitive changes that
are usually associated with CNS disease and treat-
ment [50]. This vulnerability appears to be particu-
larly associated with deficits in the area of social
development. Several studies of children who were
treated for brain tumors identify difficulties in social
competence and communication with peers; they
also cite reports of social isolation [12, 18, 47, 59]. In
one study, classmates continued to see brain tumor
survivors as “sick,” even many years after treatment
had ended [59]. It is likely that compromises in social
competence are related to the cognitive changes that
many brain tumor survivors experience as a result of
their disease and treatment. Cognitive impairments
may impede a child’s ability to understand and re-
spond appropriately to social cues. Indeed, in one
study of brain tumor survivors, verbal memory and
learning problems accounted for much of the social
withdrawal seen in the children, while difficulties in
verbal fluency and decreased IQ were significantly
related to difficulties with attention, inhibition and
social functioning [18]. Over time, these survivors
are at higher risk psychologically. For example, in a
large Danish study of long-term childhood cancer
survivors, brain tumor survivors (but not survivors
of non-CNS malignancies) were significantly more
likely to experience psychiatric hospitalization and to
demonstrate a higher risk of psychotic illness after
physical illness [52].
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19.3.3 Social Consequences 
for Survivors’ Family Members

There is very little research on the social conse-
quences of childhood cancer for members of a sur-
vivor’s family. Some research suggests that parents
may feel lonely or isolated after treatment ends [58].
During the survivorship period, parents may have
continued concerns about their child’s health and
fewer people available to hear and respond to those
concerns. Medical teams are seen less frequently,
while friends and family members – relieved by the
victory of survival – may not understand a parent’s
continued medical concerns. Being aware that these
feelings can emerge, and finding new ways to talk to
supportive people in their lives about the stage of
cancer survivorship, can help parents feel more con-
nected and less isolated. Increasingly, parents are also
turning to books, on-line support groups, websites,
list-serves and other media to reduce feelings of iso-
lation (see [30] for a particularly good resource for
parents and others close to long-term survivors).

19.4 Implications for the Provision 
of Follow-Up Care

Participation in regular follow-up care is strongly
recommended for long-term survivors in order to
provide prevention and/or early detection of medical
late effects [16, 44, 51]. Because childhood cancer sur-
vivors are doing well overall and, as a group, demon-
strate relatively low levels of psychological symp-
toms, it is easy to overlook the ways in which psy-
chosocial issues can interfere in survivors’ medical
care. However, even low-to-moderate levels of post-
traumatic stress, like that evident in a majority of sur-
vivors and their parents, can have very significant
medical consequences. For example, avoidance of
reminders of the traumatic illness experience – a
common symptom of posttraumatic stress – puts
survivors at risk for avoiding medical care, a poten-
tially disastrous behavior in this medically-vulnera-
ble population. The distress and arousal that accom-
pany cancer reminders – also hallmark symptoms of
posttraumatic stress – are likely to be high during

cancer follow-up visits and may impede the abilities
of survivors to comprehend or attend to the cancer-
related education and information being delivered.
Participating in follow-up care itself may affect dis-
tress. For example, survivors may become more upset
and even be re-traumatized as they hear about med-
ical complications associated with their treatment.
While there are no data that explicitly demonstrate a
link between follow-up care and distress in child-
hood cancer survivors, long-term survivors and their
family members report follow-up visits to be among
some of the most frightening moments they experi-
ence [26].

Developmental issues may make participating in
long-term follow-up care particularly important, and
frightening, for young adult survivors. Childhood
cancer survivors may not have had full access to
information during their treatments, and, as a result,
often learn of their long-term medical risks for the
first time during a follow-up visit [21]. Furthermore,
as childhood cancer survivors reach adulthood, they
take on the direct responsibility for managing their
own healthcare – a complex task, formerly handled
by parents, that can be overwhelming and frighten-
ing.

Thus, recent urgings for the development of wide-
ly-available follow-up care have appropriately argued
for the integration of medical and psychosocial eval-
uation throughout the lifespan of childhood cancer
survivors [16, 44]. There is some evidence that sur-
vivors are receptive to psychosocial screening and
interventions in the context of their follow-up care
(e.g. [10, 49]) and that even brief educational inter-
ventions can be effective in changing survivors’
understanding of their medical vulnerability, as well
as their perceptions about the importance of follow-
up care [7]. There is a lack of clarity, however, in
exactly what form specific interventions should take.
For example, although survivors may endorse their
willingness to participate in interventions that target
modifications of health-risk behaviors (e.g. [10]), it is
often difficult to demonstrate the effectiveness of
these very-targeted interventions [19].

Increasingly, professionals are advocating that fol-
low-up care explicitly attend to the broader array of
psychosocial issues that can emerge during survivor-
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ship [17, 20, 22, 44, 57]. Recommendations include in-
stituting comprehensive, but brief, psychosocial
screening into every follow-up visit for every patient
[49]. Such assessments will best inform subsequent
referrals and care if they include assessments of
issues specific to the cancer experience (rather than
assessments of global distress). Although healthcare
providers may be able to accomplish some level of
assessment through the use of standardized ques-
tionnaires, there are some indications that interviews
may elicit more information than questionnaires
about cancer-specific symptoms [54]. In the context
of the medical exam, then, it is important for health-
care providers to ask specific questions about sur-
vivors’ achievement of appropriate developmental
milestones (e.g. education, employment, relation-
ships), emotional distress and, in particular, specific
symptoms of posttraumatic stress (i.e. re-experienc-
ing, avoidance and arousal; for examples of specific
questions, see [53]). Knowing a survivor’s strengths,
as well as the specific symptoms s/he experiences,
enables healthcare providers to direct the survivor to
the most appropriate and effective psychosocial care.
The process may not be easy, however, due to issues
related to availability and access. For example, pedi-
atric cancer programs may have difficulty identifying
appropriate adult mental healthcare services, while
survivors’ lack of insurance coverage can complicate
access to such services even when they are identified.
While there are no easy answers, it is recommended
that follow-up program personnel draw on social
work or psychology expertise to identify the most
appropriate referral sources or policies that may be
available in their region.

It is also critical to develop ways of responsibly
educating survivors on their medical risk while min-
imizing the anxiety that such education may provoke
[20]. Providers should be attuned to the potential
psychological impact of the information they are de-
livering, and they should be sensitive to the fact that
many survivors may be hearing the information
directly for the first time or feel independently
responsible for managing this health-related issue for
the first time. Being careful to ask about and listen to
survivors’ perceptions, and then carefully correcting
misperceptions, can minimize anxiety-provoking

misunderstandings that can impede participation in
future medical care. Providing anticipatory guidance
about psychosocial symptoms that are normative for
many survivors (e.g. anxiety and worry about med-
ical late effects or distress when reminded of cancer
and late effects) can also minimize worry. Helping
survivors recognize aspects of the situation that they
control (e.g. participating in regular preventive care)
and identifying their areas of strength in managing
their own health may also decrease the chances that
posttraumatic reactions could undermine their
involvement in future medical care. For example,
practitioners can help survivors identify modifiable
risk factors and can emphasize their control over
maintaining their health [20]. Finally, while it is
recommended that all patients receive this standard
level of psychosocial care integrated into each follow-
up visit, some survivors will demonstrate specific,
and possibly intensive, psychological needs. It is,
therefore, important to maintain a referral list of care
providers who can deliver more intensive care, in-
cluding psychotherapists and neuropsychologists.

19.5 Research and Practice:
Developing Interventions Targeting
Psychological Late Effects

A critical piece of providing comprehensive follow-
up care involves   interdisciplinary research that aims
to develop and demonstrate the effectiveness of psy-
chosocial interventions as part of the follow-up care.
Cancer centers across the country are now beginning
to develop and test such interventions, spanning a
broad range of psychosocial needs. Such interven-
tions range from targeted behavioral efforts for mod-
ifying health risk behaviors (e.g. [10, 20]), to more
general programs that, during follow-up visits, aim to
educate survivors on their medical vulnerability and
the need for continued participation in follow-up
care (e.g. [7]).

As an example, building on the research related to
PTSS across members of the family, an intervention
for adolescent survivors and their families has been
developed and tested in a randomized clinical trial 
of 150 families. The intervention, Surviving Cancer
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Competently Intervention Program (SCCIP [25]) in-
tegrates cognitive behavioral approaches to distress-
ing symptoms of posttraumatic stress within a family
systems intervention model. SCCIP has been shown
to reduce PTSS in survivors and in their fathers [28].

19.6 Conclusion

Overall, survivors of childhood cancer report doing
very well and demonstrate low rates of traditional
psychological issues. Though most do well, a signifi-
cant minority may experience PTSD, and most sur-
vivors and their family members experience at least
some symptoms of posttraumatic stress related to
cancer, treatment or survivorship experiences. The
large majority of these reactions – although they 
can pose significant impediments to individual and
family development – are normal reactions to the
unusual stress of childhood cancer that are likely to
emerge unpredictably and to wax and wane over the
course of time. Social and relationship differences
may also affect childhood cancer survivors, though it
is unclear whether these differences contribute to
ongoing distress. It is essential during any compre-
hensive follow-up care program that there be a sensi-
tive assessment of these issues and that the develop-
ment of interventions to combat psychological late
effects be part of ongoing efforts.

Finally, it is important to emphasize that the expe-
rience of psychological late effects does not rule out
the possibility that survivors may have positive expe-
riences or outcomes that they ascribe to the child-
hood cancer experience. There is little formal re-
search on this topic, but many psychologists working
with survivors have qualitative or anecdotal reports
that parents and survivors grow to appreciate at least
some parts of the cancer experience. Parents and
survivors frequently explain that childhood cancer
taught them to put things in perspective in ways that
other people do not do, that they are not as material-
istic and that they are more empathic. Survivors fre-
quently feel that they are more mature than others
their age, and that they value their family relation-
ships more. Family members and survivors may feel
grateful to the medical professionals who worked

with them, and proud of their ability to manage – and
survive – challenges like childhood cancer and sur-
vivorship [26]. Drawing on these strengths and the
positive contributions of the cancer experience can
help survivors and their family members weather
future challenges they may face.
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20.1 Introduction

A growing number of children in the United States
are being diagnosed with and successfully treated for
cancer. Approximately 80% of all children diagnosed
with cancer can expect to become long-term sur-
vivors [3]. Unlike adult survivors, whose average age
of diagnosis is near the retirement ages of 60–65,
most childhood survivors offer decades of produc-
tive employment after cancer [3]. Young adult sur-
vivors entering the job market for the first time are a
rapidly growing population. By 2010, approximately
one of every 450 young adults will be a childhood
cancer survivor [17]. Although a significant number
of survivors from the previous generation could ex-
pect to encounter cancer-related barriers to employ-
ment, improvements in medical treatment and legal
rights have reduced these barriers considerably.

This chapter reviews current studies of employ-
ment problems reported by cancer survivors, de-
scribes why survivors encounter discrimination not
faced by workers with other medical histories, lists
legal resources available for those whose rights have
been violated and provides suggestions for how to
avoid and address these problems. This chapter also
discusses childhood cancer survivors’ rights to health
insurance and education.

20.2 The Scope 
of Cancer-Based Employment Problems

The work issues of childhood cancer survivors differ
somewhat from those of adult cancer survivors. Be-
cause childhood survivors must first enter the work-
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place, they are often more concerned with how to
obtain a job than with how to keep a job. Although
many childhood survivors do not enter the job mar-
ket for years or even decades after their diagnoses,
some may find that their cancer histories affect their
employability at any stage of their careers.

Most employers treat cancer survivors fairly and
legally. Some employers, however, erect unnecessary
and sometimes illegal barriers to job opportunities.
Most personnel decisions are driven by economic
factors, not by charitable or personal consideration.
Increased costs due to insurance expenses and lost
productivity are of concern to employers, as is the
potential psychological impact of a survivor’s cancer
history on other employees. Some employers fail to
revise their personnel policies to comply with new
laws. Even those who have updated personnel poli-
cies may not properly train their personnel managers
to comply with these laws.

20.2.1 The Types of Employment Problems
Encountered by Cancer Survivors

The employment problems of cancer survivors take
many forms. A cancer diagnosis may affect any type
of job action, including dismissal, failure to hire, de-
motion, denial of promotion, undesirable transfer,
denial of benefits and hostility in the workplace.
Disparate treatments, such as blanket hiring bans
against all individuals with a cancer history, are irra-
tional and blatant. Other employment decisions, es-
pecially actions by legally sophisticated employers,
are far more subtle.

In her 1986 study of 403 Hodgkin’s disease sur-
vivors, Fobair reported a variety of job problems,
including denial of insurance(11%), denial of other
benefits(6%), denial of a job offer (12%), termination
of employment following therapy (6%), conflict with
supervisors or coworkers (12%) and rejection by the
military (8%) [7]. Survivors interviewed by Koocher
and O’Malley in the early 1980s reported job refusals
(17%), denied benefits (5%) and conflicts with
supervisors (5%) [14].

20.2.2 The Numbers of Cancer Survivors 
Who Encounter Employment Problems

Unlike many years ago, when cancer was a literal
death sentence, today, most working-age survivors
return to work [6]. Helen Crothers’ summary of sev-
eral studies from the 1970s and 1980s concluded that
80% of employees returned to work after being diag-
nosed with cancer [6]. Physicians are now more
aware of cancer survivors’ employment problems
[16] and offer more flexible outpatient treatment
programs to accommodate survivors’ work schedules
[5]. They also have an improved medical arsenal with
which to combat the side effects of cancer, such as the
risk of infection, nausea and hair loss [8].

One 1996 survey questioned 500 cancer patients
who were employed at the time of their treatment,
100 supervisors and 100 coworkers [23]. The results
showed that workers with cancer reported being fired
or laid off at five times the rate of other workers in the
United States (7 vs 1.3%) [23]. A follow-up survey of
662 employed adult Americans who had not been
diagnosed with cancer found that 41% worried about
losing their job if they were diagnosed with cancer,
and 14% said they would be very worried [1]. Their
fear of discrimination was so great that 18% of sur-
vivors would not disclose their diagnosis to anyone at
work [1]. An earlier survey of people with Hodgkin’s
disease and leukemia survivors found that more than
one-third attributed at least one negative vocational
problem (employment, income or education) to their
cancer [15].

One reason survivors legitimately fear discrimina-
tion at work is because their supervisors and co-
workers have misconceptions about survivors’ abili-
ties to work during and after cancer treatment. Of the
200 supervisors questioned in the 1996 survey, 33%
believed that the employee could not handle the job
and cancer, and 31% thought that the employee
needed to be replaced [23]. After working with a
person who has cancer, 34% of supervisors and 43%
of coworkers said that they would be less concerned
about this in the future [23]. A 1992 survey of 200
supervisors found that 66% were concerned that
employees with cancer could no longer perform their
jobs adequately [24]. Nearly one-half said that a cur-
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rent cancer diagnosis would affect their decision to
hire a qualified applicant [24]. Of 500 employees sur-
veyed, 13% believed that co-workers with cancer
probably would not be able to do their job. One in
four believed they would have to work harder to pick
up the slack [24].

Survivors of childhood cancer have experienced
employment problems similar to those encountered
by adult cancer patients. Studies conducted prior to
the passage of comprehensive employment discrimi-
nation laws suggest that survivors encountered sub-
stantial employment obstacles. A Stanford study
found that 43% of 403 Hodgkin’s disease survivors
experienced difficulties at work that they attributed
to their cancer history [7]. Eight of the 40 survivors of
childhood/adolescent Hodgkin’s disease surveyed by
Wasserman reported job problems [22]. Koocher and
O’Malley studied 60 survivors of childhood cancer
and found that 25% reported job discrimination (10
persons were refused a job at least once, three were
denied benefits, three experienced illness-related
conflict with a supervisor, four reported job task
problems and 11 were rejected by the military) [14].
Greenleigh Associates found that younger cancer sur-
vivors who were either employed or active in the
labor market were more concerned than were older
survivors about revealing their cancer history when
searching for another job [10].

Teta compared childhood cancer survivors with
their siblings [20]. Eighty percent of the male sur-
vivors were rejected from the military vs 18% of their
siblings, and 32% were rejected from job opportuni-
ties vs 19% of their siblings. Although female sur-
vivors faced disproportionate rejection from the
military (75% vs 13% for siblings), the percentage of
women rejected from employment was the same for
survivors as for their siblings (19%).

More recent studies suggest a trend towards fewer
problems. Hays surveyed 219 childhood survivors
and matched controls who were treated between 1945
and 1975 and were at least 30 years old at the time of
the survey [11]. He found that childhood survivors,
with the exception of survivors of central nervous
system tumors, experienced relatively the same em-
ployment history as the controls [11]. The controls,
however, reported somewhat more annual income

than did the survivors [11]. Hays’ results suggest that
as the length of time between diagnosis and initial
employment increases, the incidence of employment
problems may decrease.

Only those survivors who sought entry into the
military faced increased rates of discrimination
(15.2% of survivors at one institute and 20.7% at
another, versus 7.7% and 1.8%, respectively, of the
controls). Although the Department of Defense pre-
sumes cancer survivors to be unfit for military serv-
ice, it considers waivers on a case-by-case basis for
childhood survivors who have been out of treatment
and cancer-free for five years (two years for Wilms
tumor and germ cell tumors of the testes).

20.3 Why Cancer Survivors Face 
Employment Problems

Cancer survivors can face employment problems
arising from limitations on their abilities to perform
particular job functions resulting from their cancer
treatment [4]. Diminished physical strength, stamina
or cognitive skills can reduce a survivor’s job 
opportunities. Additionally, the negative reactions of
others, especially those based on stereotypes of can-
cer survivors, can cause job problems, including
illegal discrimination. The work experiences of can-
cer survivors suggest that some disparate treatment
is rooted in myths about cancer, three of which
impact survivors’ employment opportunities.

One myth is that cancer is a death sentence. Dr.
Susan Mellette has found that, in informal word asso-
ciation tests, one of the most common thoughts asso-
ciated with “cancer” is “death” [18]. The impact of the
death sentence myth is that employers are hesitant to
invest in an individual they believe will die immi-
nently, insurance companies increase rates or refuse
to insure at all and society disallows long-term plan-
ning on the assumption of a short-term life.

The second myth is that cancer is contagious. For
example, one man in Wasserman’s study reported
that he “was transferred from his job in a hotel
kitchen for fear that he might ’contaminate’ the food”
[22]. The impact of the contagious myth is that fellow
workers physically and emotionally isolate those
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with cancer and employers succumb to co-workers’
demands to fire or transfer cancer patients. Fortu-
nately, the belief that cancer is contagious is no longer
very prevalent.

The third myth is that cancer survivors are an un-
productive drain on the economy. The impact of the
unproductive worker myth is that the employed are
fired, demoted and denied benefits, while the unem-
ployed are faced with remaining so or considering
lying about their medical history to obtain a new job
and the underemployed are drained of their self-
esteem. Cancer survivors, however, have relatively the
same productivity rates as other workers [6].

20.4 How to Combat Cancer-Based
Discrimination

20.4.1 When Cancer-Based Discrimination 
is Illegal

Under federal law and most state laws, an employer
cannot treat a survivor differently from other work-
ers in job-related activities because of his or her can-
cer history, provided the survivor is qualified for the
job. Individuals are protected by these laws only if:

1. They can do the major duties of the job in ques-
tion.

2. Their employer treated them differently from
other workers in job-related activities because of
their cancer history.

20.4.1.1 Americans with Disabilities Act

The Americans with Disabilities Act (ADA) prohibits
some types of job discrimination by employers, em-
ployment agencies and labor unions against people
who have or have had cancer. All private employers
with 15 or more employees, state and local govern-
ments, the legislative branch of the federal govern-
ment, employment agencies and labor unions are
covered by the ADA.

A “qualified individual with a disability” is pro-
tected by the ADA if he or she can perform the
“essential functions” of the job. The ADA prohibits
employment discrimination against individuals with

a “disability,” a “record” of a “disability,” or who are
“regarded” as having a “disability.” A “disability” is a
major health “impairment” that substantially limits
the ability to do everyday activities, such as drive a
car or go to work.

Cancer is an “impairment” as defined by law. In
most circumstances, cancer survivors, regardless of
whether they are in treatment, in remission or cured,
are protected as persons with a disability because their
cancer substantially limited a major life activity. In-
deed, many federal courts and the Equal Employment
Opportunities Commission (EEOC) consider cancer
under most circumstances to be a disability under the
ADA.Whether a cancer survivor is covered by the ADA
is determined, however, on a case-by-case basis.

The ADA prohibits discrimination in most job-
related activities such as hiring, firing and benefits.
In most cases, a prospective employer may not ask
applicants if they have ever had cancer. An employer
has the right to know only if an applicant is able to
perform the essential functions of the job. A job offer
may be contingent upon passing a relevant medical
exam, provided that all prospective employees are
subject to the same exam. An employer may ask
detailed questions about health only after making a
job offer.

Cancer survivors who need extra time or help to
work are entitled to a “reasonable accommodation.”
Common accommodations for survivors include
changes in work hours or duties to accommodate
medical appointments and treatment side effects. An
employer does not have to make changes that would
impose an “undue hardship” on the business or other
workers.“Undue hardship”refers to any accommoda-
tion that would be unduly costly, extensive, substan-
tial or disruptive, or that would fundamentally alter
the nature or operation of the business. For example,
an employer may replace a survivor who has to miss
six months of work that cannot be performed by a
temporary employee.

The ADA does not prohibit an employer from ever
firing or refusing to hire a cancer survivor. Because
the law requires employers to treat all employees sim-
ilarly, regardless of disability, an employer may fire a
cancer survivor who would have been terminated
even if he or she were not a survivor.
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Most employment discrimination laws protect
only the employee. The ADA offers protection more
responsive to survivors’ needs because it prohibits
discrimination against family members, too. Employ-
ers may not discriminate against workers because of
their relationship or association with a “disabled”
person. Employers may not assume that an employ-
ee’s job performance will be affected by the need to
care for a family member who has cancer.

20.4.1.2 Family and Medical Leave Act

The Family and Medical Leave Act requires employ-
ers with at least 50 workers to provide employees up
to 12 weeks of unpaid leave for serious medical
illness, including cancer, to care for themselves or
dependents. The statute provides a number of bene-
fits to people with cancer:

▬ Requires employers to continue to provide bene-
fits, including health insurance coverage, during
the leave period.

▬ Provides 12 weeks of unpaid leave during any 12
month period.

▬ Requires employers to restore employees to the
same or equivalent position at the end of the leave
period.

▬ Allows leave to care for a spouse, child or parent
who has a serious health conditions such as can-
cer.

▬ Allows leave because a serious health condition
renders the employee unable to perform the func-
tions of the position.

▬ Allows an intermittent or reduced work schedule
when medically necessary. Under some circum-
stances, an employer may transfer the employee to
a position with equivalent pay and benefits to
accommodate the new work schedule.

▬ Allows employees to stack leave under the FMLA
with leave allowable under the state medical leave
law.

The FMLA reasonably balances the needs of the
employer and employee:

▬ Requires employees to make reasonable efforts to
schedule foreseeable medical care to minimize
workplace disruption.

▬ Requires employees to give employers 30 days no-
tice of foreseeable medical leave or as much notice
as is practicable.

▬ Allows employers to require employees to provide
certification of medical needs and allows employ-
ers to seek a second opinion, at the employer’s ex-
pense, to corroborate medical need.

▬ Permits employers to provide leave provisions
more generous than those required by the FMLA.

20.4.1.3 Employee Retirement 
and Income Security Act

The Employee Retirement and Income Security Act
(ERISA) may provide a remedy to an employee who
has been denied full participation in an employee
benefit plan because of a cancer history. ERISA pro-
hibits an employer from discriminating against an
employee for the purpose of preventing him or her
from collecting benefits under an employee benefit
plan. For example, some employers fear that the par-
ticipation of a cancer survivor in a group medical
plan will drain benefit funds or increase the employ-
er’s insurance premiums. An employer may violate
ERISA if, upon learning of a worker’s cancer history,
it dismisses that worker for the purpose of excluding
him or her from a group health plan. All employers
who offer benefit packages to their employees are
subject to ERISA.

20.4.1.4 Federal Executive Order 
on Genetic Information

Unlike most private and state employees, federal em-
ployees are protected from genetic-based discrimi-
nation. An Executive Order issued by President Clin-
ton in 2000 prohibits federal departments and agen-
cies from making employment decisions about civil-
ian federal employees based on protected genetic
information. The Order also prohibits federal em-
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ployers from requiring genetic tests as a condition of
being hired or receiving benefits.

20.4.1.5 State Employment Rights Laws

All states except Alabama and Mississippi have laws
that prohibit discrimination against people with
disabilities in public and private employment [12].
Alabama and Mississippi laws, which have not been
amended since the 1970s, cover only state employees
[12]. Several states, such as New Jersey, cover all em-
ployers regardless of the number of employees [12].
The laws in most states, however, cover only employ-
ers with a minimum number of employees [12]. A
small number of states, such as California, Florida,
Vermont and West Virginia, expressly prohibit dis-
crimination based on cancer history [12]. Many state
laws protect individuals with real or perceived dis-
abilities, and therefore, cover most cases of cancer-
based discrimination [12]. The rights of cancer sur-
vivors who are not handicapped are unclear in those
states where courts have not addressed the issue and
where one must have a physical or mental impair-
ment to bring a claim.

Many states have leave laws similar to the federal
Family and Medical Leave Act in that they guarantee
employees in the private sector unpaid leave for preg-
nancy, childbirth and the adoption of a child. Some
state laws provide employees with medical leave to
address a serious illness, such as cancer. Several states
provide coverage more extensive than the federal law.

State medical leave laws vary widely as to:

▬ how long an employee may take leave;
▬ which employees may take leave (most states re-

quire an employee to have worked for a minimum
period of time);

▬ which employers must provide leave (a few states
have leave laws that apply to employers of fewer
than 50 employees);

▬ the definition of “family member” for whose ill-
ness an employee may take family medical leave;

▬ the type of illness that entitles an employee to
medical leave;

▬ how much notice an employee must give prior to
taking leave;

▬ whether an employee continues to receive benefits
while on leave and who pays for them; and

▬ how the law is enforced (by state agency or
through private lawsuit).

20.4.2 How to Avoid Becoming 
a Victim of Discrimination

Lawsuits are neither the only nor best way to fight
employment discrimination against cancer sur-
vivors. State and federal anti-discrimination laws
help cancer survivors in two ways. First, they discour-
age discrimination. Second, they offer remedies when
discrimination does occur. These laws, however,
should be used as a last resort because they can be
costly, time-consuming, and they do not necessarily
result in a fair solution. The first step is to try to avoid
discrimination. If that fails, the next step is to attempt
a reasonable settlement with the employer. If infor-
mal efforts fail, however, a lawsuit may be the most
effective next step.

When seeking employment, survivors can take
several steps to lessen the chance they will face can-
cer-based discrimination:

▬ Do not volunteer that you have or have had cancer,
unless it directly affects your qualifications for the
job. An employer has the right – under accepted
business practices and most state and federal laws
– to know only if you can perform the major duties
of the job.

▬ Do not lie on a job or insurance application. If you
are hired and your employer later learns that you
lied, you may be fired for your dishonesty. Insur-
ance companies may refuse to pay benefits or can-
cel your coverage.

▬ If a job questionnaire asks “have you ever had can-
cer?” or “have you had surgery in the past five
years; if so, for what?”, answer truthfully and then
explain your current health and prognosis.

▬ Apply only for jobs that you are able to do. It is not
illegal for an employer to reject you for a job if you
are not qualified for it, regardless of your medical
history.
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▬ If you have to explain an educational gap or a long
period of unemployment during cancer treat-
ment, if possible, explain it in a way that shows
your illness is past, and that you are in good health
and expected to remain healthy. One way to
de-emphasize a gap in your school or work histo-
ry because of cancer treatment is to organize your
resume by experience and skills, instead of by date.

▬ Offer your employer a letter from your doctor that
explains your current health status, prognosis and
ability to work. Be prepared to educate the inter-
viewer about your cancer and why cancer often
does not result in death or disability.

▬ Seek help from a job counselor with resume prepa-
ration and job interviewing skills. Practice an-
swers to expected questions such as “why did you
miss a year of school?” or “why did you leave your
last job?”Answers to these questions must be hon-
est, but should stress your current qualifications
for the job and not past problems, if any, resulting
from your cancer experience.

▬ If you are interviewing for a job, do not ask about
health insurance until after you have been given a
job offer. Then ask to see the “benefits package.”
Prior to accepting the job, review it to make sure it
meets your needs.

▬ If possible, look for jobs with large employers
because they are less likely to discriminate.

▬ Do not discriminate against yourself by assuming
you are handicapped. Although cancer treatment
leaves some survivors with real physical or mental
disabilities, many survivors are capable of per-
forming the same duties and activities as they did
prior to diagnosis. With the help or your medical
team, make an honest assessment of your abilities
in relation to the mental and physical demands of
the job.

20.4.3 Fighting Back Against Discrimination

Survivors who suspect that they are being treated dif-
ferently at work because of their cancer history
should consider an informal solution before filing a
lawsuit. Survivors who face discrimination may con-
sider the following suggestions:

▬ Consider using your employer’s policies and pro-
cedures for resolving employment issues infor-
mally. First, let your employer know that you are
aware of your legal rights and would rather resolve
the issues openly and honestly than file a lawsuit.
Be careful of what you say during discussions to
avoid saying something that could be used to hurt
your claim, should your discussions fail to resolve
the problem.

▬ If you need some kind of accommodation to help
you work, such as flexible working hours to ac-
commodate doctors’ appointments for follow-up
or late-effects treatment, suggest several alterna-
tives to your employer. If your employer offers you
accommodations, do not turn them down lightly.
Such an offer may be in the employer’s favor if the
case ends up before a judge. The Job Accommoda-
tion Network, a free service of the President’s
Committee on Employment of the Handicapped,
helps employers to fashion accommodations for
disabled employees. Call 1-800-ADA-WORK for
more information.

▬ Educate employers and co-workers who might be-
lieve that people cannot survive cancer and re-
main productive workers. For example, you could
give your employer a letter from your doctor ex-
plaining the type of cancer you have, or have had,
and why you are able to work. More than 9,000,000
Americans are cancer survivors, so there is a good
chance that some of your co-workers may have
had cancer and are now valued employees.

▬ Ask a member of your healthcare team to write or
call your supervisor to offer to mediate the conflict
and suggest accommodations.

▬ Consider seeking support from your co-workers.
They have an interest in protecting themselves
from future discrimination.

Survivors who are considering a lawsuit should take
several precautions to protect their rights:

▬ Keep carefully written records of all job actions,
both good and bad. Good actions, such as positive
performance evaluations, may help in a lawsuit to
show that you were qualified for the job. Bad
actions, such as being moved from a job that has 
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much public interaction to a job that has little in-
teraction with the public after your cancer history
is disclosed, may be used against your employer to
show illegal acts.Keep complete notes of telephone
calls and meetings (including dates, times and
attendees), letters and the names and addresses of
witnesses. Make written notes as events occur,
instead of trying to recall the events weeks or
months later.

▬ Pause before you sue. Carefully evaluate your goals.
For example, do you want your job back, a change
in working conditions, certain benefits, a written
apology or something else? Consider the positive
and negative aspects of a lawsuit. Potential posi-
tive aspects include getting a job and monetary
damages, protecting your rights and tearing down
barriers for other survivors. Potential negative as-
pects include long court battles with no guarantee
of victory, legal fees and expenses, stress, a hostile
relationship between you and the people you sue
and a reputation in your field as a troublemaker.

▬ Consider an informal settlement of your complaint.
Someone, such as a union representative, human
resources employee or social worker, may be able
to assist as a mediator. Your state or federal repre-
sentative or local media may help persuade your
employer to treat you fairly. Keep in mind that the
first step most government agencies and compa-
nies take when they receive a complaint is to try to
resolve the dispute without a costly trial.

▬ Be aware of filing deadlines so you do not lose your
option to file a complaint under state or federal law.
You have 180 days from the date of the action
against you to file a complaint with a federal
agency. If you work for the federal government,you
have only 45 days to begin counseling with an equal
employment opportunity counselor. In most states,
you have 180 days to file a complaint with the state
agency. If you file a complaint and later change
your mind, you can drop the lawsuit at any time.

If an informal solution does not work, a lawsuit may
be the most appropriate next step for some survivors.
To enforce a complaint under the Americans with
Disabilities Act, the survivor must file a complaint
with the Equal Employment Opportunities Commis-

sion (EEOC). The EEOC will attempt to settle the
dispute. If no settlement is reached, the EEOC may
appoint an investigator to evaluate the claim. If the
EEOC determines that your rights may have been vi-
olated, the EEOC may sue on your behalf or may
grant you the right to file a lawsuit in federal court.

The complaint should be filed with the closest
regional EEOC office. To obtain the location of your
regional EEOC office, call the EEOC Public Informa-
tion System in Washington, DC, at 1-800-669-4000.
The EEOC also offers publications that explain the
Americans with Disabilities Act and how to enforce
your rights under the law (call 1-800-669-EEOC).

If the survivor proves that he or she was qualified
for a job but treated differently because of a cancer
history, he or she may be entitled to back pay, injunc-
tive relief, such as reinstatement, and attorney’s fees.
The Americans with Disabilities Act does not, howev-
er, permit an award for compensatory or punitive
damages, except for cases of intentional discrimina-
tion.

Under the Federal Rehabilitation Act,employees of
recipients of federal financial assistance have up to
180 days from the action against them to file a com-
plaint with the federal government. Employees of the
federal government, however, have only 30 days.

Survivors must file a complaint with the federal
agency that provided federal funds to their employer.
Individuals who do not know the name of that agency
or would like more information can contact: the
Coordination and Review Section, Civil Rights Divi-
sion, Department of Justice, P.O. Box 66118,Washing-
ton, DC 20530.

Remedies under the Federal Rehabilitation Act
include, but are not limited to, back pay and rein-
statement and attorney’s fees. Punitive damages are
not included.

Most states have a state agency that enforces the
law. Some states permit people to file a lawsuit in state
court to enforce their rights. Under most state laws,
employees have up to 180 days from the action
against them to file a complaint with the state en-
forcement agency.

For more information about the laws in your state,
contact your state division on civil or human rights
commission, or contact an attorney who is experi-
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enced in job discrimination cases. The EEOC Public
Information System at 1-800-669-4000 can help you
locate the appropriate state enforcement agency.Also
check your local telephone book under “state govern-
ment.”

In some situations, a single act may support a
claim of discrimination under more than one law. For
example, a cancer survivor who is denied a job by an
employer in New York City may have a claim under
the New York Human Rights Law (state), the New
York City Law on Human Rights (city) and the Amer-
icans with Disabilities Act (federal).

Survivors who have a choice of remedies may file a
complaint with each relevant enforcement agency.
One agency may “stay” (not act on) the claim until
another agency issues a decision. A survivor may
always drop a complaint at any time once he or she
determines which agency is most responsive. Factors
to consider when choosing a resource include the
types of remedies available, how quickly the agency
responds to complaints (ask them how long the
process usually takes) and which office is most con-
venient.

Survivors do not have to have a lawyer to represent
them before an enforcement agency or court. Howev-
er, someone who is represented by a lawyer experi-
enced in job discrimination is more likely to meet
with success.

20.5 Health Insurance

20.5.1 The Impact of Cancer 
on Health Insurance

Employment rights and health insurance rights are
closely related because most adult Americans receive
health insurance through an employer’s group plan.
Cancer survivors experience two types of barriers to
health insurance. First, many survivors are unable to
purchase affordable, effective coverage. Because most
adults obtain health insurance through their own or
their spouse’s employment [6], many insurance prob-
lems are related to loss of employment and employ-
ment discrimination. Those who are not covered by
group policies are the most vulnerable to insurance
problems.

Studies report a variety of barriers to insurance,
including refusal of new applications, policy cancel-
lations or reductions, higher premiums, waived or
excluded pre-existing conditions and extended wait-
ing periods [6].Approximately 25% of the 940 cancer
patients surveyed by the Mayo Clinic Rehabilitation
Program reported insurance “discrimination” [6].
Hays found that the more years that have passed
since treatment, the better the chance for obtaining
health insurance on the same terms as the general
population [11]. In her study, Kornblith found that
nearly one-half of Hodgkin’s disease and leukemia
survivors reported insurance problems due to cancer
[15]. These problems included the denial of health
insurance, increased insurance rates, problems
changing from a group to an individual plan and the
loss of health insurance [15].

Survivors of childhood cancer also experience
problems obtaining health insurance. Like adult can-
cer survivors, the more years that have passed since
treatment, the better the chances that childhood
cancer survivors can obtain health insurance on the
same terms as non-survivors.Vann found that young
adult survivors of childhood cancer in North Caroli-
na were more likely to be denied health insurance
than their siblings [21]. Hays found that 81–91.9% of
long-term childhood survivors were covered as
adults by health insurance policies without cancer-
related restrictions (compared with 82.3–94.6% of
the controls) [11]. Among survivors, 6.9–14.3% de-
scribed difficulties experienced by their parents in
obtaining affordable health insurance for the entire
family group during or after the survivor’s illness
(compared with 5.1–9.7% of the controls) [11]. Teta
found that 14% of male childhood survivors and 9%
of female childhood survivors were rejected for
health insurance (compared with 1% and 0%,
respectively, among controls) [20].

Barriers to adequate health insurance can have a
detrimental impact on survivors’ physical, emotion-
al, financial, social and occupational health [9]. For
example, one study found that breast cancer patients
who have inadequate health insurance receive fewer
medical services, lower quality hospital care, fewer
major procedures and less state-of-the-art cancer
treatment [2]. Survivors who have private health in-
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surance and higher income experience better cancer
screening, treatment and access to medical care [9].
This discrepancy is so great that survivors who have
no or inadequate health insurance experience poorer
health and higher mortality risks [9]. With the
growth of managed care, survivors are increasingly
forced to make decisions regarding their choice of
type of treatment, treatment site and provider, based
on whether their insurance plan will cover treatment,
rather than on whether their choices satisfy their
medical and personal needs [9].

20.5.2 Cancer Patients’ Health Insurance Rights

Cancer patients who have health insurance are enti-
tled to all of the rights described in their policies. In-
surers who fail to pay for treatment in accordance
with the terms of the policies may be sued for violat-
ing the contract between the survivor and the insur-
er. State and federal laws offer cancer survivors very
limited remedies to barriers to securing adequate
health insurance.

20.5.2.1 Federal Health Insurance Laws

Four federal laws provide survivors some opportuni-
ties to keep health insurance that they obtain through
work.

Americans with Disabilities Act
First, the ADA prohibits employers from denying
health insurance to cancer patients, if other employ-
ees with similar jobs receive insurance. The ADA
does not require employers to provide health insur-
ance, but when they choose to provide health insur-
ance, they must do so fairly. An employer who does
not provide a person with cancer or a history of can-
cer the same health insurance provided to employees
with similar jobs must prove that the failure to pro-
vide insurance is based on legitimate actuarial data
or that the insurance plan would become bankrupt or
suffer a drastic increase in premiums, co-payments
or deductibles.An employer, such as a small business,
that can prove that it is unable to obtain an insurance
policy to cover the survivor, may not have to provide
him or her with the same health benefits provided to

other employees. Because the ADA protects employ-
ees from discrimination based on their association
with a person with a disability, an employer may not
refuse to provide a family health policy solely be-
cause one of the employee’s dependents has cancer.

Health Insurance Portability 
and Accountability Act
Second, the Health Insurance Portability and Ac-
countability Act (HIPAA) alleviates job-lock by
allowing individuals who have been insured for at
least 12 months to change jobs without losing cover-
age, even if they previously have been diagnosed with
cancer. Additionally, for previously uninsured indi-
viduals, group plans cannot impose preexisting con-
dition exclusions of more than 12 months for condi-
tions for which medical advice was received, or for
which a diagnosis or treatment was received or rec-
ommended, within the previous six months. HIPAA
prevents group health plans from denying coverage
based on health status factors such as current and
past health, claims experience, medical history and
genetic information. Insurers may, however, uni-
formly exclude coverage for specific conditions and
place lifetime caps on benefits.

HIPAA specifically helps cancer survivors retain
their health insurance by:

▬ Alleviating job-lock by allowing individuals who
have been insured for at least 12 months to change
to a new job without losing coverage, even if they
previously have been diagnosed with cancer. In
addition, for previously uninsured individuals,
group plans cannot impose preexisting condition
exclusions of more than 12 months for conditions
for which medical advice was received, or for
which a diagnosis or treatment was received or
recommended, within the previous six months.

▬ Preventing group health plans from denying cov-
erage based on health status factors such as cur-
rent and past health, claims experience, medical
history and genetic information. Insurers, howev-
er, may uniformly exclude coverage for specific
conditions and place lifetime caps on benefits.

▬ Increasing insurance portability for people chang-
ing from a group policy to an individual one.
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▬ Requiring insurers of small groups to cover all
interested small employers and to accept every el-
igible individual under the employer’s plan who
applies for coverage when first eligible.

▬ Requiring health plans to renew coverage for
groups and individuals in most cases.

▬ Increasing the tax deduction for health insurance
expenses available to self-employed individuals.

Comprehensive Omnibus Budget 
Reconciliation Act
Third, the Comprehensive Omnibus Budget Recon-
ciliation Act (COBRA) requires employers to offer
group medical coverage to employees and their de-
pendents who otherwise would have lost their group
coverage due to individual circumstances. Public and
private employers with more than 20 employees are
required to make continued insurance coverage
available to employees who quit, are terminated or
work reduced hours. Coverage must extend to sur-
viving, divorced or separated spouses, and to de-
pendent children.

By allowing survivors to keep group insurance
coverage for a limited time, COBRA provides valu-
able time to shop for long-term coverage. Although
the survivor, and not the former employer, must pay
for the continued coverage, the rate may not exceed
by more than two percent the rate set for the former
co-workers.

Eligibility for the employee, spouse and dependent
child varies under COBRA. The employee becomes
eligible if he or she loses group health coverage be-
cause of a reduction in hours or because of termina-
tion due to reasons other than gross employee mis-
conduct. The spouse of an employee becomes eligible
for any of four reasons:

1. Death of spouse.
2. Termination of spouse’s employment (for reasons

other than gross misconduct) or reduction in
spouse’s hours of employment.

3. Divorce or legal separation from spouse.
4. Spouse becomes eligible for Medicare.

The dependant child of an employee becomes eligible
for any of five reasons:

1. Death of parent.
2. Termination of parent’s employment or reduction

in parent’s hours.
3. Parent’s divorce or legal separation.
4. Parent becomes eligible for Medicare.
5. Dependent ceases to be a dependent child under a

specific group plan.

The continued coverage under COBRA must be iden-
tical to that offered to the families of the employee’s
former co-workers. If employment is terminated for
any reason other than gross misconduct, the employ-
ee and his or her dependents can continue receiving
coverage for up to 18 months. A qualified beneficiary
who is determined to be disabled for Social Security
purposes at the time of the termination of employ-
ment or reduction in employment hours can contin-
ue COBRA coverage for a total of 29 months. Depen-
dents can continue coverage for up to 36 months if
their previous coverage will end because of any of the
above reasons.

Continued coverage may be cut short if:

1. The employer no longer provides group health in-
surance to any of its employees.

2. The continuation coverage premium is not paid.
3. The survivor becomes covered under another

group health plan.
4. The survivor becomes eligible for Medicare.

Employee Retirement and Income Security Act

Fourth, the Employee Retirement and Income Securi-
ty Act (ERISA) regulates employee-benefit or self-
insured plans. ERISA prohibits an employer from
discriminating against an employee for the purpose
of preventing him or her from collecting benefits
under an employee benefit plan. Employee benefit
plans are defined broadly, and include any plan
whose purpose is to provide medical, surgical or hos-
pital care benefits or benefits in the event of sickness,
accident, disability, death or unemployment.

Unlike commercial insurance plans that employ-
ers purchase to provide health insurance as a benefit
for their employees, self-insured plans are funds set
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aside by employers to reimburse employees for their
allowable medical expenses. The claims employees
file to obtain their reimbursement through these
plans are likely to be administered by commercial in-
surance companies, so most people covered through
self-insured plans do not even realize their health
insurance is somewhat different from insurance pur-
chased by an insurance company. Generally, large
employer groups or unions find it to their benefit to
self-insure, while smaller employer groups choose to
finance employee health benefits through commer-
cial insurers. Employee-benefit plans are regulated by
federal law only and are not subject to state insurance
laws and regulations.

ERISA may provide a remedy to an employee who
has been denied full participation in an employee
benefit plan because of a cancer history. ERISA pro-
hibits an employer from discriminating against an
employee for the purpose of preventing him or her
from collecting benefits under an employee benefit
plan. Some employers fear that the participation of a
cancer survivor in a group medical plan will drain
benefit funds or increase the employer’s insurance
premiums. A violation of ERISA may occur when an
employer, upon learning of a worker’s cancer history,
dismisses that worker for the purpose of excluding
him or her from a group health plan.

If an employer fires an employee for the purpose of
cutting off the employee’s benefits, regardless of
whether the employee is considered disabled under
the statute, the employer may be liable for a violation
of ERISA.An employer also may violate ERISA by en-
couraging a person with a cancer history to retire as
a disabled employee. Most benefit plans define dis-
ability narrowly to include only the most debilitating
conditions. Individuals with a cancer history often do
not fit under such a definition and should not be
compelled to so label themselves.

Under certain circumstances, ERISA may provide
grounds for a lawsuit to workers with a cancer histo-
ry. ERISA covers both participants (employees) and
beneficiaries (spouses and children). Thus, if the
employee is fired because his or her child has cancer,
the employee may be entitled to file a claim. ERISA,
however, is inapplicable to many victims of employ-
ment discrimination, including individuals who are

denied a new job because of their medical status, em-
ployees who are subjected to differential treatment
that does not affect their benefits, and employees
whose compensation does not include benefits.

20.5.2.2 State Insurance Laws

Additionally, every state regulates policies sold by in-
surance companies in the state. These laws vary sig-
nificantly. Some states require insurance policies to
cover off-label chemotherapy, minimum hospital
stays for cancer surgery, and benefits for certain types
of cancer treatment and screening. Most states pro-
vide the right to convert a group health insurance pol-
icy to an individual policy. The specific rules of open
enrollment periods vary from state to state. Many
states guarantee the right to purchase health insur-
ance to individuals who are barred from the market-
place due to their medical history.Some states provide
group health insurance through high-risk pools.

20.5.3 How to Challenge a Denied Claim

Cancer treatment often involves numerous bills from
different parties: hospital, physicians (surgeon, anes-
thesiologist, oncologist, radiologist, etc.), support
services (nurse, social worker, nutritionist, therapist,
etc.), radiology group, pharmacy (drugs and medical
supplies) and consumer businesses (wigs, breast in-
serts, special clothing, etc.). Insurance companies will
pay some of these parties directly, in part or in whole.
The survivor must pay other bills and submit copies
to the company for reimbursement.

Keeping track of dozens of expenses, often
amounting to tens of thousands of dollars, can be
confusing and exhausting. The key to collecting the
maximum benefits covered by the insurance policy is
to keep accurate records of all medical expenses by:

▬ Making photocopies of everything you send to
your insurance company, including letters, claim
forms and bills.

▬ Keeping all correspondence you receive from your
insurance company.

▬ Submitting a bill, even if you are unsure whether a
particular expense is covered by your policy.
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▬ Keeping accurate records of your expenses, claim
submissions and payment vouchers.

A policyholder has a right to appeal a claim that is
denied by a public or private insurer. Because claims
are frequently delayed or rejected in part or in full
because of errors in filling out the claims forms, care
should be taken in accurately providing all the infor-
mation requested by the insurance company. The
following steps could help survivors who are having
trouble collecting on their claims:

▬ Contact your insurance company in writing and
insist that they reply in writing. Send copies of all
documents and keep the originals for your files.

▬ Keep a record of your contacts with the insurance
company (copies of all letters you send and notes
from every telephone call).Write down everything
you do, the names of people you talk to, dates and
other facts.

▬ Contact the state or federal agency that regulates
your insurance provider if you do not receive a sat-
isfactory and timely answer from your insurer.
Most state insurance departments or commissions
help consumers with complaints. Look under State
Government in the telephone directory.

▬ Contact cancer support organizations in your
community. Some, such as the Candlelighters
Childhood Cancer Foundation, offer ombudsman
programs to help survivors and their families
maximize insurance reimbursement.

▬ If your claim is still not settled, consider filing a
complaint in small claims court or hiring a lawyer
to sue your insurance company.

20.6 Right to Education

Some survivors of childhood cancer grow up with
long-term and late effects of treatment that affect
their ability to receive an education and obtain gain-
ful employment. Late effects of radiation, chemother-
apy and surgery can include physical and mental
limitations, such as neuro-cognitive deficits, growth
retardation, cardiac dysfunction, second malignan-
cies and fatigue. Two federal laws protect survivors

who have such disabilities from barriers to educa-
tion, which in turn, help expand their employment
opportunities.

20.6.1 Individuals 
with Disabilities Education Act

The Individuals with Disabilities Education Act
(IDEA) requires states to provide children with dis-
abilities with a free appropriate public education from
the age of three to 21.A child with a disability includes
a child with developmental disabilities, a hearing,
speech, visual, or orthopedic impairment, a serious
emotional disturbance, brain injury, autism, learning
disability or other similar health impairment.

The purpose of the IDEA is to ensure that children
with disabilities receive a public education that em-
phasizes special education and related services de-
signed to address their individual needs. Thus, every
child is entitled to an individualized education plan
(IEP), which is crafted by a team of professionals who
are familiar with the child’s specific limitations,needs
and abilities. Where possible, school districts are
required to provide children with disabilities an edu-
cation in the regular classroom setting. Schools must
provide whatever services are necessary to help a
child benefit from his or her education. These servic-
es may include a special education teacher, speech or
sign-language interpreter, large-print texts, place-
ment in private school, testing accommodations,
tutor, special transportation, occupational therapy,
physical therapy, speech therapy or psychotherapy.
Although schools are not required to provide all
medical services, they must provide certain medical
services that are necessary to implement the IEP. For
example, a child who uses a catheter is entitled to the
services of a school nurse or other trained profes-
sional to help keep the catheter clean during the
school day.

20.6.2 Americans with Disabilities Act

Students who are older than 21, and thus no longer
protected by the IDEA, can turn to the Americans
with Disabilities Act for protection from discrimina-
tion in higher education. The ADA mandates that no
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individual with a disability shall be excluded from
participation in public services or programs, such as
higher education. Educational institutions are re-
quired to provide disabled students who can meet the
academic standards of the school with reasonable
accommodations. For example, a university may be
required to provide a sign-language interpreter to a
cancer survivor who has a hearing loss as a result of
treatment. Additionally, the institution may not dis-
criminate on the basis of the student’s disability. For
example, a survivor who has respiratory fibrosis may
not be required to complete the same physical educa-
tional standards required of other students.

20.7 Conclusion

Survivors of childhood cancer diagnosed in the
Twenty-First Century can expect fewer legal and eco-
nomic barriers than those encountered by previous

survivors. Although the barriers to adequate health
insurance still remain, the majority of childhood
cancer survivors today will enter schools and the job
market with a decreasing chance of facing discrimi-
nation and an increasing array of legal rights and
remedies.

Acknowledgements. This chapter is adapted in part
from Hoffman B (ed) (2004) A cancer survivor’s
almanac: charting your journey. JWiley, New York,
Chaps. 12 and 13.

Appendix

Tables 1, 2, 3 and 4 give details of some useful re-
sources, outline the main provisions of the Ameri-
cans with Disabilities Act and the Family and Medical
Leave Act, and summarize advice on avoidance and
handling of workplace discrimination.

Table 1. Resources

Organization Contact Service

The National Coalition 1010 Wayne Avenue, 7th Floor, Provides publications, answers to questions about 
for Cancer Survivorship Silver Spring, MD 20910; employment rights and assistance locating legal 

(888) YES-NCCS (937-6227); resources. Publications include:“Working It Out:
www.canceradvocacy.org Your Employment Rights as a Cancer Survivor” [12]

(booklet),“What Cancer Survivors Need to Know
About Health Insurance” (booklet) and “A Cancer
Survivors’ Almanac: Charting Your Journey” [12] 
(paperback book available from NCCS and most
bookstores).

Cancer Care, Inc. 275 Seventh Avenue, Provides assistance by oncology social workers,
New York, NY 10001; (800) 813-HOPE including answers to questions about employ-
or (212) 302–2400; www.cancercare.org ment, insurance and finances. Provides help 

in locating local resources.

Equal Employment (800) 669–4000 (to obtain the Federal agency that enforces the ADA.
Opportunities location of regional EEOC office); Individuals must file a complaint with the EEOC 
Commission (800) 669-EEOC (to obtain free within 180 days of the discriminatory act.

publications about the ADA); The EEOC will attempt to settle the dispute.
www.eeoc.gov If no settlement is reached, the EEOC may appoint

an investigator to evaluate the claim, sue on 
the claimant’s behalf or grant the right to file 
an individual lawsuit in federal court.

Medicare Hotline 800-633-4227; www.medicare.gov
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21.1 Introduction

Numerous reports and reviews have been published
about the late effects of chemotherapy and radiation
among childhood cancer survivors [11, 13, 17, 23].
This literature describes the sequelae present at, or
shortly following, the end of therapy, as well as the
occurrence of selected late complications. Most stud-
ies of late sequelae focus on medical outcomes. These
studies have shown that both the type and intensity
of therapy, as well as the age of the patient at therapy,
are important factors influencing both overall sur-
vival and the occurrence of late effects. Children who
are younger at diagnosis and treatment are more se-
verely affected than older children, particularly if
treatment is administered at a time of significant de-
velopment and growth. However, specific treatment
exposures and outcomes remain to be investigated in
depth.Well-designed epidemiologic investigations of
these subjects can provide strong and reliable evi-
dence on which to base both clinical practice and
health policy. The objectives of this chapter are to
present an overview of methodological issues impor-
tant in the proper conduct and analysis of late-effect
studies, using the Childhood Cancer Survivor Study
as an illustration, and to outline briefly several types
of study design that are useful in the research of
childhood cancer survivors hip research.

Methodological Issues 
in the Study of Survivors 
of Childhood Cancer
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21.1.1 Childhood Cancer Survivor Study

The Childhood Cancer Survivor Study (CCSS) (NIH
study # U01-CA-55727) is a multi-institutional col-
laboration, established in 1994, to assess late, adverse
events following treatment for childhood or adoles-
cent cancer (see Fig. 21.1). Each participating institu-
tion identified patients who fulfilled the following el-
igibility criteria: a) diagnosis of leukemia, CNS tu-
mors (all histologies), Hodgkin’s disease, non-
Hodgkin’s lymphoma, malignant kidney tumor
(Wilms), neuroblastoma, soft tissue sarcoma or bone
tumor (list of eligible ICD-O codes can be found at
www.cancer.umn.edu/ccss); b) diagnosis and initial
treatment at one of the 25 collaborating CCSS insti-
tutions; c) diagnosis date between January 1, 1970
and December 31,1986; d) age less than 21 years at di-
agnosis; e) survival five years from diagnosis.

Information on the characteristics of the original
cancer diagnosis and treatment was obtained for
20,276 eligible cases from the treating institution
[21]. Baseline data were collected for members of the
study cohort using a 24-page, self-administered
questionnaire. Treatment information was obtained
for participants who gave permission to abstract in-
formation from their medical records. The data col-
lection surveys are available for review at www.can-
cer.umn.edu/ccss.

21.2 Methodological Issues Relevant 
to Survivor Studies

21.2.1 Selection of Study Subjects

Studies of late effects begin with the conjecture that a
particular factor or exposure may influence the oc-
currence of a disease. A study is then designed to test
the conjecture or hypothesis. The first, and perhaps
the most important, task in the study design is the
definition and selection of the population to be test-
ed and the definition and selection of the comparison
group, i.e. the group that will appropriately deter-
mine whether a statistical association exists between
the factor or exposure of interest and the outcome or
disease of interest. The study population must be de-
fined in such a way that it is as representative as pos-
sible of the wider population of interest (i.e. the en-
tire population of childhood cancer survivors). Care
must be exercised in selecting cases and controls to
minimize the possibility of differential selection on
the basis of exposure. The first step in case selection
is to define the disease/outcome of interest and to es-
tablish strict diagnostic criteria to keep the disease
entity well defined.Participants can be obtained from
a population-based source, such as a disease registry,
from hospital or clinic records over a specified peri-
od of time, or they can be members of a defined study
cohort assembled from a consortium of treating in-
stitutions, such as the CCSS. Each source from which

Figure 21.1

Childhood Cancer Survivor Study
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potential study subjects can be drawn will present
both drawbacks and benefits. Studies that recruit
their subjects from single institutions generally suf-
fer from small sample sizes and findings may be less
generalizable. There are advantages to institution
studies, particularly if outcomes of interest include
clinic follow-up. Clinical trial groups, such as the
Children’s Oncology Group, have the advantage of
being able to ascertain approximately 93 percent of
all newly diagnosed children with cancer [22]. A
drawback, however, is that cases not enrolled in the
study are generally not followed by the cooperative
groups, which may lead to an ascertainment bias.
Consortia such as the CCSS allow for complete case
ascertainment from each participating institution,
but can suffer from low participation rates or from
subjects being lost to follow-up.

An important rule of thumb for the selection of
the comparison group is that it should represent a
population with the potential to develop the disease
or condition being studied. In the CCSS, siblings of
survivors were selected to serve as the study’s com-
parison group, on the assumption that these individ-
uals shared many of the same genetic and environ-
mental factors, with the exception of treatment expo-
sures, and, as a result, that their risk for developing
diseases/conditions was comparable to that of their
sibling who had had cancer.

21.2.2 Protection of Human Subjects

Research projects involving human subjects must be
approved by the Human Subjects Committee at each
participating institution. Approval is conditional
upon ensuring that subjects are not placed at undue
risk during the research, and that subjects (both 
cases and controls) give informed consent to their
participation. Research in late effects entails the col-
lection of treatment-related exposure information
and validation of health-related outcomes from 
medical records. In addition, in the United States,
the Health Insurance Portability and Accountability
Act of 1996 (HIPAA) sets forth minimum standards
for protecting the privacy of this type of information.
Access to medical information can be granted only
after written permission is obtained from study 

subjects using a HIPAA authorization document
which describes the uses to which the information
will be put and informs subjects of any anticipated
disclosures of their protected health information
(PHI).

21.2.3 Bias, Confounding, Matching

Once a well-defined study population has been as-
sembled, it is then necessary to assess the study hy-
pothesis with considerations of possible alternative
explanations. Finally, a conclusion is drawn as to
whether the statistical association under investiga-
tion represents a cause-effect relationship between
exposure and disease.

To determine whether a statistical association is
valid, possible sources of bias must be considered
and, if possible, eliminated. Bias refers to any element
of the study design, data collection, or data analysis
that introduces a systematic error into the results. It
can occur when individuals are selected into a study,
or through the manner in which information is ob-
tained or reported. Bias is minimized by ensuring
that subject selection, exposure assessment and
methods of collecting information are all identical
between the two groups being compared.

Confounding is an alternative explanation for an
observed association between an outcome and an ex-
posure. Confounding occurs when unmeasured or
uncontrolled factors associated both with the expo-
sure and with the outcome explain the observed as-
sociation. A confounder variable cannot be a step in
the causal pathway between the exposure and the
outcome. One can control for known confounders
either in the study design or analysis phase. To ad-
dress confounding in the study design, matching can
be performed. Matching is the selection of a compar-
ison group that is identical to the group of interest
with respect to the distribution of one or more con-
founders. Often, one matches on known major risk
factors, such as age for chronic diseases, in order to
remove their effect so that the effect of variables
under study can be more clearly discerned.
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21.2.4 Exposure Assessment

In assessing the risk of late effects by therapeutic
exposure, one must obtain accurate and detailed
information on all cancer therapies received by the
patients. The assessment process must be unbiased
with respect to patients’ characteristics, including the
types of cancer, the treating institution, whether the
patient has experienced any late effects and the
length of follow-up. Specifically, the information
must be equally available and of equal quality across
all institutions participating in the study. Further-
more, it should include all relevant exposures prior to
development of the condition under study, including
treatment for any recurrence of the individual’s
original diagnosis and for any subsequent primary
cancer. Potential obstacles to the accurate assessment
of therapeutic exposures include incomplete or lost
medical records. To ensure accuracy and minimize
bias, a detailed, clear protocol for therapeutic expo-
sure assessment must be prepared and followed.
Such a protocol includes the development of a struc-
tured, medical record abstraction form, as well as
consistent training of personnel to abstract the med-
ical records.

In the CCSS, data managers at each participating
institution were trained centrally to abstract all treat-
ment data for the primary diagnosis, including initial
treatment, treatment for relapse and myoablative
therapy preparatory to bone marrow transplant for
the original diagnosis. Chemotherapy information
entered on the abstraction form included beginning
and end dates of therapy, standard protocols used, all
chemotherapy drugs received, whether any drug was
permanently discontinued due to toxicity and the
route of administration for each drug. Additionally,
detailed dose information was collected on 22 specif-
ic chemotherapeutic agents.

Information was also collected on all surgical pro-
cedures performed under general anesthesia from
the time of diagnosis. This information included the
ICD-9 code assigned to each procedure, the surgery
date and the name of the institution where surgery
was performed.

Information on radiation treatment that was
collected on the CCSS medical-record abstraction
form included beginning and end dates of treatment
and the name and address of the radiation therapy
facility. Retrieved therapeutic radiation records 
were copied and forwarded to the CCSS Radiation
Dosimetry Center at the MD Anderson Cancer Cen-
ter, where dosimetry was performed.

21.2.5 Outcome Assessment

While medical records can be used to ascertain out-
come data, such records have significant limitations
in the study of long-term outcomes in childhood can-
cer survivors.As survivors grow into adults, the med-
ical facilities at which they receive care will likely shift
from the institutions where they were treated for
their primary diagnosis to adult care facilities. Be-
cause of the large number of adult care facilities
involved, requesting copies of records can be costly,
as well as inefficient. Direct communication with
study subjects – in person, by telephone or by mail –
using standardized interview protocols or question-
naires, is a more practical method of preliminary
outcome ascertainment in late effects research. Data
on outcomes for which self-reporting is unreliable
can then be supplemented/validated by a focused
collection of medical records.

A well-constructed survey instrument capable of
eliciting reliable and valid medical information from
study subjects is crucial to success in late-effect re-
search. Questions must be phrased in such a way as to
obtain the most accurate information possible while
encouraging high response rates. Both closed and
open-ended questions can be useful in late-effect
studies. Closed questions require subjects to respond
with a limited number of set responses (e.g. a list of
drugs); open-ended questions require respondents to
recall information and give explanations of events.
All questionnaires and other data capture forms
must be piloted before first use to determine whether
questions are properly phrased and unambiguous,
and to ensure that the contents of the questionnaire
and the length of time required to complete it are
acceptable to respondents.
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21.2.5.1 Confirmation of Key Medical Events

Data on key medical events collected by interview or
questionnaire can often be validated by medical
records. Information about hospitalizations for re-
current or new primary neoplasms, for example, can
be validated by obtaining the pathology report from
the diagnosing hospital. Review of the pathology re-
port can then confirm the diagnosis reported on the
questionnaire.

Medical records can also be used to validate other
key events of interest that have been diagnosed by a
physician. Outcomes that are self-reported on a study
questionnaire can be followed-up with a telephone
script to elucidate whether and where the participant
received treatment for the reported outcomes. A re-
quest for the subject’s medical records for the time
period of the diagnosis of the selected outcome can
then be made to the appropriate institution. Com-
mon late effects that can be validated in this fashion
include congestive heart failure, myocardial infarc-
tion, stroke and lung fibrosis.

Medical records are useful for identifying false-
positive, self-reported outcomes; however, it is diffi-
cult to identify false-negative outcome events that are
not reported by the respondent. To remedy this, a
fraction of the study subjects who do not self-report
a selected outcome can be chosen randomly for
assessment by medical records. For the analysis of
potentially misclassified outcome data with a valida-
tion subset such as this, see references [18, 19].

21.2.6 Need for External Comparisons

A comparison group outside of the survivor popula-
tion of interest is needed to evaluate the extent of the
excess risk of a selected outcome experienced by sur-
vivors. For example, it is expected that chronic dis-
ease frequencies increase as survivors age: the ques-
tion is whether, and to what extent, survivors are ex-
periencing excess risk beyond that seen in the gener-
al population. An external control cohort, whose
members have not been exposed to the therapy-relat-
ed risk factors under investigation, such as survivors’
close-age siblings or friends, can provide a conven-
ient comparison group, as in the CCSS. To avoid

potential bias, assessments of exposures and out-
comes in such an external comparison cohort must
be done in an equal manner as in the survivor cohort.
Survivor cohorts can also be compared to available
population data, such as mortality from vital statis-
tics, the US SEER registry cancer incidence data or
health behaviors reported in the National Health In-
terview Survey. To assure comparability of study data
with external population data, it is necessary to use
the same definitions of outcomes (e.g. specific types
of cancer as defined by SEER) or the same question-
naire items (e.g. smoking question items used in the
National Health Interview Survey) as those used by
the population registry or survey to which study par-
ticipants are being compared.

21.2.7 Importance of Thorough Recruitment
and Follow-up

Significant loss of eligible cases in any study can com-
promise the validity of study findings, since it will be
difficult to determine if exposures or outcomes of in-
terest are in some way related to the loss. Non-partic-
ipation in case-control studies can cause bias if re-
sponse rates differ between cases and controls and
are somehow related to exposure. Loss to follow-up
from either cases not found at the initiation of the
study or those lost after entry into the cohort intro-
duces another potential source of bias. For example,
individuals who remain in the study might be health-
ier than those who drop out, or those who participate
may not be truly representative of the population in
terms of rates of disease or risk factors.

21.2.7.1 Tracing Techniques

In late-effect research it is particularly important to
achieve maximum ascertainment, enrollment and
follow-up of the eligible study population in order to
minimize the potential introduction of bias. One
challenge is to locate subjects who may have moved
since they became eligible for membership in the co-
hort [12, 14]. Hospital records are commonly used for
assembling a cohort. Because most of the informa-
tion contained in such records is not collected with
the objective of long-term follow-up, key pieces of
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information that would facilitate tracing and success-
ful location of eligible subjects are often missing.
Moreover, subjects who have ongoing medical condi-
tions, which might include the research outcomes of
interest, may be more likely to have been seen in fol-
low-up visits and to have had their addresses updat-
ed in their medical records. This increases the poten-
tial for enrolling a selected and possibly biased study
population.

In attempting to contact a cohort by mail, corre-
spondence can be sent to subjects (or their parents)
at the last known address per medical records, via en-
velopes marked “Address Service Requested.” Com-
mon tracing techniques for non-respondents include
directory assistance and Internet searches (people-
finder websites). If these methods fail, commercial
survey research firms can be employed for more in-
tensive tracing.

In the United States information provided to com-
mercial tracing firms should include the study sub-
ject’s full name, date of birth, social security number
(when available), last known address and parents’ ad-
dress(es). The sources such firms might pursue can
include telephone directory assistance, reverse tele-
phone directories, Polk’s directories, voter registra-
tion records, post offices, Department of Motor Vehi-
cles and commercial credit bureaus. Study subjects
who are not successfully traced by these methods can
be processed through the National Death Index
(NDI) to determine vital status.

21.2.8 Use of Molecular Tools

While an increased risk of late effects is often associ-
ated with treatment-related factors, individual sus-
ceptibility to a particular outcome is clearly variable,
with the majority of patients treated for cancer not
affected.A possible explanation for unequal suscepti-
bility is variability in the genetic make-up of sur-
vivors. Biologic specimens can be collected to evalu-
ate genetic influence on the risk of late effects. Col-
lection of genomic DNA samples, however, is a chal-
lenge in a survivor study population that is large,
highly mobile and geographically dispersed.

Several studies have reported success in collecting
buccal cell samples by mailing mouthwash to partic-

ipants and requesting return by mail [5, 9, 15]. This
method was employed in the CCSS. Participants were
mailed a specimen collection kit that contained a
cover letter describing the DNA study, a consent
form, an instruction sheet, a 45-ml bottle of mouth-
wash, a specimen collection container, return mail la-
bels and postage. They were instructed to repeatedly
rinse the mouth with mouthwash, and to return the
used mouthwash to the laboratory in the sterile con-
tainer provided with the kit. The buccal cell samples
thus collected were centrifuged, and the cells pelleted
and washed. DNA was extracted, quantified, aliquot-
ed and stored in a hydration solution at –20 °C until
used for genotyping. The quality and volume of the
material obtained were excellent, with a median of
64µg (range 1–9,000 µg) DNA obtained per sample.

Other materials that can be collected for use in ge-
netic or proteomic research are tumor tissue from
subsequent cancers and blood specimens. A limita-
tion on the collection of tumor specimens is that
many community hospitals store tumor tissues only
for a limited time after surgery. Blood specimens can
be requested and collected during a participant’s reg-
ularly scheduled doctor’s appointment, although this
can be expensive and logistically complex. Another
possibility is to contract with a company, such as
those that perform insurance physicals, to arrange
for a phlebotomist to visit the participant’s home or
office (or other convenient location) to take the blood
specimen.

In addition to genetic susceptibility analyses, the
biologic specimens can potentially be used for other
research purposes, such as the identification of high-
risk groups and for genetic/proteomic screening for
late effects.

21.3 Types of Epidemiologic Study Designs

Two basic types of study design are employed in epi-
demiologic research of late effects: descriptive stud-
ies and analytic studies. Features of both the expo-
sure (usually treatment-related) and the outcome
will influence the choice of study design, as will the
amount of time needed to collect the data and the
resources available to conduct the study. Results of
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previous research and gaps in knowledge that remain
to be filled must also be taken into account. A given
hypothesis can be, and often is, the subject of a pro-
gression of different types of studies, each building
on a previous study, as researchers attempt to gain in-
creasing precision in their understanding of particu-
lar late effects.

21.3.1 Descriptive Studies

Descriptive studies are essentially concerned with
the distribution of the late effect or disease outcome
of interest. These types of studies are primarily used
to generate hypotheses. They generally use existing
data and are, therefore, relatively inexpensive to con-
duct. However, they cannot cause-and-effect relation-
ships between exposure and outcome. The three
principal types of descriptive study are case reports,
case series and cross-sectional studies.

Case reports and case series describe the charac-
teristics of one or more subjects with a given disease.
These types of reports can lead to the formulation of
hypotheses for testing in analytic studies. An exam-
ple of a case series report is an early review of
retinoblastoma patients treated with radiation who
subsequently presented with osteogenic sarcoma as a
second primary diagnosis [24]. Because these tumors
occurred in the radiation field at sites that were un-
characteristic of spontaneously occurring sarcomas,
the investigators suggested a strong role for radiation
in their etiology. The link between retinoblastoma
and subsequent sarcomas has been confirmed in sev-
eral follow-up studies.

Cross-sectional studies, also referred to as preva-
lence studies, are descriptive studies used to assess
the presence (or absence) of both exposure and dis-
ease at the same point in time. Results from these
studies are useful in generating hypotheses regarding
possible associations between exposure and disease.
As with other descriptive studies, they represent a
feasible and affordable strategy for developing etio-
logic hypotheses. There are many examples of cross-
sectional studies in the late-effect literature that have
led to further research. For example, Sklar et al. con-
ducted a study of final adult height attainment in
long-term survivors of acute lymphoblastic leukemia

[25]. This was one of the first studies to track changes
in height through adulthood, and to associate these
findings with different treatment regimens (no cra-
nial radiation, 1800cGY cranial radiation, 2400cGY
cranial radiation). It led to subsequent studies that
have confirmed the significance of the association
between cranial radiation dosage and final height at-
tainment.

21.3.2 Analytic Studies

Analytic studies focus on determinants of a disease
and are often set up to test hypotheses generated
from previous descriptive studies. Analytic studies
are designed to determine whether certain exposures
cause (or prevent) a disease of interest. The general
approach for analytic studies is first to define the out-
come (disease) of interest, then to identify the ex-
posed and unexposed groups. The choice of analytic
design depends on the features of the exposure and
the disease, the current state of knowledge regarding
the hypothesis of interest and, finally, the available
time and financial resources. The methodological is-
sues discussed in the first section of this chapter per-
tain to the design and conduct of all types of analyt-
ic studies of the late effects discussed below.

21.3.2.1 Case-Control Study

The case control study is the most common type of
epidemiologic study design. It is often used to deter-
mine preliminary information about the etiology of a
disease. In this type of study, cases and controls are
selected on the basis of the outcome status of interest
and the frequency and/or dosage of the exposure in
question is compared between the groups. In late-ef-
fect studies, the case-control design is somewhat un-
common because the exposure of interest (specific
cancer treatment) is already known. However, case-
control studies nested within cohort studies are often
employed in late-effect research (see description of
nested case-control studies, below).
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21.3.2.2 Cohort Study

The cohort study is perhaps the most effective study
design for late-effect research. A cohort study com-
pares a group of subjects who share a common char-
acteristic (such as being treated for childhood can-
cer) within a defined time period. Subjects within the
cohort are categorized according to exposures of in-
terest. The groups are followed over time and their
outcomes are compared. Cohort studies typically en-
roll large numbers of individuals and follow them for
many years. Because of the study population selected,
cohort studies allow the assessment of rare exposures
(e.g. cranial radiation). They also allow the assess-
ment of multiple outcomes from a single exposure
(e.g. development of subsequent CNS tumors, neu-
rocognitive problems). Cohort studies are very ex-
pensive to mount. They are also subject to certain
types of bias, notably attrition bias resulting from ei-
ther dropout or loss to follow-up.

A principal benefit of cohort studies is that they
make possible the calculation of both the absolute
risk and the relative risk of an outcome of interest.
Absolute risk is a measure of the occurrence of a dis-
ease in a population, divided by the number at risk
for the disease. Relative risk is defined as the ratio of
the incidence of disease in those exposed, divided by
the incidence of disease in those not exposed. It esti-
mates the magnitude of the risk in the exposed group
relative to that in the unexposed group.

Many long-term survivor studies have used the co-
hort design. In the Five-Center Study, for instance,
Byrne et al. studied effects of treatment on fertility in
2,283 childhood/adolescent cancer survivors, com-
pared with 3,270 subjects selected from the survivors’
siblings [3]. They found that chemotherapy with alky-
lating agents was associated with a fertility deficit in
men, while in women, it was associated with only a
moderate fertility deficit when administered with ra-
diation below the diaphragm. An example of a larger-
scale investigation is the cohort study by Boivin et al.,
who examined the risk of second cancers by treat-
ment modalities in 10,472 Hodgkin’s disease long-
term survivors [2]. Mitby et al., in the CCSS cohort,
investigated nonclinical outcomes – the use of special
education services and educational attainment [16].

21.3.2.4 Nested Case-Control Design

Large, well-defined survivor cohorts can provide an
ideal setting for smaller analytic studies focusing on
rare outcomes. A nested case-control study [10] is a
case-control study conducted within a defined co-
hort. The advantage of a nested case-control study is
that it avoids the potential selection bias inherent in
standard case-control designs. Nested case-control
designs are useful especially when the assessment 
of exposure is resource-intensive (e.g. radiation
dosimetry). Cases are those cohort members who
have developed the disease/outcome of interest. Po-
tential controls are all other cohort members who are
at risk but have not yet developed the disease. Con-
trols are selected by matching them to cases on po-
tential confounding variables that may be associated
with both exposure and outcome, such as age at can-
cer diagnosis and sex. This technique ensures that
potential confounders are distributed in an identical
manner among cases and controls. For example, the
risk of secondary breast cancer is strongly associated
with age at follow-up. Without a proper adjustment
for age at follow-up, the risk may appear elevated for
those diagnosed with childhood cancer at an older
age [29].

After controls have been matched to cases accord-
ing to potential confounding variables, cases are
compared to controls with respect to the exposure of
interest. The sources and quality of exposure infor-
mation (e.g. medical records or biologic specimen)
should not differ by case/control status, and it is
preferable to have the abstraction of exposure infor-
mation done with the case/control status blinded.
This study design leads to resource savings because
the exposure assessment is required only for those
cases and sampled controls selected, and not for the
entire cohort.

A major disadvantage of this type of design is the
retrospective assessment of prior exposures. If the
exposure assessment relies on self-report, for exam-
ple, a survivor’s recall of exposures may be biased by
knowledge of his or her outcome status, or it may be
difficult for the subject to assess exposure retrospec-
tively. Also, since the real frequency/rate of outcome
in the full study population is not reflected in the
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case-control sets, one cannot determine the absolute
risk of the outcome; only the odds ratio (an estimate)
can be determined.

A nested case-control design was used in a long-
term cancer-survivor study by Hawkins et al. to in-
vestigate second primary bone cancer after child-
hood cancer [6]. Based on a cohort of 13,175 three-
year survivors of childhood cancer in Britain, the
analysis comprised 59 cases of second primary bone
cancer and 220 controls. The use of the nested case-
control design permitted the collection of detailed
exposure measurements, such as the site-specific ra-
diation dose and cumulative dose of alkylating
agents. The resources needed to collect these meas-
urements would have been about 50 times greater if
the study had used a cohort design employing all
13,175 survivors.

21.3.2.5 Case-Cohort Design

The case-cohort study [20] is a relatively new study
design that is similar to the nested case-control de-
sign, except that the selection of controls is per-
formed without any reference to the specific time of
the occurrence of each case’s outcome of interest.
Case-cohort studies share many of the advantages
and disadvantages of nested case-control studies. A
key additional advantage of the case-cohort design,
compared with the nested case-control design, is the
ability to use the same controls for multiple outcomes
of interest [8, 26]. This can be particularly relevant to
long-term survivor studies, since there may be multi-
ple outcomes of interest, such as mortality from dif-
ferent causes and second cancers at different sites or
of different types. External comparisons of the study
cohort with a general/reference population are sim-
ple with the case-cohort design, and standardized
mortality or morbidity ratios, a familiar tool in epi-
demiology, can be computed [27].

The use of the case-cohort design (although it was
not explicitly identified as such) in cancer-survivor
studies goes back to Hutchison who studied long-
term leukemia risk following radiotherapy for cervi-
cal cancer [7]. Boice and Hutchison later discussed
the incompleteness of the follow-up in Hutchison’s
earlier analysis and re-analyzed the data with a great-

ly extended follow-up of the same cohort [1]. They
conducted external comparisons by computing the
expected number of leukemia cases in the cohort,
based on rates from population cancer registries. In
the computation of the expected number, only a 10%
random sample of all patients was used to estimate
total person-years in the entire cohort. This greatly
minimized the time required for detailed record ab-
straction and computer analysis.

21.3.2.6 Intervention Studies

In contradistinction to the above described observa-
tional analytic studies, which test etiologic hypothe-
ses, the purpose of intervention studies (also referred
to as randomized controlled trials or clinical trials) is
to test the efficacy of a preventive or therapeutic
measure, while assessing its potential negative effects
(i.e. side effects). In this type of study, investigators
have control over the scheme for assigning individu-
als to groups with different “exposures” of interest
(i.e. interventions and control). These types of stud-
ies are generally considered the strongest design for
establishing causal relationships. Therapeutic trials
and chemoprevention trials are examples of inter-
vention studies.

Therapeutic trials are conducted on individuals
with a disease to determine whether a drug or modi-
fied condition of therapy is efficacious as a treatment
of the disease without serious toxicity. The therapeu-
tic trials often used in the Children’s Oncology Group
are designed to test whether modifications in treat-
ment will increase disease-free survival and mini-
mize the occurrence of late effects.

Chemoprevention trials are designed to evaluate
whether an agent or procedure can reduce the risk of
developing a disease in individuals free of the condi-
tion at enrollment. An example of such a trial in late-
effect research is a randomized clinical trial of the
cardioprotective agent ICRF-187 in pediatric sarco-
ma patients treated with doxorubicin [28].

Other randomizal intervention trials endeavor to
modify behavior and minimize late effects.An exam-
ple is the smoking cessation trial performed within
the CCSS, using peer counseling to increase smoking
cessation [4].
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The advantage of intervention studies is that in-
vestigators can create exposure groups with a high
degree of comparability (the groups differ only with
respect to the interventions of interest) and follow
them for differential risk of outcomes, thereby mini-
mizing confounding and increasing the validity of
causal inferences. Major drawbacks to intervention
studies are the extensive resource requirements, the
length of follow-up needed to ascertain outcomes
and, lastly, the inability to achieve high compliance to
protocols. Other, equally important, drawbacks are
possible contaminations across experimental arms
and loss to follow-up.

21.4 Conclusion

Current knowledge regarding late effects in child-
hood cancer survivors can be attributed to the dili-
gence of investigators who performed the initial
studies and to the wisdom of succeeding researchers
in building on work previously completed. The estab-
lishment of large, well-characterized cohorts of long-
term survivors, such as the CCSS and others (includ-
ing the National Wilms’ Tumor Study and the Late Ef-
fects Study Group), has created a framework that al-
lows for both the continued surveillance of child-
hood cancer survivor populations as they age, and
the dissemination of the information that has been
gained to survivors and clinicians. Future steps in
late-effect research include the conduct of interven-
tion trials that will determine the most appropriate
methods for communicating information about the
risk of particular late effects to those who are at risk
of experiencing them, as well as the most effective
methods for modifying behaviors to maximize sur-
vivors’ future health.
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22.1 Risk-Based Healthcare for Survivors

The preceding chapters have described the long-term
outcomes and the potential late effects associated
with chemotherapy, radiation therapy and surgery
for cancer. The goal of caring for survivors is to max-
imize their health and quality of life while minimiz-
ing morbidity and mortality associated with these
previous exposures. To accomplish this goal and pro-
vide optimum healthcare for survivors, it is essential
to develop a systematic plan for healthcare that ex-
tends not just through childhood, but also through
the lifetime of the survivor. There are significant bar-
riers that must be faced and overcome to achieve this
goal. Most notable are the barriers associated with
two critical transition periods in the life of a sur-
vivor: (a) transitioning from acute cancer care to
long-term follow-up and (b) transitioning from the
pediatric/adolescent years to young adulthood. Prior
to addressing these two transition periods, it is im-
portant to understand the meaning and rationale of
risk-based healthcare.

22.1.1 Risk-Based Healthcare:
Definition and Rationale

To understand the concept of risk-based healthcare,
it is important to recognize three principles that in-
fluence the long-term health and well being of sur-
vivors. First, the incidence of most late effects in-
creases with age, generally becoming clinically ap-
parent decades after therapy [3, 9, 20]. Second,
through cellular changes and alterations in mecha-
nisms of cellular and tissue repair, chemotherapy and
radiation therapy administered to a developing child
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or adolescent will eventually result in a loss of reserve
and a premature aging of various organ systems.
And, finally, as a survivor ages and develops diseases
common to the middle adult years, such as hyperten-
sion, diabetes and dyslipidemia, these new processes
will compound the previous cellular/tissue damage
and hasten the further loss of reserve or premature
organ failure.

Fortunately, there is a window of opportunity to
modify the severity of health outcomes by prevention
or early intervention. Early diagnosis and interven-
tion or preventive care targeted at reducing risk for
late effects can benefit the health and quality of life of
survivors [12]. The outcomes of the following late
effects can be influenced by early diagnosis and early
intervention: second malignant neoplasms following

radiation therapy (breast, thyroid and skin), altered
bone metabolism and osteoporosis, obesity-related
health problems (dyslipidemia, hypertension, dia-
betes mellitus, cardiovascular disease), liver failure
secondary to chronic hepatitis C following blood
transfusion and endocrine dysfunction following
chest/mantle or cranial radiotherapy. Primary, sec-
ondary and tertiary prevention, including tobacco
avoidance/cessation, physical activity, low-fat diet
and adequate calcium intake, can modify risk. Longi-
tudinal care addressing other late effects, such as
infertility, musculoskeletal problems, cognitive dys-
function and psychosocial issues, may also improve
survivors’ health outcomes and quality of life.

Founded on these concepts, the recently published
Institute of Medicine report, Childhood Cancer Sur-

Table 22.1. Models of care for pediatric and young adult survivors of childhood cancer

Follow-up during pediatric years Follow-up during young adult years

1. Long-term follow-up (LTFU) program
Provide risk-based healthcare
Surveillance for late effects of therapy
Evaluation and management of psychosocial 
problems related to the cancer experience
Targeted education on methods to reduce long-term risk
Approximately 50% of treating institutions 

have an LTFU program

2. Primary care physician
Pediatrician or family medicine physician
Most primary care physicians are unfamiliar 

with the risks and healthcare needs 
of childhood cancer survivors

Generally, do not have an established method 
of communication between the cancer center 
and the primary care physician

Medical summary provided to survivor for record 
and for primary care physician

1. Children’s hospital-based LTFU
Extension of care for survivors 

into their young adult years
Limited access to specialists in adult medicine
May have limitations in services offered

2. One-time transition visit
Single visit in young adult years
Based at children’s hospital
Risks discussed

3. Young adult program
Based in an adult patient setting
Involvement of primary care physicians 

or medical oncologists
Access to specialists in adult medicine
Require significant resources and committed personnel

4. Community physician
Medical oncologist or primary care physician 

(general internist or family medicine physician)
Most community physicians are unfamiliar with the risks 

and healthcare needs of childhood cancer survivors
Specialists in adult medicine are also unfamiliar 

with risks of this population, influencing the process 
and outcomes of referrals

Generally, there is no established method 
of communication between the cancer center 
and the primary care physician

22_Schawartz_Transition_Issues  27.01.2005  9:10 Uhr  Seite 334



Chapter  22 335Transition Issues

vivorship: Improving Care and Quality of Life,
strongly encourages life-long follow-up of all cancer
survivors [4]. Risk-based healthcare, defined as care
of the survivor that includes a systematic plan for
screening, surveillance and prevention, incorporat-
ing a survivor’s risks based on the previous cancer/
cancer therapy, genetic predispositions, lifestyle be-

haviors and comorbid health conditions, is recom-
mended for all survivors of pediatric cancer.

The concepts and practice of risk-based health-
care have gradually evolved over the past two
decades. In the following two sections, the two criti-
cal transition periods of risk-based healthcare are
discussed. Each section includes a description,

Table 22.2. Barriers to risk-based healthcare of childhood cancer survivors by transition period, and methods to facilitate tran-
sition

First transition period: from acute cancer care Second transition period: from LTFU program 
to long-term follow-up (LTFU) program to young adult care

Barriers Barriers
Lack of adequate number of LTFU programs Survivor-specific barriers
Fear of continued care Lack of understanding or knowledge of risks
Financial or distance constraints Fears of transitioning
Lack of understanding of the need Healthcare professional-specific barriers

for continued surveillance Few programs for young adult survivors
Community healthcare physicians unfamiliar 

with the risks and problems of the population
Lack of communication between cancer center 

and community physicians
Medical system-specific barriers

Difficulty finding affordable insurance, especially for survivors 
in rural settings or self-employed survivors

Limitations on medical insurance coverage 
of some screening tests in young adults

Restrictions of managed care organizations

Methods to facilitate transition Methods to facilitate transition
Clearly explain purpose of risk-based care Survivor in an LTFU program
Discuss long-term plans for follow-up Develop a policy for the process of transition

through the survivor continuum Identify qualified and committed healthcare providers
Address emotional issues of survivorship Involve the survivor and the family in the process
Provide a summary of the cancer diagnosis Assess the expectations and healthcare beliefs 

and treatment of the survivor and the family
Educate regarding risks and methods Emphasize the goals of risk-based healthcare

to reduce risk Highlight the importance of the survivor/family 
Foster self-care practices as the key providers of healthcare information
Promote positive decision-making skills Focus on the survivor as self-advocate

for healthy lifestyles Stress the ongoing communication between the LTFU team 
and new providers

Discuss the transfer of medical records 
and the oncology medical summary

Survivors in general (and not in an LTFU Program)
LTFU community as activists for survivorship
Raise public awareness
Educate insurance companies and managed care organizations
Communicate with state and federal legislators
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specific to the age and needs of the survivor, of (a)
models of care, (b) current status of care, (c) barriers
to transitioning and (d) methods to facilitate tran-
sition. A synopsis of this information is provided in
Tables 22.1 and 22.2.

22.2 First Transition Period:
From Acute Cancer Care 
to Long-Term Follow-up

The concept of transitioning moves the survivor and
her family across the continuum of pediatric oncolo-
gy care from the acute phase of cancer diagnosis and
treatment, through a maintenance phase and then,
finally, to survivor status. Ideally, when a survivor is
off therapy and through the time period of highest
rate of relapse (generally 24 months off therapy), she
is transitioned from the primary treating oncologist
to a longitudinal program focused on her long-term
healthcare needs, in addition to the acute care needs.
Longitudinal programs, based at cancer centers 
or children’s hospitals and generally referred to as
“long-term follow-up” (LTFU) programs.

Throughout the course of her illness, the survivor
and her family have likely developed significant rela-
tionships, expectations and a high level of trust and
comfort with the people involved in their care. The
depth of this type of relationship contributes to the
feeling of the children’s hospital and the employees as
a second home or “adopted” family. Transitioning to
the LTFU or survivor program – albeit a milestone for
the cancer survivor – may cause a wide range of emo-
tions. Survivors and their families often deal with
new fears when follow-up care intervals become
extended, testing becomes less frequent and new
healthcare providers are introduced. Still, however,
care in traditional LTFU settings is within the con-
fines of the pediatric hospital, where a level of com-
fort has already been established, expectations are
known and processes are familiar.

22.2.1 Models of Care 
for Follow-up During Childhood

The primary and recommended model of care for
survivors in childhood is through an LTFU program.
In addition to monitoring for recurrence or relapse 
of the primary cancer in the early years of follow-up,
the focus gradually shifts to providing risk-based
care that includes surveillance for late effects of
therapy, evaluation and management of psychosocial
problems related to the cancer experience and target-
ed education on methods to reduce long-term risk.
In North America, care provided through LTFU pro-
grams is relatively homogenous. Most programs 
evaluate survivors on an annual basis. During this
visit, the history and physical examination should 
be targeted for the particular risks associated with
the treatment exposures of the survivor. Based upon
the findings of the history and physical examination,
the previous-treatment exposures and modifying
factors of risk (genetic predisposition, lifestyle be-
haviors), screening tests are generally obtained to 
assess for asymptomatic and symptomatic late ef-
fects.

The second model of care is follow-up by a pri-
mary care physician in the community. Although
there may be program or individual-specific success
stories of collaboration between cancer centers and
community physicians, there is generally a lack of
communication or a systematic method of enhancing
follow up of the survivor. Because of the time de-
mands of risk-based healthcare and the necessary
multidisciplinary approach,optimum care is general-
ly not delivered through this second model [8, 11, 22].

In recent years, some programs have begun to
experiment with a hybrid of the two models. Using a
shared management approach, LTFU programs seek
to formalize their collaboration with primary care
physicians in the community. The impetus for this
approach is the recognition that many LTFU pro-
grams do not have adequate resources to follow their
burgeoning population of survivors. With a focus on
continuity of care, the survivor is formally transi-
tioned to a primary care physician. Continued two-
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way communication is an essential component of this
approach, not just at the time of transition but
through the life of the survivor.

22.2.2 Current Status 
of Risk-Based Healthcare During Childhood

Although there is general agreement that risk-based
healthcare provided through LTFU programs is im-
portant to the health and well-being of survivors,
there is a paucity of such programs in North Ameri-
ca. In 1997, only 53% of the centers that treat children
and adolescents for cancer had an LTFU program
[13]. Since that time, this number has slowly in-
creased. However, because of the limited resources
and available trained personnel, a significant percent
of centers still lack a LTFU program. Compounding
this, many programs exist within the acute care envi-
ronment, without dedicated space, time or staffing
for long-term care. The problem is illustrated by the
fact that 10 years after cancer diagnosis, not even
one-third of the 12,871 survivor participants in the
Childhood Cancer Survivor Study reported a visit to
a cancer center or children’s hospital during the pre-
vious two years.

22.2.3 Barriers to Transitioning Survivors 
to Childhood Follow-up 

In addition to the lack of LTFU programs, there are
other barriers to the risk-based care of survivors dur-
ing childhood that should be considered. Even when
an LTFU program exists at the treating institution,
survivors and their families may elect not to return
because of financial or distance constraints, fear of
the hospital (and reminders of the cancer experi-
ence) or a lack of understanding of the need for con-
tinued surveillance. Fortunately, lack of health insur-
ance is generally not a problem during the childhood
years, as most state-supported programs continue to
provide healthcare insurance for survivors through-
out their childhood.

Although this has not been formally studied, many
directors and coordinators of LTFU programs 
with dedicated staff and time anecdotally report high
follow-up rates of their survivor population. This

leads one to conclude that the primary barrier to 
the risk-based healthcare of survivors in this age
group may, indeed, simply be the scarcity of such
programs.

22.2.4 Methods to Facilitate Transition 
and Risk-Based Healthcare of Survivors 
in Their Childhood Years

To date, there has been little published specifically
about the preparation of the cancer survivor for tran-
sition. The principles of transition published for oth-
er chronically ill children may be applied [16, 18].
Transition is a process, not an event, and, as such, it
should be available to the survivor/family at various
intervals during their long-term follow-up.

During the initial introductory visit to the LTFU
clinic, the purpose of risk-based healthcare should 
be clearly explained, with the overall global plans 
for follow-up during the pediatric years as fully as
possible delineated. Providers should introduce the
oncology medical summary or treatment history 
and emphasize the importance of knowing what is
included in this document and how to provide the 
information it contains to subsequent healthcare
providers. Although, at this point, the parents are 
the primary keepers of information, every opportu-
nity to include the child in the educational process 
in an age-appropriate manner should be capitalized
upon. The pediatric healthcare provider must contin-
ually foster self-care practices and promote positive
decision-making skills for healthy lifestyles. This 
can be accomplished by simple strategies, such as 
allowing adolescent survivors to provide medical 
history, fill out demographic forms and be examined
privately.

This is also a transition period for the parent(s).
Having gone through the traumatic experience of the
cancer diagnosis and therapy, the parent is often very
involved in the care of the survivor and may be over-
protective. It is important, over time, to assist the par-
ent in facilitating the survivor’s growth in self-care
skills. The parent(s) need to be supported in their
willingness to have the adolescent survivor seen pri-
vately. Providing the parent(s) with an opportunity 
to express their fears, concerns and frustrations
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through this period promotes a healthy relationship
between the survivor, the parent and the healthcare
professionals.

22.3 Second Transition Period:
Young Adulthood

As the survivor enters late adolescence and young
adulthood, she and her family embark upon the sec-
ond critical transition period [7]. This is a develop-
mentally important time in the life of the survivor, as
she begins exerting her independence and becomes
responsible for her own healthcare. How the cancer
experience influences the health practices and behav-
iors of the parent of an adolescent with cancer (e.g.
preventive periodic health examination, completion
of cancer screening tests, tobacco use and physical
activity) is not well understood. Likewise, how the
health-seeking practices of the parent(s) and the sur-
vivor/family cancer experience affect the develop-
ment of a survivor’s health beliefs and practices, and
how these are modified as the survivor progresses
through adolescence into young adulthood, have not
been explored in a systematic, theory-based manner.
This developmentally vulnerable period overlaps
with the optimum window of opportunity for pre-
vention and early detection/intervention for many
late effects. Thus, risk-based care is vital during this
period of the survivor’s life [5, 12].

22.3.1 Models of Care 
for Young Adult Survivors

There are four models of care for young adult sur-
vivors: (1) continued follow-up at the childhood can-
cer center; (2) one-time evaluation of adult survivors
at a childhood cancer center, with a planned transi-
tion to a primary care physician; (3) young adult pro-
grams at academic centers; and (4) care provided by
a medical oncologist or a primary care physician in
the community [11]. Each of these models is briefly
described below.

A few LTFU programs follow survivors into their
young adulthood, generally to around age 25–30, but
sometimes older. These programs are focused on ed-

ucating survivors about long-term risks and deliver-
ing preventive healthcare. Without the involvement
of medical professionals trained in providing care for
young adults, the pediatric providers in these pro-
grams have generally acquired additional skills over
time. Anecdotally, the directors of these programs
generally have had difficulty finding medical profes-
sionals with adult healthcare experience. Many
express the sentiment that if they did not continue
seeing the survivor, risk-based care would not be
delivered.

As a second model of care, the Children’s Hospital
of Philadelphia (CHOP) developed a novel and 
successful transition program several years ago.
Adult survivors, generally over the age of 25 years,
are seen for a one-time evaluation by a pediatric 
oncology nurse practitioner and physician from 
the survivorship team. At this visit, potential risks
based on previous treatments are discussed and a
medical summary with recommendations is provid-
ed to the survivor and sent to their primary care
physician.

The “young adult survivor program,” as it is re-
ferred to, is a relatively new model of care. Two varia-
tions of this model have evolved. In one, primary care
physicians in an academic setting are involved in or
direct the program, and survivors are seen in a prac-
tice setting that includes adults. As an example, the
author of this chapter directs a multi-disciplinary
program for young adult survivors, which is called
the After the Cancer Experience (ACE) Young Adult
Program [14]. This program, developed in 1994, is a
collaborative effort between the Center for Cancer
and Blood Disorders at the Children’s Medical Center
of Dallas and the Departments of Family Practice &
Community Medicine and Pediatrics at the Universi-
ty of Texas, Southwestern Medical Center at Dallas. In
mid to late-adolescence, survivors are transitioned
from the ACE Program at the Children’s Medical Cen-
ter of Dallas to the Family Practice clinic. The co-au-
thor of this chapter, a pediatric oncology nurse prac-
titioner, coordinates both the ACE and ACE Young
Adult Programs and is the primary patient educator,
providing the key bridge of continuity between the
two institutions. In addition, a multi-disciplinary
network of pediatric and adult specialists, including
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cardiologists, hepatologists, reproductive endocri-
nologists and psychologists, has been developed to
serve for the special needs of survivors.

Through collaborative efforts between pediatric
and adult oncologists in cancer centers or academic
settings, another type of young adult program has
also evolved over the past few years. Childhood can-
cer survivors are transitioned to the adult oncologist
at or around the age of 18 for long-term follow-up.
The pediatric oncologist generally continues involve-
ment for an extended period of time.A few programs
of this type also provide healthcare for survivors of
young adult cancers, such as testicular cancer. Both
types of program for young adults require significant
resources and committed personnel, which tends to
impede their adoption in most settings.

Medical oncologists in the community provide
healthcare for a small percentage of young adult sur-
vivors. However, most adult oncologists are not par-
ticularly cognizant of the special long-term risks of
childhood cancer survivors and care often resembles
prolonged acute care, with a focus on late recurrence
or relapse of the primary cancer, rather than on the
potential for late-effects of therapy.

Finally, many, if not most, young adult survivors
seek a primary care physician for some aspect of
their healthcare and, as with medical oncologists,
most primary care physicians are unfamiliar with the
risks of this population, a state of affairs which
should not be surprising [12]. There is no primary,
widely used, care-specific textbook that describes the
risk-based care of survivors. Nationally recommend-
ed curricula for instruction of medical students and
primary care residents do not include the topic of
healthcare for childhood cancer survivors. Little has
been written in primary, care-based journals or gen-
eral, non-cancer specific journals regarding child-
hood cancer survivors and their long-term health-
care. Compounding this general lack of readily avail-
able information, there has not been a national effort
to link childhood cancer centers with primary care
physicians in the transitioning process. Although, on
occasion, an LTFU program identifies a primary care
physician in the community who is interested in
providing care for survivors and a collaborative rela-
tionship develops, this is the exception. Moreover,

because of constant changes in insurance plans,
long-term continuity with the same primary care
physician is infrequent, necessitating that most LTFU
programs continually re-establish ties with the sur-
vivor’s physician.

As a result of these difficulties, there can be a pro-
tracted interval in initiating the transition to long-
term care – and the longer the interval, the less likely
it is to occur at all.

For the primary care physician, who sees a sur-
vivor and attempts to navigate the complexities of a
cancer center to find and communicate with the indi-
vidual(s) involved in long-term survivor care, frus-
tration is often the outcome. Compounding the prob-
lem is that the fact that a typical family physician
generally has only two to three young adult survivors
in her practice [10]. Recognizing that these survivors
are heterogeneous, with a variety of different cancers
diagnosed at different age periods in different treat-
ment eras, and that the recommendations for screen-
ing and surveillance are constantly evolving, it is un-
derstandable that primary care-initiated, risk-based
healthcare for survivors is infrequent.

22.3.2 Current Status 
of Risk-Based Healthcare 
for Young Adult Survivors

In a recent analysis of 9,434 young adult survivors 
of childhood cancer (age range 18–48 years; mean:
27 years), 19% of the cohort reported a medical visit
to a cancer center within the previous two years [15].
Only 42% reported a healthcare visit in the previous
two years that addressed their previous cancer or
cancer therapy. The older the survivor or the greater
the time interval from cancer diagnosis, the less 
likely s/he was to report a visit to a cancer center or a
medical visit that addressed prior cancer or cancer
therapy. This trend was also apparent for those treat-
ed with therapies associated with substantial risk for
cardiovascular disease or breast cancer.
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22.3.3 Barriers to Transitioning Survivors 
to Young Adult Follow-up

For the past four years, the authors of this chapter
have led a multi-institutional study identifying and
describing barriers to transitioning young adult sur-
vivors to risk-based healthcare. These barriers can be
categorized in three groups: survivor-specific, health-
care professional-specific and medical system-specif-
ic. Each is briefly described in the following para-
graphs.

The primary barrier specific to survivors is a lack
of knowledge or understanding about the risks asso-
ciated with previous cancer therapy. Highlighting the
lack of awareness of their health risks, Kadan-Lottick
and colleagues surveyed 635 long-term survivors of
childhood cancer and reported that while most
(91%) survivors had a fair knowledge of their gener-
al diagnosis and whether they received chemothera-
py (94%) or radiation therapy (89%), the depth of
their knowledge was generally minimal [6]. Only
15% responded that they had ever received a sum-
mary of their cancer diagnosis and treatment. To bet-
ter understand this problem, it is important to study
the relationship of the age-appropriate delivery of
information to the survivor and her family and their
healthcare practices. If, when a survivor becomes an
independent on her own behalf, she is unaware of
the details of her cancer and of the long-term risks,
the likelihood of her seeking out lifelong risk-based
care is minimal. The transition period is also a fright-
ening time for many survivors and their parents, as
they leave the safe and comfortable confines of the
pediatric setting for the unpredictability of the adult
setting. These fears, which are natural, mirror the
emotional and developmental struggles that accom-
pany the development of the adolescent into an inde-
pendently thinking adult. If the fears are not ad-
dressed, however, they can impede the transition
process.

Besides the barriers specific to healthcare profes-
sionals discussed above, long-term healthcare for
survivors is plagued by the scarcity of programs for
providing such care. There are fewer than twenty
LTFU programs in the United States that provide care
for young adult survivors past the age of 25. For vari-

ous reasons, including limited resources, it is not
anticipated that the number of programs will appre-
ciably increase in the near future. As a result, most
young adult survivors will be followed by primary
care physicians, most of whom are likely to be
unfamiliar with the risks of their patients. Com-
pounding the problem is the fact that most adult spe-
cialists – including cardiologists, obstetricians and
surgeons – are equally unfamiliar with the childhood
cancer survivor population. This obviously can affect
the quality of care delivered to the survivor present-
ing with a new and symptomatic late effect. In addi-
tion, there is frequently a lack of communication be-
tween cancer centers and community physicians.As a
result, healthcare provided by professionals who are
not cognizant of the exposure-related risks of sur-
vivors tends towards two extremes: ordering many
unnecessary tests or minimizing the symptoms of the
survivor and attributing them to anxiety or depres-
sion.

Barriers specific to the medical system are equally
daunting. Survivors who live in rural settings or are
self-employed usually cannot find affordable insur-
ance, making it difficult to access appropriate health-
care. For survivors with medical insurance, coverage
may not include recommended screening tests, such
as a screening mammogram for a 27 year-old female
Hodgkin’s survivor who had mantle radiation. It is
not unusual for a survivor to live in an area with a
young adult program, only to find that the program is
not included in the health maintenance organiza-
tion’s plan.

Many of the barriers identified by Schidlow and
Fiel [19] that adolescents with chronic diseases face
in making the transition into adult healthcare sys-
tems are also applicable to survivors. The patient may
exhibit dependent behavior and immaturity. The
family may demonstrate an excessive need for con-
trol, emotional dependency or a lack of trust in the
new healthcare providers. As Schidlow and Fiel em-
phasize, the pediatric and adult healthcare providers
also have obstacles to overcome for a healthy transi-
tion. The pediatric provider often has strong emo-
tional bonds with the patient and the family and may
feel distress in “letting go.” Some pediatric caregivers
may believe that they have the necessary skills for
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providing care to the survivor as an adult, or they
may distrust the adult caregiver. The adult caregiver
may also have concerns, specifically about the lack of
institutional commitment or perceived heightened
care demands.

22.3.4 Methods to Facilitate Transition 
and Risk-Based Healthcare for Survivors 
in their Young Adult Years

If an adolescent survivor is followed in a LTFU pro-
gram, there are several steps that are important to
address in order to enhance the transition from the
pediatric cancer center to adult services. The primary
goal of a successful transition center is, on the one
hand, to promote optimal health and well-being,
while, on the other hand, facilitating a successful in-
tegration into adult life.As Blum reported, the transi-
tion goals should be able to provide comprehensive,
coordinated, uninterrupted, developmentally appro-
priate and psychosocially sound healthcare that ulti-
mately leads to adult self-sufficiency [2]. The general
principles of transition, as endorsed in position pa-
pers of the American Academy of Pediatrics, the
American Academy of Family Physicians and the
Society for Adolescent Medicine, include: (1) devel-
opment of a policy for the process (e.g. the concept of
transition as the next logical step in the cancer expe-
rience continuum); (2) identification of qualified and
committed healthcare providers; and (3) survivor
family involvement in the process [1, 2].Additionally,
we advocate an assessment of the survivor/family
expectations and healthcare beliefs prior to the tran-
sition process. Each of these steps in the transition
process is described in the following paragraphs.

In late adolescence, during the latter part of the
high school years, the LTFU team should discuss the
concept of transitioning from the pediatric health-
care environment to one suited for young adults.
Educational efforts of the LTFU team should clearly
state that the healthcare needs of the survivor, as he
or she enters the young adult years, will extend be-
yond the expertise of the pediatric oncology center
and staff. Communicating transition as the next nat-
ural step along the cancer experience continuum and
facilitating strategies to enable this process will con-

tribute to survivor independence and positive func-
tional outcomes. The LTFU team, which primarily
uses nurse practitioners and nurses as key educators,
should: (1) emphasize the inclusion of the survivor’s
current medical team in the transition process;
(2) discuss the transfer of medical records and the
oncology medical summary; (3) stress the ongoing
communication between the former team and new
providers; (4) highlight the importance of the sur-
vivor/family as a key providers of healthcare infor-
mation; (5) focus on the survivor as self-advocate;
and (6) emphasize the goals of healthcare mainte-
nance. Obviously, the movement into adult care is de-
pendent upon unique institutional and individual
circumstances and assumes that a plan is in place.
Transitional plans should always include an assess-
ment of survivor readiness, ability to understand the
importance of risk-based care, expectations of the
process and an emphasis on individualized care that
is focused on physical, psychological, emotional, cul-
tural, spiritual and vocational needs. It is important
to emphasize to young adults who feel strongly con-
nected to their pediatric oncology team that transi-
tioning to adult services as a means to maintain their
health is a not a loss but a reason for celebration [16].
While acknowledging the very real feelings of loss,
focusing on the future and the transition as an
important step can facilitate the process.

The LTFU program should work with the survivor
and her family to identify an adult setting with equiv-
alency in quality and intensity of services and an
adult healthcare professional experienced and
knowledgeable about risk-based care [12, 17].As not-
ed above, few young adult programs exist. When a
young adult program is not an option, the LTFU
should identify a cadre of primary care physicians in
the community who “welcome” survivors into their
practice and develop a relationship that facilitates
communication. Although this can be a difficult task,
the LTFU enhances its overall transition efforts by
systematically developing and educating a group of
primary care physicians in the community. It is not
enough to simply find a physician to “care” for the
survivor. To be effective in this process requires on-
going work by the LTFU team in the community, with
face-to-face meetings with primary care physicians
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(either individually or as a group) to foster these re-
lationships. This will provide the LTFU program and
the survivor/family several options for choosing a
primary care physician. A critical component of the
process is effective two-way communication between
the LTFU program and the primary care physician
about the health risks and needs of the individual
survivor. As new information is disseminated in the
cancer literature, the LTFU program needs to update
the primary care physician. Connecting the primary
care physician to the Children’s Oncology Group
(COG) Long-Term Follow-Up Guidelines for Sur-
vivors of Childhood, Adolescent, and Young Adult
Cancers (www.survivorshipguidelines.org) and as-
sisting with questions is an important part of facili-
tating risk-based care. Having an ongoing relation-
ship with the primary care physician will also en-
hance the likelihood of collecting information about
the health outcomes of the survivor as part of the
LTFU database. Needless to say, this process is diffi-
cult and demands time and resources. However, with-
out it, most survivors transitioning from the LTFU
will have few, if any, options for risk-based care.

Transition cannot be accomplished without the
“buy in” of the survivor and her parents. There may
be fear and ambivalence, especially on the part of the
parent, about leaving the pediatric treating center.
With effective educational sessions through adoles-
cence, the concept of transition and the need for on-
going follow-up and health maintenance throughout
the lifespan of the survivor should be emphasized.
With each decision, the survivor and family must be
actively involved and their fears and concerns dis-
cussed. Having a rotating board or panel of survivors
and parents to provide feedback and evaluate the
LTFU transition process can be a positive and benefi-
cial experience for all groups.

The challenge of transition is not unique to child-
hood cancer survivors. Adolescents with chronic dis-
eases, such as cystic fibrosis, juvenile diabetes and
sickle cell anemia, face similar obstacles. In recent
years, the concept of medical homes, strongly en-
dorsed and supported by the American Academy of
Pediatrics, has been developed [16]. This effort seeks
to create comprehensive, multidisciplinary health-
care for children with chronic diseases. It is hoped

that, in the near future, these efforts will lead to inter-
ventions that can be generalized to facilitate health-
care during the transition into young adulthood.
There are, however, some unique differences between
most childhood cancer survivors and children with
chronic diseases. Notably, the chronic disease causing
special needs generally persists into adulthood,
whereas the cancer is cured. Further, the long-term
healthcare problems of the adolescent or young adult
with a chronic childhood illness is a result of the ill-
ness. In contrast, the healthcare problems of cancer
survivors are usually a consequence of their treat-
ment. Perhaps most importantly, though, the majori-
ty of survivors who experience health problems in
adulthood will be relatively asymptomatic during
their adolescent and early young adult years. Thus,
the symptomatic “cues to care”experienced by the in-
dividual with chronic disease will often not be shared
by the asymptomatic survivor.

The preceding comments are intended for the sur-
vivor who is involved in an LTFU program. In reality,
however, well over half of survivors are not followed
in an LTFU setting. What can the LTFU programs do
for these survivors? First, to promote change, the
community of LTFU providers must adopt the role of
the activist. Risk-based care of childhood cancer sur-
vivors, while strongly supported by the evidence, is
the exception rather than the rule. As stated by
Schwartz, it is essential that LTFU providers advocate
for survivorship, increase awareness with respect to
the issues and, finally, work to improve the currently
inadequate delivery of care to this population [21].
This includes working with and educating insurance
companies and managed care organizations and
communicating with state and federal legislators.
Efforts to develop informational systems on the In-
ternet that are easy to access and navigate will also
help disseminate needed information to survivors
and healthcare professionals.

22_Schawartz_Transition_Issues  27.01.2005  9:10 Uhr  Seite 342



Chapter  22 343Transition Issues

References

1. American Academy of Pediatrics, American Academy of
Family Physicians, American College of Physicians-Amer-
ican Society of Internal Medicine (2002) A consensus state-
ment on the health care transitions for young adults with
special health care needs. Pediatrics 110:1304–1306

2. Blum RW, Garell D, Hodgman CH, Jorissen TW, Okinow
NA, Orr DP, Slap GB (1993) Transition from child-centered
to adult health-care systems for adolescents with chronic
conditions. A position paper of the Society for Adolescent
Medicine. J Adolesc Health 14:570–576

3. Green DM (2003) Late effects of treatment for cancer dur-
ing childhood and adolescence. Curr Probl Cancer 27:127–
142

4. Hewitt M, Weiner SL, Simone JV (eds) (2003) Childhood
Cancer Survivorship: Improving Care and Quality of Life.
National Academies Press, Washington DC

5. Hudson MM, Mertens AC, Yasui Y, Hobbie W, Chen H,
Gurney JG, Yeazel M, Recklitis CJ, Marina N, Robison LL,
Oeffinger KC (2003) Health Status of adult survivors who
are long-term childhood cancer survivors: a report for the
Childhood Cancer Survivor Study. JAMA 290:1583–1592

6. Kadan-Lottick NS, Robison LL, Gurney JG, Neglia JP, Yasui
Y, Hayashi R et al. (2002) Childhood cancer survivors’
knowledge about their past diagnosis and treatment –
childhood cancer survivor study. JAMA 287:1832–1839

7. MacLean WE, Foley GV, Ruccione K, Sklar C (1996) Transi-
tions in the care of adolescent and young adult survivors of
childhood cancer. Cancer 78:1340–1344

8. Mertens AC, Cotter KL, Foster BM, Zebrack BJ, Hudson
MM, Eshelman D, Loftis L, Sozio M, Oeffinger KC (2004)
Improving health care for adult survivors of childhood
cancer: recommendations from a Delphi panel of health
policy experts. Health Policy (in press)

9. Neglia JP, Nesbit ME Jr (1993) Care and treatment of long-
term survivors of childhood cancer. Cancer 71 [Suppl 10]:
3386–3391

10. Oeffinger KC (2000) Childhood cancer survivors and pri-
mary care physicians. J Fam Pract 49:689–690

11. Oeffinger KC (2001) Longitudinal cancer-related health
care for adult survivors of childhood cancer. National
Cancer Policy Board Commissioned Paper, Institute of
Medicine

12. Oeffinger KC (2003) Longitudinal risk-based health care
for adult survivors of childhood cancer. Curr Probl Cancer
27:143–67

13. Oeffinger KC, Eshelman DA, Tomlinson GE, Buchanan GR
(1998) Programs for adult survivors of childhood cancer.
J Clin Oncol 16:2864–2867

14. Oeffinger KC, Eshelman DA, Tomlinson GE, Buchanan GR,
Foster BM (2000) Grading of late effects in young adult
survivors of childhood cancer followed in an ambulatory
adult setting. Cancer 88:1687–1695

15. Oeffinger KC, Mertens AC, Hudson MM, Gurney JG, Casil-
las J,Chen H,Yeazel M,Whitton J,Robison LL (2004) Health
care of young adult survivors of childhood cancer: a report
from the Childhood Cancer Survivor Study. Ann Fam Med
(in press)

16. Reiss J, Gibson R (2002) Health care transition: destina-
tions unknown. Pediatrics 110:1307–1314

17. Rosen DS (1993) Transition to adult health care for adoles-
cents and young adults with cancer. Cancer 71:3411–3414

18. Scal P, Evans T, Blozis S, Okinow N, Blum R (1999) Trends in
transition from pediatric to adult health care services for
young adults with chronic conditions. J Adolesc Health
24:259–264

19. Schidlow DV, Fiel SB (1990) Life beyond pediatrics: transi-
tion of chronically ill adolescents from pediatric to adult
health care systems. Med Clin North Am 74:1113–1120

20. Schwartz CL (1995) Late effects of treatment in long-term
survivors of cancer. Cancer Treat Rev 21:355–366

21. Schwartz CL (2003) Health status of childhood cancer sur-
vivors: cure is more than eradication of cancer. JAMA
290:1641–1643

22. Zebrack BJ, Eshelman D, Hudson MM, Mertens AC, Cotter
KL, Foster BM, Loftis L, Sozio M, Oeffinger KC (2004)
Health care for childhood cancer survivors: barriers to op-
timal care and suggestions for long-term follow-up. Cancer
(in press)

22_Schawartz_Transition_Issues  27.01.2005  9:10 Uhr  Seite 343



A

ABVD 221
ACE-inhibitor therapy 152
ACTH deficiency 66, 69, 75
adenomatous nodule 129
Adhesion with bowel obstruction 185
adrenocorticotropin 54
alkylating agent 218
ALL 128, 140
alopecia 264–266
amblyopia 88
Americans with Disabilities Act (ADA)

308
amifostine 175
anophthalmic socket syndrome 92
anthracycline 134, 138
antimetabolite 218
antimitotic agent 265
arrhythmia 146
artificial tears 84
assistive device 120
audiogram 119
azoospermia 222

B

BAER 118
barriers
– to risk-based healthcare 335
– to transitioning survivor 337, 340
basal cell carcinoma 264
behavioral disorder 296
bladder
– dysfunction 233
– shrinkage 234
bleomycin
– pulmonary toxicity 169
bone 248
– density change 248
– sarcoma 286
bone-marrow transplant 128

brainstem auditory evoked response
118

breast
– cancer 285
– development 208
– hypoplasia 266

C

cardiac
– development 134
cardiomyopathy 137, 145, 152
– anthracycline-associated 148
– dilated 134
cardioprotectant 150
cardiovascular
– disease 133
– chronic progressive cardiotoxicity

138
– follow-up 141
– late onset 138
– noninvasive monitoring 140
– radiation 133, 142
– risk factors 140
– screening 147
cataract 87
catch-up growth 61
central hypothyroidism 63, 64, 75, 125
central nervous system (CNS)
– clinical presentations 40
– pathophysiology 35
– radiation 37
– tumor 128, 287
cerebellar mutism 37
cough, chronic 174
diarrhea, chronic 185
ciliary body 89
cirrhosis 192
cochlea 110
– implant 121
cognitive
– impairment 299
– pharmacotherapy 46

– rehabilitation 46
colon cancer 232
Comprehensive Omnibus Budget 

Reconciliation Act (COBRA) 315
compression fracture 255
conduction
– abnormality 153
– disturbance 146
conductive hearing loss 110
congestive heart failure 152
– conjunctivitis 85
conjunctiva 85
conjunctival
– inflammation 85
– ulceration 85
continent diversion 233
coronary artery
– bypass surgery 153
– disease 135, 137, 153
– risk factor 149
cortisol deficiency 73
cotton wool spot 91
cyclophosphamide 135, 220

D

deformity of long bones 258
delayed puberty 210
demineralization 245
demyelination 38
depression 296
dermatitis 83
desquamation 263
dexrazoxane 150
diabetes
– insipidus 66, 70, 76
– syndrome 273
diastolic dysfunction 145, 148
discrimination 306
dry eye 84
dysphagia 191
dyspnea 174
dysrhythmia 148
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E

echocardiogram 148
ectropion 83
educational
– accommodation 45
ejaculatory dysfunction 234
Employee Retirement and Income 

Security Act (ERISA) 309
endocrine 52, 247, 272
enteric fistula formation 185
enteritis 184, 191
entropion 83
epidemiologic research 326
epiphyseal plate 245
epiphysiodesis 260
esophageal stricture 185, 186
esophagitis 191
exercise stress testing 149
exostosis 250
eyelid 84

F

Familiy and Medical Leave Act 309
Fanconi syndrome 234
fertility 267
fibrosis 184, 247, 264
– of the vagina 237
focal nodular hyperplasia (FNH) 196
follicle stimulating hormone (FSH) 53
– deficiency 60, 67, 73

G

gastritis 191
gastrointestinal
– bicarbonate loss 186
– bleeding 191
– malignancy 190
– adhesive complication 186
– obstructive complication 1986
– stricture 191
– toxicity following allogeneic

hematopoietic stem sell 
transplantation 186

glaucoma 89
gonadal dysfunction 274
gonadotropin 53
Graves’ disease 126, 129
growth 272
– deficit 243
– failure 63

– hormone (GH) 53
– – deficiency 56, 60, 67, 71
– – releasing hormone (GHRH) 53
GVHD 193, 195
– of the small bowel 186

H

Health Insurance Portability 
and Accountability Act 
(HIPAA) 314, 323

healthcare 342
– comprehensive,

multidisciplinary 342
– risk-based 333, 335
hearing
– aids 120
– loss 109, 111
heart transplantation 153
hematopoietic stem cell trans-

plantation
– bone mineral density 277
– cardiac 275
– chronic GVHD 277
– clinical features 278
– conditioning 271
– dental 276
– evaluation 278
– neuropsychologic 277
– ocular 276
– ototoxicity 276
– pulmonary 275
– renal 276
– reproductive 274
– therapy 278
hemorrhagic cystitis 234
hepatic fibrosis 192, 194
hepatitis
– B 196
– C 196
– transfusion-acquired chronic 

hepatitis 195
hepatobiliary complication 196
Hodgkins disease 126, 128, 143, 220
hormone replacement 74
hydrocephalus 58
hyperfractionated irradiation 246
hyperprolactinemia 66, 70, 76
hyperthyroidism 129
hypomagnesemia 235
hypophosphaternia 234
hypopituitarism 64
hypoplasia 99, 246, 247, 257, 260
hypothalamic obesity 66, 70, 77

hypothalamic-pituitary axis 
(HPA) 52, 125, 216

hypothyroidism 74, 125, 126
– compensated 130
– overt 127, 130

I

immune reconstitution 279
individualized educational 

plan (IEP) 46
Individuals with Disabilities Education

Act (IDEA) 317
infertility 211
integument 262
intrathecal chemotherapy 38
iridotomy 90
iris 89
– atrophy 89
– neovascularization 89
iritis 89

K

keratinization 85, 263
keratitis 86
kyphosis 27

L

learning disability 41
leg-length discrepancy 256, 258
Leydig cell
– function 219, 222, 223
– treatment-induced failure from

chemotherapy 221
limb length
– angular deformity 249
– discrepancy 249, 253
lordosis 27
luteinizing hormone (LH) 53
– deficiency 60, 67, 73
lymphangiography 126

M

mediastinal irradiation 143, 144
medulloblastoma 37
meibomian gland 82
metabolic syndrome 273
models of care 334, 336, 338
MOPP 221

23_Schwartz_Subject_Index  03.02.2005  15:26 Uhr  Seite 346



347Subject Index

mucous membrane 96, 98
muscular atrophy 258
musculoskeletal 243, 244
myelination 36
myocardial infarction (MI) 144
myopia 87

N

nephrectomy 235
neurobehavioral
– abnormality 38
– function 43
– impairment 46
neurocognitive functioning 45
neuroendocrine 54, 67
– clinical manifestations 60
– complications 52, 55, 60, 61
– effect of RT 56
neurofibromatosis 286
neurogenic bladder 237
nitrosourea 221
– pulmonary toxicity 169
nodular regenerative 

hyperplasia (NRH) 197

O

ocular
– prosthesis 93
ophthalmoplegia 93
optic
– atrophy 91
– disc edema 91
– neuritis 91
osteonecrosis 92, 250
osteopenia 66, 70, 76
osteoporosis of vertebral body 255
ototoxicity 109
ovarian function 204ff., 209ff.
ovary
– pathophysiology 203
– pregnancy 211
– screening 207

P

papillary
– carcinoma 129
– thyroid carcinoma 131
pathologic fracture 250, 258, 260
Pathophysiology 262
pentoxifylline 259
pericarditis 145, 154

periorbital edema 93
physeal injury 248
pigment change 265
pneumonitis 163
portal hypertension 193
posttraumatic stress
– disorder (PTSD) 297
– reaction 297
– symptom (PTSS) 297
precocious puberty 61, 63, 68, 74
premature menopause 211
prepubertal testis 224
pseudotumor cerebri 91
psychological
– adaptation 261
– consequence 243
ptosis 84
pulmonary
– disease 162
– fibrosis 163, 169
– function test (PFT) 172
– obstructive disease 162
– Restriction 162
pure tone audiometry 118

Q

QTc 147
quality of life 298

R

radiation
– central nervous system 37
– fibrosis 166
– heart disease 143, 146
– GI tract 184
– retinopathy 90
– hypothalamic-pituitary axis injury

56
– hepatic injury 194
– pneumonopathy 172
re-immunization 279
Rehabilitation 261, 266
renal radiation-induced 

hypertension 233
reproductive outcomes 206
restrictive
– cardiomyopathy 145, 148
– lung disease 162
retinal
– edema 90
– hemorrhage 91
rhabdomyolysis 247

S

salivary gland 100
sclera 90
scleritis 90
scoliosis 252, 255
secondary malignancy 264–287
sensorineural hearing loss 110
sign language 121
slipped capitofemoral 

epiphysis 249, 257
small bowel
– fibrosis 184
– obstruction 186
smoking cessation 175
spinal
– abnormality 248
– sequelae 253
splenectomy 186
stricture 185
stroma 86
subconjunctival hemorrhage 85
systolic dysfunction 145, 148

T

tanner staging 208
telangiectasis 85
testes
– pathophysiology 215
thiopurine methyltransferase (TPMT)

deficiency 287
thyroid 273
– cancer 129, 286
– dysfunction 125
– nodule 125, 129
– primary
– – hyperthyroidism 125
– – hypothyroidism 75, 125
– replacement therapy 130
– stimulating hormone 54, 125
thyroidectomy 131
thyroiditis 126
thyroxine 125, 131
total body irradiation 224, 271
transitional cell carcinoma 

of the bladder 238
TSH 127, 130
– deficiency 69
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U

urinary diversion after total 
cystectomy 232

uveitis 89

V

valvular
– abnormality 146
– disease 137, 154
veno-occlusive disease (VOD) 193, 194
ventricular arrhythmia 152, 153
visual loss 91

W

Wilms’ tumor 140

X

xerostomia 103
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